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Jennifer C. Sieben

Star Formation Across Cosmic Time

SFACT (Star Formation Across Cosmic Time) is a novel large-scale narrow-band sur-
vey designed to detect emission-line galaxies in a range of redshift windows. These
data can be used to study star-formation rates at multiple epochs simultaneously. Us-
ing the WIYN 3.5m telescope, this survey detects thousands of emission-line galaxies
at nine distinct redshift windows up to z=1. It does this by targeting the Har (A6563),
[O 111} (A5007), and [O II] (A3727) emission lines with three custom narrow-band fil-
ters. Images are also taken with g, r, and i broad-band filters; all six filter images
are combined to create deep images of each survey field. A custom pipeline has been
developed to identify and measure objects of interest, resulting in a uniform selection
of candidates across all narrow-band filters. Spectroscopic follow-up is also performed
to confirm detections as emission-line galaxies. SFACT has detected objects ranging
from H II regions in nearby galaxies to distant compact galaxies and quasars. A
total of 12 fields spanning ~ 6 deg® are used in this study, for a total of 1134 targets
with both imaging and spectroscopic data. Of these, 940 are star-forming galaxies
discovered via one of our three primary emission lines and are used for star-formation
rate density analysis.

My dissertation work includes analysis of the SFACT data in order to study star-
formation rate densities of galaxies at z < 1. This includes the processing of the
images, the target selection, and the photometric measurements. A parallel project
using previous star-formation studies is also analysed in order to more completely
understand the observational biases inherent in emission-line surveys. Together, these
two projects provide a valuable examination of the star-formation rate density of

emission-line-selected galaxies at a wide range of lookback times.
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Chapter 1

An Introduction to Star-Formation Rate Surveys

1.1 Using Star Formation Rates to Understand the Universe

Star formation is one of the principal mechanisms through which galaxies evolve.
Episodes of star formation grow the stellar population of a galaxy either in bursts
or in a steady production of stars. As such, looking at rates of star formation as a
function of lookback time allows us to probe the evolution of galaxy populations. Un-
derstanding how galaxy populations evolve over time via star-formation rate density

(SFRD) studies helps us understand the history of our universe.

1.1.1 A History of Star-Formation Rate Studies

There have been many studies dedicated to understanding the SFRD at different
epochs using different methods of study. Local studies often use optical wavelengths
(e.g., Tresse & Maddox 1998; Gallego et al. 2002; Brinchmann et al. 2004; Ly et al.
2007; Westra et al. 2010) to measure the star-formation rate (SFR) of galaxies. To
reach higher redshifts, IR studies (e.g., Pettini et al. 1998; Sanders et al. 2003; Daddi
et al. 2007; Villar et al. 2008; Vaccari et al. 2010; Ellis et al. 2013) and UV studies
(e.g., Lilly et al. 1996; Sullivan et al. 2000) become necessary. Looking at all of these
different studies together, they form a consistent picture: the SFRD of the universe
started low, then grew to a peak in activity at z ~ 2. Since then, the SFRD has

been falling. Yet it is not as simple as it may sound. The exact time of peak activity
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is somewhere between z = 1.5 and z = 3 depending on which observational method
is used to measure the SFRD. Even at z < 1, the range of values in the measured
SFRD reported in published studies is nearly a factor of 10 (Hopkins & Beacom 2006;
Gunawardhana et al. 2013; Van Sistine et al. 2016). Much of this spread is borne from
the probe used to measure SFRs. Robust local measurements are key to anchoring

the understanding of the evolution of SFRD from the early universe to today.

1.1.2 Determination of SFR Measurements

There are many different methods of measuring SFRs which probe different timescales
of galactic evolution. Nearly all observational tracers measure the rate of massive star
formation since most of the energy emitted from a young stellar population originates
in massive stars. But different tracers of star formation are sensitive to different stellar
masses and thus probe different ranges of the time since the start of the star-forming
event. Each of these methods also have their own unique uncertainties and possible
biases in the selection method.

UV studies are able to probe young, massive stars with spectral types O, B, and
A. These studies trace the formation rates of massive stars and see fluctuations on
timescales longer than a 108 years. The UV luminosity output is also dependent on
its metallicity and dust obscuration. Both of these effects can be corrected for, but
these dependencies have led to different conversion factors between UV luminosity
and SFR.

The UV energy absorbed by dust is re-radiated in IR wavelengths, making IR
studies another common way to study SFRs. Dust extinction of the IR emission
is considered negligible in most cases and the IR luminosity is usually directly pro-
portional to the amount of star-formation energy which was absorbed by dust. IR
studies are ideally carried out in conjunction with dust emission models fit to the

observations, but in practice a local template is often applied to all data, leading to
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significant uncertainties in the derived SFRs.

In the optical regime, nebular emission lines are often used to probe star formation.
Measuring the flux from the Ha recombination line is a very common method of SFR
measurements (e.g., Gunawardhana et al. 2013; Coughlin et al. 2018; Kewley et al.
2019; Ramén-Pérez et al. 2019). High energy O and B stars produce many hydrogen-
ionizing photons, resulting in many free electrons. As these electrons recombine with
hydrogen ions, photons will be emitted as recombination lines. Ha recombination lines
are one of the best understood SFR indicators because the Ha luminosity is directly
proportional to the ionizing radiation from massive (> 10M) stars, and therefore
provides an almost “instantaneous” (< 10 Myr) measure of SFR. This measurement
method also has very little dependence on the physical conditions in the surrounding
ionizing gas (Kennicutt 1998). However, these lines are only observable from the
ground in the optical range at z < 0.4. In order to reach higher redshifts in ground-
based optical surveys, many surveys turn to oxygen lines.

Although not directly proportional to SFR, nebular emission lines from heavier
elements such as oxygen are also popular lines to use in optical studies (e.g., Mous-
takas et al. 2006; Suzuki et al. 2016; Guo et al. 2019; Zhai et al. 2019). The two most
commonly used star-formation tracers are [O III] A5007 and [O II] A3727. [O 1I] in
particular is a strong line, allowing it to be measured even when the signal-to-noise
of the data is less than desirable. However, the strength of these lines have a more
complex dependence on metallicity and excitation state of the surrounding gas. [O II]
luminosity is highly dependent on the excitation state and chemical abundance of the
ionized gas. On top of this, [O II] and [O III] lines are more affected by dust extinc-
tion than Ha lines. Converting these collisionally-excited line fluxes to SFRs requires
careful calibration, either empirically or theoretically.

Although NB flux may be affected by dust extinction and can only be observed

optically in limited redshift windows, emission-line flux is one of the best ways to
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measure SFRs. For these reasons, narrow-band studies are an increasingly common

way to study cosmic SFRD.

1.1.3 Modern SFR Studies

In an effort to better understand SFRs, many studies have used more than one method
to measure SFRs. Khostovan et al. (2015) used HS + [O III] emission as well as
[O 11} emission to study SFRs at z ~ 2. They provided the groundwork for using the
combined Hf + [O III] emission to study SFRD, which Fonseca & Camera (2020) also
used. Kennicutt et al. (2009) also recommended using IR measurements to further
improve the reliability of both Ha and [O II] SFR measurements. This would allow
for survey-specific dust-attenuation corrections, rather than relying on models.

Other studies (e.g., Mehta et al. 2015) have focused on putting results from [O III]
and [O II] emission lines on the same scale as Ha and learning how to properly
calibrate SFR results. They propose that [O III] and Ha results are directly related
and, with some accounting for scatter, can be easily substituted for one another.

However, theoretical studies like Wilkins et al. (2019) have cast doubt on the
current conversion factors used to compute SFR from different wavelength regimes
(i.e., optical emission lines, UV, and IR) and studies which combine results from more
than one method. They specifically see new tension between results borne from UV
and IR observations when compared to Ha. They suggest that this might not be
properly resolved until the James Webb Space Telescope comes online.

Other studies have used different selection methods, many choosing to use narrow-
band (NB) and broad-band (BB) filters in combination, instead of only getting
emission-line flux in follow-up observations. This changes the selection function of
the survey and places greater dependence on the emission lines. Newer projects such
as Kellar et al. (2012), Sobral et al. (2013), Coughlin et al. (2018), and Khostovan et

al. (2020) detect emission-line galaxies (ELGs) via emission lines directly, subtracting
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continuum emission to better pick up faint line emission in NB images.
While all these studies represent steps towards a greater understanding of star-
formation rate history, there are still weaknesses in survey methodology and calibra-

tion uncertainties to consider when designing a new survey.

1.2 Designing a Narrow-Band Survey

Regardless of the observational technique used in a study, it is important to under-
stand the biases. NB filters used in imaging surveys allow for the discovery of compact
sources of emission-line flux which may not otherwise be noticeable in BB surveys.
However, using images alone will introduce uncertainty in the redshift of the galaxy.
Depending on the wavelength of the NB filter, the source of this line emission could
be one of many optical emission lines. If the galaxy is nearby, Ha emission lines are
the most common cause, but a strong [O II1] line, or even [O II] line may also lead to
a galaxy being discovered in this way. Furthermore, the overall color of a galaxy is
not a robust indicator of either distance or activity.

Even when there is a clear source in the BB image, a strong emission line can lead
to unexpected colors, setting it apart from a more typical galaxy at the same redshift.
For example, strong [O III] emission in the Sloan Digital Sky Survey BB filters create
the appearance of compact green galaxies, later termed Green Pea galaxies (Carda-
mone et al. 2009). Similar galaxies at a higher redshift appear purple in the Sloan
Digital Sky Survey color mapping (Brunker et al. 2020). Green Pea galaxies are a new
type of star forming galaxy and their existence is changing the way we understand
galactic evolution. The discovery of these unique, compact ELGs underscore the need
to understand how to study star-formation history via ELGs.

A NB survey allows for less dependence on strong continuum luminosity than that
required by a typical optical survey. A galaxy which is too faint to stand out in a BB

study may be detected via strong line emission which is only noticed in an NB survey.
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Furthermore, by using a range of NB filters, one can probe a wide range of redshifts
using the same core methodology. This allows for better comparison across a larger
redshift range, while also reducing the need for many different instruments to be used
in the service of the same project. All of these factors were major considerations in
the design of the Star Formation Across Cosmic Time (SFACT) survey.

NB surveys tend to take one of two paths. Either they are deep, or they are
wide. Deep surveys often make use of well-studied fields (e.g., Hubble Ultra Deep
Field (Hogg et al. 1998), GOODS (Bayliss et al. 2011), COSMOS (Coughlin et al.
2018)) and obtain new observations to complement existing data. Deep surveys use
long exposure times in order to see faint, and often small, galaxies. This is very
valuable, especially for high-z studies. One downside of these very deep surveys, is
that they tend to cover a small region on the sky. They suffer from line of sight
clustering effects, and can be subject to density variations along the line of sight (also
known as cosmic variance). For example, if this small region includes a galaxy cluster
within the line of sight, then the region will appear densely populated. If this is
the only region of the universe surveyed, biases will be introduced. Any conclusions
drawn about the universe as a whole may be flawed because the survey region is only
looking at an overdensity. These types of surveys are impacted by cosmic variance
and do not provide a broad picture of the universe.

Other surveys choose to lessen the effects of cosmic variance by performing wide
studies of many fields spread across the sky. Unfortunately, these surveys are usually
shallow, sacrificing depth for spatial coverage. These wide surveys typically only
survey galaxies via one emission line. As a recent example, Cook et al. (2019) search
for Ha galaxies out to 200 Mpc and confirm them using spectroscopy. This study has
found hundreds of new ELGs not found by previous emission-line studies, but does
not reach to cosmologically interesting distances.

As discussed in Madau & Dickinson (2014), there is a need for a NB survey which
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is both deep and wide. This would allow for a wide range of redshift coverage, while
also accounting for cosmic variance. This is why the SFACT survey is important.
Our survey aims to cover 25-30 deg? — across the Fall and Spring sky — to a distance
of z=1. However, it will also discover sources based on non-optical emission lines
which push our redshift coverage further and grow our potential even more. Between
the quality of the instrumentation and the quantity of sources, SFACT will provide
robust measurements for future studies of the SFRD evolution.

To search this depth, we primarily utilize the He, [O II1], and [O II] emission lines.
By using the same survey methodology for all three lines (see Chapter 3) we aim to
create a coherent sample which is equally robust across our redshift range.

Yet, it is not enough to have a deep and wide imaging survey. The success of
SFACT relies on both the imaging and the follow-up spectroscopy. Every target will
have both imaging data (in BB and NB filters) as well as a spectrum. This allows us
four key advantages.

By obtaining photometric measurements of the NB flux from our images, we in-
clude all of the light from a galaxy in our NB filter, no matter how large the angular
size of the galaxy is. Although we will have spectroscopic data, flux measurements
acquired from spectra may be inaccurate. Measuring emission-line flux via spectro-
scopic fibers would limit how much flux of a galaxy can actually be measured (only
light contained within the radius of the fiber is measured).

However, by using spectra of the SFACT galaxies to complement the imaging
data, we can achieve higher accuracy derivations of the total emission-line luminosity
for each source.. Having spectra allows us to measure the Balmer decrement with
Ha/HP ratios for all Ha-detected galaxies, and with Hy/HfS ratio for many of the
[O II1] galaxies. This is crucial for reliable absorption corrections. This correction,
on an individual basis, was shown by Salim & Lee (2012) to significantly impact the

high-luminosity end of the luminosity function. Performing an accurate accounting
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of the effects of dust on a source’s narrow-band luminosity is necessary to accurately
derive SFRs. Follow-up spectroscopy also allows us to accurately measure and correct
for the influence of nearby emission lines such as [N II], which often blends with Ho
emission (see Chapter 6). Not over-estimating the amount of line emission flux is also
key to deriving the correct SFR.

Having spectra of each source allows us to accurately measure the redshift for the
object. A precise redshift and distance measurement means we can more precisely
determine the absolute properties of a galaxy, and have more accurate determinations
of the SFR.

Line ratios from the spectra also allow us to identify many of the active galactic
nuclei which otherwise could contaminate the catalog of star-forming galaxies (see
Chapter 4). While we cannot wholly count on these line ratios to identify all contam-
inants, understanding a limit on the influence of other ionizing sources in our sample

is valuable.

1.3 SFACT and Thesis Outline

The SFACT project is a team project. It would be impossible to complete without
collaboration between multiple people. However, since it was always known that the
work would form the basis of multiple theses, there has been a division of labor. I
was primarily in charge of the imaging observations, the processing of the images,
and the photometric results. These represent the major components to achieve the
goal of measuring the SFRD of the local universe.

In Chapter 2, we introduce the SFACT survey. We discuss the survey motivation,
survey design, and the current scope of the project. We also discuss the other applica-
tions of the survey, beyond just SFRD studies. Chapter 3 describes the processing of
the survey images. This includes the observation details, the selection of the SFACT

targets, and the photometric process. This chapter discusses all this through the
8



lens of the three pilot-study fields. This focus on the pilot-study fields is also true
of Chapter 4 which presents the spectroscopic side of SFACT. Although not the pri-
mary domain of my thesis work, the results borne of the spectroscopic follow-up are
crucial for the determination of the SFRs of the SFACT galaxies. Chapter 5 steps
away from the main SFACT project in order to discuss a smaller cross-calibration
project. This work uses existing surveys to examine emission-line selected galaxy
samples and construct NB luminosity functions. This provides a scaffolding for doing
the same type of analysis with SFACT galaxies in the future. Combining these two
projects, Chapter 6 presents a preliminary examination of the SFRD of the current
SFACT catalog. The culmination of the thesis is shown in the He, [O III], and [O II]
SFRs within our nine redshift windows. Finally, Chapter 7 summarizes our work and

discusses the future plans for the SFACT survey.
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Chapter 2

Introduction to the SFACT Survey

2.1 Survey Motivation

The majority of my thesis centers on initiating and carrying out the Star Formation
Across Cosmic Time (SFACT) survey. This narrow-band survey utilizes the strengths
of WIYN? to create a large, diverse catalog of star-forming galaxies at z < 1.
Surveys designed to discover emission-line galaxies (ELGs) are not new. Early
work used objective-prism spectroscopy in order to select their candidates (e.g., Smith
1975; MacAlpine et al. 1977; MacAlpine & Williams 1981; Sanduleak & Pesch 1982;
Pesch & Sanduleak 1983; Wasilewski 1983; Markarian & Stepanian 1983; Zamorano
et al. 1994, 1996; Hopp et al. 2000; Salzer et al. 2000, 2001, 2002) and later surveys
used narrow-band imaging data (e.g., Boroson et al. 1993; Ryan-Weber et al. 2004;
Kakazu et al. 2007; Werk et al. 2010; Ly et al. 2011; Kellar et al. 2012; Cook et al.
2019; Salzer et al. 2020; Watkins et al. 2021). Extreme star-forming objects such as
Green Peas (Cardamone et al. 2009; Brunker et al. 2020) and Blueberries (Yang et
al. 2017) have even been found in broad-band surveys due to their high equivalent

widths (Rosenwasser et al. 2022). Very recently, the HETDEX survey (Gebhardt et

IThis chapter is based on the paper Salzer, J. J., Carr, D. J., Sieben, J., Hirschauer, A. S. 2022,;
I contributed significantly to this team effort, primarily by taking the observations and performing
image processing.

2The WIYN Observatory is a joint facility of the University of Wisconsin—Madison, Indiana Uni-
versity, NSF’s NOIRLab, the Pennsylvania State University, Purdue University, and the University
of California, Irvine.
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al. 2021) has conducted a non-targeted, wide-area, blind spectroscopic ELG survey
utilizing multiple integral field units.

SFACT builds on all of these previous surveys. This survey uses a narrow-band
imaging technique which employs custom filters, allowing the survey to reach to high
redshifts. However, the value of the imaging technique is enhanced by the WIYN
telescope and instrument combination.

Working at Indiana University has allowed us access to the WIYN 3.5m telescope
and the wide field One Degree Imager (ODI) camera. Together, we have the tools to
carry out a deep and wide imaging survey. Furthermore, the Hydra bench spectro-
graph allows us to conduct efficient follow-up spectroscopy. As described in the next
section, all of these pieces come together to build a survey which is accurate, reliable,
and multi-purpose.

The survey was also motivated by a wide variety of possible science applications.
SFACT can be used as the basis of population studies for rare objects such as Green
Peas (Cardamone et al. 2009; Brunker et al. 2020), AGN, or extremely metal-poor
dwarf galaxies (McQuinn et al. 2020). We expect to discover numerous examples of
these objects, allowing for investigations into the environments and evolution of rare
galaxies. Our survey design also allows us to gather the data necessary for studying
the evolution of metal abundances with redshift. Most importantly for my thesis,
SFACT allows for the study of the star-formation history of galaxies up to z = 1.
This is expanded upon in Chapter 6.

The SFACT survey is built upon the success of the earlier Ha Dots survey (Kellar
et al. 2012; Watkins et al. 2021). Ha Dots were surprise discoveries found in narrow-
band (NB) images obtained for an entirely different purpose. The ALFALFA Ha
(AHA) project (Van Sistine et al. 2016) utilized source lists derived from the Arecibo
Fast Legacy ALFA (ALFALFA) blind H I survey (Giovanelli et al. 2005; Haynes et

al. 2011). AHA was a NB imaging project designed to measure the star-formation
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rate density in the local universe with unprecedented precision. In the course of the
AHA project, compact ELGs not associated with the target ALFALFA galaxies were
discovered and spawned the Ha Dots survey.

Two different telescopes were used to collect Ha Dot data, forming two inde-
pendent survey lists. A total of 358 dots were identified with the WIYN 0.9m
telescope (Kellar et al. 2012; Salzer et al. 2020) at Kitt Peak. These objects have
a median R-band magnitude of 19.97 and a median NB emission-line flux of 1.95
%1071 erg s7! em=2. This yielded a surface density of 5.23 ELG deg=2. The second
list contains dots found with the KPNO 2.1m telescope (Watkins et al. 2021). With
the larger telescope aperture, the median R-band magnitude was 21.59 with a median
NB emission-line flux of 4.57 x10716 erg s=! em=2. Correspondingly, more objects
were found: 454 dots were discovered for a surface density of 29.30 ELGS deg~2.
As shown in Watkins et al. (2021), this difference is primarily due to the telescope
aperture.

Extrapolating, we then arrive at approximate figures-of-merit for a similar project
carried out on a 3.5m telescope. We predict a median R-band magnitude of 22.7, a
median narrow-band emission-line flux of 1.55 x107% erg s~ em ™2, and ~100-120
ELGs per deg?. However, SFACT as it stands has three narrow-band filters, which

increases our prediction to 300-360 ELGs deg™2. These are estimates, but as discussed

later, they are very good estimates of reality.

2.2 Survey Design

2.2.1 WIYN Telescope

As alluded to earlier, the SFACT survey was developed to use the full capabilities
of the WIYN 3.5m telescope. There were several key factors which drove the survey

design.
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i) The large aperture and superior image quality with the WIYN telescope allows
us to reach an excellent depth. As proven by early survey results, we are able to
regularly detect objects as faint as r~26.

ii) The £/6.3 beam of the Nasmyth focus on WIYN is a slow enough beam to use
with our narrow-band filters. NB filters are designed to work in collimated beams;
when placed in converging beams the wavelength of the center of the bandpass shifts
slightly with increasing distance from the optical axis. This effect is particularly
problematic when using NB filters in fast beams usually associated with wide-field
cameras. The slower convergence of WIYN means that, despite the wide field of view,
we have a fairly uniform bandpass across the entire detector.

iii) The ODI camera has an image scale of 0.11” pixel™, which allows it to take
advantage of the excellent image quality provided by the WIYN telescope. With a
field of view of 48'x 40, we are able to take images covering ~0.53 deg?, giving us
large target fields in which to find emission-line galaxies. The properties of ODI are
discussed further in Chapter 3.

iv) WIYN also has the Hydra multi-fiber positioner which allows for a direct
path for acquiring follow-up spectra of our targets. These spectra (discussed further
in Chapter 4) are crucial for determining the distance to our targets, determining
the type of object detected, and revealing which emission line fell in our NB filter.
Because our survey is an emission-line survey with objects detected via their emission
line, we are able to use the WIYN telescope for both the imaging and spectroscopic
observations.

v) Finally, we recognized that the photometric depth of WIYN would allow us to
detect multiple emission lines, at different redshifts, in the same narrow-band filter.
This allows us to probe multiple redshift windows, over a wide redshift range, with a

limited number of filters.
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Table 2.1. Properties of the SFACT Narrow-Band Filters
Filter Aeenter AX  zrange - Ha  zrange - [O III]  z range - [O 1]
A A
(1) (2) (3) (4) (5) (6)
NB659=NDB2 6590 81.1 -0.002 - 0.010 0.308 - 0.324 0.757 - 0.779
NB695=NB1 6950 91.0 0.052 - 0.066 0.378 - 0.397 0.852 - 0.877
NB746=NB3 7460 96.7 0.129 - 0.144 0.480 - 0.500 0.988 - 1.015
NB&12* 8120 90 0.230 - 0.244 0.613 - 0.631 1.166 - 1.191
NB912* 9120 90 0.383 - 0.397 0.812 - 0.830 1.435 - 1.459

Notes. — *Proposed additional SFACT filters

2.2.2 Narrow-Band Filters

In order to reach these multiple emission lines, custom narrow-band filters needed to
be designed. A filter with a central wavelength of 6950 A with a width of ~90 A was
settled on first. Although a smaller bandwidth would’ve meant a greater sensitivity
to fainter emission lines, a larger width corresponds to a wider redshift range over
which we can detect objects. Since our primary objective is to discover a large number
of ELGs, this larger width was an acceptable compromise between survey goals and
design specifications to guarantee a high quality filter. This filter (henceforth NB1)
was chosen as the first filter to order and take test observations with.

After a successful test, subsequent filters were ordered. The other NB filters in our
current set of filters are centered at 6590 A (henceforth NB2) and 7460 A (henceforth
NB3). NB2 was chosen so that it could also serve as a zero redshift Ha filter for
anyone who uses WIYN.

With these filters we are able to cover nine different redshift windows from z=0 to
z=1 via our three primary emission lines (He, [O I1I], and [O II]) The redshift ranges
for these filters, for each line, can be seen in Table 2.1. Although other emission lines

fall into our filters and can be used for star-formation rate studies, the majority of
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this thesis focuses on these three emission lines.

Two proposed filters for the future are also detailed in this table. Although these
filters have not yet been ordered, the hope is that these future filters will complement
the existing redshift coverage. Figure 2.1 shows the wavelength coverage of all current
and proposed SFACT filters and the corresponding redshift windows. On the right-
hand side, a condensed visualization shows the total redshift coverage of SFACT.

The additional two filters would not only allow us to reach to much higher red-
shifts, but crucially the NB912 filter would overlap an existing redshift window. At
0.383 < z < 0.397, a combination of the existing NB1 filter and the proposed NB912
filter would allow us to detect galaxies via both their [O III] and Ha emission lines,
respectively, perhaps allowing us to directly compare derived properties of the same
galaxy despite being detected via different lines. While this is a future plan for the
SFACT project, we have attempted to lay the groundwork for such studies using KISS

data (see Chapter 5).

2.2.3 Target Fields

SFACT is designed to be large enough to draw robust conclusions about the star
formation history in the local universe, but we cannot survey the entire sky. Therefore,
we sample target fields spread out across the sky in order to form a representative
sample and also to serve as a counter for cosmic variance. This is especially important
for our survey since our narrow redshift windows mean we might inadvertently survey
extremely high density filaments or low density voids without us immediately noticing.
We expect to mitigate these density variations by averaging over many widely-spaced
fields, thereby mitigating the effects of cosmic variance. The complete SFACT survey
is projected to include 50 to 60 fields, or 25 - 30 deg? of sky coverage.

SFACT survey fields must meet multiple criteria. Primarily, our fields must fall

within the footprint of the Sloan Digital Sky Survey (SDSS; York et al. 2000) in
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Figure 2.1 Plot showing the wavelength coverage of the SFACT narrow-band filters
as well as the redshift ranges associated with the detection of three strong optical
nebular emission lines. Each vertical location of a box represents the redshift range
for the emission line indicated. The three emission lines shown here are our three
primary lines, and the majority of SFACT targets are detected via one of these three
lines. We also show the two additional filters we plan to add to the survey. The
plot on the right-hand side is a compressed look at the redshift windows to better
demonstrate the redshift coverage available through these five filters.
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order for our photometric calibrations to be carried out (see Chapter 3). This overlap
also allows us to use the SDSS data to help identify image artifacts with ELG-like
appearances before we take spectroscopic follow-up observations. Most of our fields
are also located at high Galactic latitude to minimize foreground extinction. Most
also have declinations between 10° and 50° so that they transit within 20° of the
zenith at Kitt Peak. These were the critical criteria for picking target field locations.

Many of our early fields also overlap with previous surveys which have discovered
compact ELGs, centering our fields on the ELG in question. These are most com-
monly Green Pea galaxies (e.g., Cardamone et al. 2009; Brunker et al. 2020). These
are extreme star-forming galaxies found in [O I1I]-detected samples either in the KISS
(Salzer et al. 2000, 2001; Gronwall et al. 2004; Jangren et al. 2005) or Ha Dot (Kellar
et al. 2012; Salzer et al. 2020) surveys. Observing SFACT survey fields at the location
of Green Peas fulfills our most important field-selection criteria, while also providing
data for future work associated with SFACT data. These fields have been the focus of
a pencil-beam redshift survey (Brunker et al. 2022) also using the Hydra multi-fiber
positioner on WIYN. This redshift survey will provide a comparison sample for future
projects which examine the environment of unique SFACT galaxies. Although the
Green Pea galaxy itself is often not at the right redshift to be detected in SFACT,
the potential pairing of these data sets is still incredibly valuable.

Field locations for SFACT have also been picked in order to make the best use of
the available observing time. When no Green Pea galaxy or Ha Dot was available in
the right region of the sky, fields were chosen to fill the gap in our coverage such that
they met the critical criteria, were widely spaced in comparison with other nearby
SFACT fields, and were devoid of bright stars.

All of our fields are given a field designation which we use throughout this thesis.
Fall fields are given the nomenclature of SFF#+: Spring fields are written as SES##.

The number denotes the order in which the imaging observations are completed, with
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the exception of the first fifteen Fall fields. Instead, SFF01 — SFF15 are named in

ascending RA order.

2.3 Applications of SFACT Survey

The SFACT survey is a large survey with the potential for many, wide-reaching
science applications. Here, we briefly discuss some potential science applications of
the SFACT project to convey the scope of the project. This is not intended to be a
complete list, as the applications are focused on what the current team members are
interested in.

The primary goal of the survey, and of this thesis, is to investigate the evolution of
the star-formation rate density (SFRD) to z=1 and beyond. In the completed survey,
we expect to have large enough samples of star-forming galaxies in each redshift
window to provide robust estimates of the SFRD up to z=1. As we demonstrate in
Chapter 6, we are beginning to achieve this even with a smaller sample.

Another main goal of the survey is the characterization of strong-lined active
galactic nuclei (AGN) populations. We have already discovered many AGN in our
SFACT fields and are able to use our spectra to study their metallicities. This will
be valuable data for studying the evolution of metal abundances beyond the local
universe, a subject of recent research (Dors et al. 2019; Carvalho et al. 2020; Flury &
Moran 2020).

SFACT will also allow us to study the demographics of dwarf star-forming galax-
ies out to redshifts of z~0.5. These intermediate- and low-luminosity galaxies are
detected via Ha and [O III] in substantial quantities. This will allow us to study
both the properties and demographics of this group of galaxies, as well as probe for
redshift dependencies by using the spectra. This will help increase understanding of
the evolution of the dwarf star-forming galaxy population at z < 0.5. de los Reyes &

Kennicutt (2019) have done recent work looking into deriving SFR surface densities
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from dwarf and low-surface-brightness galaxies.

Because SFACT will have an extensive catalog of redshifts, we would also be able
to perform environmental studies of star-forming galaxies and AGN out to z = 0.5.
By studying the galaxy distribution in the vicinity of the SFACT ELGs, we gain
insight into the effects the environment has on star-formation and AGN activity.
This work has already begun with a study by Brunker et al. (2022) that examined
the environment of Green Pea galaxies using data from early SFACT spectra.

With our large spectral catalog we also aim to study the evolution of galaxy abun-
dances out to z = 0.9. We expect to measure the abundances of hundreds of galaxies
in each redshift window, providing the data to robustly examine the redshift evolu-
tion of the luminosity-metallicity and mass-metallicity relations. Similar work has
been done with a previous emission-line survey (Hirschauer et al. 2018). Our ability
to perform these analyses will grow as we extend our follow-up spectral observations
redward.

Like any large survey, SFACT has the potential to discover many rare, and inter-
esting, objects. Already we have identified a cataclysmic variable star (Salzer et al.
2022), many Green Pea Galaxies (Cardamone et al. 2009), and extremely metal-poor
dwarf galaxies (see McQuinn et al. 2020 for a recent review of extremely metal-poor
galaxies). We also expect to find Blueberries (Yang et al. 2017) which, along with
Green Peas, are among the most extreme star-forming galaxies known. For some of
these classes of objects we will find large enough quantities to learn more about their
global properties and how they change with lookback time. And, we may still be

surprised by other unexpected discoveries in our catalog.

2.4 Samples in this Thesis

The SFACT survey is still in progress so the ideal sample of 50 - 60 fields has not

yet been realized. The following two chapters focus on the results drawn from our
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three pilot-study fields. These are three fields which were the first to have complete
imaging data, and the first to have significantly complete follow-up spectroscopy. The
bulk of our analysis is based on these pilot-study fields.

However, in order to begin to investigate the star-formation rate density, we needed
a larger sample size. We have created an additional subset of our current work which
we refer to as the thesis sample. This sample contains 12 Fall fields for which the
processed spectroscopy includes at least 40% of the SFACT targets. The results

presented in Chapter 6 draw upon this thesis sample.
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Chapter 3

SFACT Imaging

3.1 Introduction

The Star Formation Across Cosmic Time (SFACT) survey is an ongoing wide-field
imaging and spectroscopic program which targets the detection of large numbers
of extragalactic emission-line sources. As a narrow-band (NB) survey, SFACT is
able to discover a wealth of new sources that exhibit strong emission lines. The
SFACT survey methodology draws upon the rich legacy of previous emission-line
galaxy (ELG) surveys (e.g., MacAlpine et al. 1977; Markarian & Stepanian 1983;
Salzer et al. 2000; Kakazu et al. 2007; Kellar et al. 2012). SFACT builds on this
previous work by using a medium-class telescope with a wide field of view and three
custom NB filters. The primary goal is to produce a high quality survey for emission-
line objects with a selection function and completeness limits that can be accurately
quantified, so that the resulting catalog of ELGs will be useful for a broad range of
studies requiring statistically-complete galaxy samples.

The results for our pilot-study fields of SFACT are presented in a series of three
papers. The first SFACT paper (Salzer et al. 2022, henceforth referred to as SFACT1)

presents the survey goals and motivation. This paper discusses the different types

3The results discussed in this chapter were submitted for publication in Sieben, J., Salzer, J. J.,
Carr, D. J., Hirschauer, A. S., The Star Formation Across Cosmic Time (SFACT) Survey. II. The
First Catalog of Targets from a New Narrow-Band Survey for Emission-Line Objects, 2022, ApJS
(submitted)
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of ELGs which SFACT is designed to discover and explores future applications of
such data. Example objects are also shown with both photometric and spectroscopic
results. The current chapter (based on the SFACT2 paper) focuses on the imaging
portion of the survey. We discuss the observation and processing procedures as well
as how targets are selected. This culminates in the presentation of our initial ELG
catalogs of the objects in the three pilot-study fields. The third SFACT paper (Carr
et al. 2022, henceforth referred to as SFACT3) focuses on the spectroscopic data,
discussing the procedures for the observations and processing of the spectroscopic
data. These data are used to verify the nature of the targets discovered in the imaging
data. Accordingly, SFACT3 presents the spectra corresponding to the example images
in SFACT?2. This last paper also discusses further implications of the types of ELGs
discovered.

In this chapter, we first describe our observation procedures (Section 3.2.1) and
our data processing technique (Section 3.2.2). Our method for selecting targets for
inclusion in our survey catalogs is detailed in Section 3.3, along with our photometry
method and calibration in Section 3.3.2. The results of the pilot study, including the
data and example objects, are presented in Section 5.4. For all of the SFACT papers
we assume a standard ACDM cosmology with €2, = 0.27, 2 = 0.73, and Hy = 70 km

s~ Mpc1.

3.2 Observations & Data Processing

3.2.1 Observations

The fields observed for SFACT were selected to overlap with the Sloan Digital Sky
Survey (SDSS, York et al. 2000; Aguado et al. 2019), which we used for photometric
calibrations. Two of the fields presented in this pilot study were centered on ELGs

found in the previous Ha Dots survey (Kellar et al. 2012; Salzer et al. 2020; Watkins
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et al. 2021), thus providing a valuable testbed for the current survey methodology.
The selection of the SFACT survey fields is discussed in more detail in SFACTT1.

The imaging data used for this paper were obtained during three observing sea-
sons. For a full list of observing dates, see Table 3.2.1. In November of 2016, ini-
tial test data were acquired for the SFF10 and SFF15 fields in the r-band and first
narrow-band filter (NB1). These observations provided the data used to develop our
processing and object-selection methods (see Section 3.3). In 2017 we added addi-
tional broad-band (BB) observations in g- and i-band plus included an additional field
(SFFO01). Our data set for the pilot study was then completed upon the subsequent
addition of two additional NB filters in 2018.

All survey data were acquired using the One Degree Imager (ODI; Harbeck et
al. 2010) on the WIYN* 3.5m telescope sited at Kitt Peak, Arizona. ODI consists of
30 Orthogonal Transfer Array (OTA) CCDs, each of which comprises 64 480 x 494
pixel cells. The pixel size for the ODI OTAs is 12u, which yields an image scale of

0.11” pixel™'. The total field of view of ODI is 40’ x 48’

3.2.1.1 Science Observations

After our 2016 observing season, we found that observations with additional BB
filters (g and i) were strongly desired for two reasons. First, we discovered that i-
filter images were needed to correctly perform our NB1 continuum subtraction as
detailed in Section 3.2.2.2. Having three BB filters also allowed us to obtain a wider
range of photometric measurements of our targets. Accordingly, we added the two
BB filters to our observing procedure. To be considered complete, all survey fields
are observed through six filters: three BB filters (gri) and three NB filters. The BB

data were obtained through g, r, and i filters ~1500 A in width. The BB bandpasses

4The WIYN Observatory is a joint facility of the University of Wisconsin-Madison, Indiana Uni-
versity, NSF’s NOIRLab, the Pennsylvania State University, Purdue University, and the University
of California, Irvine.
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Table 3.1. Observation Dates

Field  Filter = Observation Date ~PSF FWHM  «(J2000)  §(J2000)

SFFO1 09/17/2017 0.89” 21:42:42  19:59:28
i 09/17/2017 0.83"
g 09/17/2017 0.76"
NB1 09/13/2018 0.93"
NB2 09/14/2018 0.78"
NB3 09/13/2018 0.96"
SFFI0 11/07/2016 0.83” 01:44:20  27:54:13
i 08/19/2017 0.81”
g 08/19/2017 1.23"
NB1 11/07/2016 0.85"
NB2 09/14/2018 0.85"
NB3 09/13/2018 0.69”
SFF15  r 11/07/2016 0.81” 02:38:52  27:51:43
i 08/19/2017 0.87"
g 08/19/2017 1.17"
NB1 11/07/2016 0.72"
NB2 09/14/2018 0.70"
NB3 09/14/2018 0.66"

mimic the SDSS filters (York et al. 2000).

The NB data were obtained through three special filters designed for the survey,
centered at 6590 A, 6950 A, and 7460 A, each with a width of ~ 90 A (henceforth
NB2, NB1, and NB3, respectively). The exact bandpasses are detailed in SFACT1 as
well as the redshift range accessible via four common emission lines. The transmission
curves of our NB filters are shown in Figure 3.1. The three NB filters fall within the
r or i BB filters and are in a region where the CCD sensitivity is quite high.

All NB and BB images were taken using a nine-point dither pattern. The dither
sequence is a carefully-planned sequence of position adjustments in order to move
sources off of bad columns, chip gaps, or dead OTA cells on the camera. By moving
the telescope such that inactive areas on the camera are not always covering the
same region on the sky, we ensured that we were truly covering the full available field
of view. In this way, multiple exposures of the same fields increased image depth,

allowing for the detection of fainter sources.
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Each individual NB exposure was 600 seconds, for a total integration time of
90 minutes for each NB sequence. Because each pixel in the final stacked images
is typically illuminated by the sky in only 6-7 images in the dither sequence, the
effective exposure time is closer to 60 minutes for each NB image. Each individual
BB exposure was 120 seconds, and the final stacked BB images likewise include light
from 6-7 images in a given pixel.

Accurate tracking was obtained using a guide star. When using ODI, the guide
star tracking occurs using one of the OTA chips, removing this chip from the sci-
ence image. Before every exposure, a one-second pre-image was taken, from which
a suitably-bright source was selected to use as a guide star. With a video exposure
time of typically 0.3 seconds, the guiding software of WIYN used this star to remain
centered on our target field throughout the exposure. A new guide star was selected
for each image in the dither sequence. As the OTA chip used for guiding is lost to the
science image, we attempted to use different guide stars to mitigate gaps appearing in
the raw image. By using different chips for guiding, we avoided large unusable areas

in our final stacked images.

3.2.1.2 Calibration Observations

Following standard observing procedures, bias and dark images were taken each night.
This included 10 zero-second bias frames followed by three 600-second dark current
images. These are crucial for correcting detector signatures during the initial process-
ing. Spectrophotometric standard star observations were also taken; these are further
discussed in section 3.3.2.1.

Flat field images are taken by the WIYN staff approximately once per month
through each filter and are applied to the processing of the recently-taken data. A
special technique is employed. A slow shutter blade speed is used in order to baffle out

internal reflections, and thus eliminate the pupil ghost. The slow shutter technique
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Figure 3.1 The filter transmission curves of our three narrow-band filters: NB659
(NB2), NB695 (NB1), and NB746 (NB3). The dashed lines show part of the trans-
mission curves for the r and i broad-band filters. Overlaid is the efficiency curve of the
CCD (solid line), demonstrating that while it does start to drop off around 7000 A,
the sensitivity is still high in i and NB3.
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works such that both shutters move at once, with only a small delay between them,
effectively creating a slit aperture which moves across the frame. Raw flat field
images are acquired with at least two different rotations of the instrument so that
any gradients because of non-uniform illumination of the flat field can be smoothed
out. The stability of the flats is very good, with variations of less than 1% over many

months.

3.2.2 Data Processing

Raw images are processed and analyzed utilizing both the ODI Pipeline, Portal,
and Archive (ODI-PPA), as well as custom scripts written in Image Reduction and
Analysis Facility (IRAF) and Python®. Each of the processing steps are detailed in

the following sub-sections.

3.2.2.1 ODI Pipeline, Portal, and Archive

Raw images from ODI are downloaded to the ODI-PPA hosted by Indiana University
for initial data reduction steps. Subsequent project-specific processing is accomplished
once these preliminary steps are completed.

In the ODI-PPA, the raw data are first run through the QuickReduce pipeline (Ko-
tulla 2014), which begins by masking out pixels that are unusable due to persistency,
trailing, a defective cell, cross-talk, or a static bad pixel. Overscan levels, bias, and
dark levels are determined and subtracted from each of the raw images. A correction
based on the flat fields and any known non-linearity between the observed counts
and the exposure is then applied. The final step is an astrometric calibration which
is performed using Gaia (Gaia Collaboration et al. 2016) as the reference catalog.
The output from QuickReduce is one complete FITS image for each dither position,

properly reduced and ready for further processing.

5The field processing scripts are listed in the thesis appendix.
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Next, the astrometric mapping software SWarp (Bertin et al. 2002) is run from
within the ODI-PPA, which aligns and combines all of our images from each dither
sequence to produce one image for each filter for each field. We use a weighted
combination mode, an illumination correction, and utilize a surface fit for the back-
ground subtraction method, preserving extended objects of at least 3'. The process
also masks bad pixels and removes the OTAs used in guiding. The output image is

re-projected with a new pixel scale of 0.125" pixel ™.

3.2.2.2 SFACT Pre-processing Steps

The reduced and stacked ODI images are retrieved from the ODI-PPA for subsequent
processing. The image from each filter is cropped such that all images for one field
cover exactly the same area on the sky and are precisely aligned with one another.
This ensures that the objects identified in a field have the same positions in each filter
later in the processing.

A master image is then created by summing all six individual images together,
resulting in a very deep image. Objects as faint as r ~ 26 are readily detected in
the master image. This depth is used for catalog creation as discussed in Section 3.3.
Because this image includes both narrow- and broad-band filters, it allows for the
detection of ELGs which have extremely faint continuum flux but strong nebular
emission, which would otherwise be missed in a BB-only image.

The average point spread function (PSF) full-width at half-maximum (FWHM)
is calculated using roughly a dozen user-selected stars. This measure of the image
quality is determined for the master image as well as the individual filter images. A
script is then run which allows the user to select an object-free region of the image in
order to determine the background noise level of the master image, a crucial parameter
used during the object detection stage. All images are then binned 2x2 and possess

a resulting image scale of 0.25” pixel™, a value chosen because a native resolution
)
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(seeing) better than 0.5” pixel™! is only rarely obtained at WIYN. While our objects
tend to have small angular sizes, they are almost never undersampled with this choice
of pixel scale.

Once the master image is made, we complete the pre-processing of the individual
images by scaling the continuum images to the NB images so that the difference image
can be created. The fluxes of user-selected stars are also measured so that a flux ratio
between the NB image and respective continuum image can be determined. Each of
these steps is interactive so that outlier stars may be removed from consideration.
The continuum image is then scaled to match the NB image.

In order to create a difference image which leaves behind only emission-line objects,
simply subtracting the r image from the NB1 image was insufficient. As seen in
Figure 3.1, the NB1 filter falls on the edge of the r filter, so the continuum contained
within NB1 is not properly removed when only subtracting the r filter image. In
particular, red objects (e.g., M stars and high-redshift early-type galaxies) leave a
significant flux excess upon continuum subtraction when only the r filter image is
used. This NB flux excess mimics the signature we expect from an ELG. To alleviate
this problem, we create a new image that is the sum of the r and i filter images. This
summed r+i image is binned and re-scaled like the single-filter BB images before
being used in the subtraction. Because the NB2 filter is located closer to the red edge
of the r-band filter, our tests indicated that the composite r+i continuum image also
yielded better results as the continuum image to be subtracted from NB2 images as
well. On the other hand, the i-band image proves adequate for use in the continuum
subtraction for NB3. In summary, the r+i image is used as the continuum subtraction

image for the NB1 and NB2 images, and the i image is used for the NB3 image.
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3.3 SFACT Target Selection

Each target field typically includes on order of 100,000 total objects detected at the
sensitivity limit of our master image. Custom scripts were written to identify relevant

6, Manual verification was performed as a last

objects in a fully automated process
step. These scripts were implemented to narrow the large number of objects that
needed to be evaluated as possible ELG candidates in each field to ~200 SFACT
targets. We perform the following process on quadrants (designated A-D) of our
full-frame images in order to create more manageable data sets for the user. The

quadrants were created with 100 pixel overlaps to ensure that objects were not missed

along boundaries.

3.3.1 Identifying SFACT Candidates

In order to identify all objects in our images, we perform a series of runs of DAOFIND (Stet-
son 1987) on the master image. The searches are carried out using multiple image
kernel sizes, incremented from 1.25 times the FWHM of the master image to 3.6 times
the FWHM, in order to detect objects with a range of light distributions. This allows
for the identification of small compact galaxies as well as larger, extended galaxies.
The combined six-filter master images provide maximum depth, yielding a greater
number of faint objects than would be possible from the individual filter images.
All objects identified are recorded in a table, which is used throughout the analysis
process.

Because of our multiple DAOFIND searches, we often find a single object multiple
times; we remove these duplicates immediately after combining the results of all
searches. Then we convert the image positions to sky coordinates, allowing for the

identification of cross-matches within the SDSS database. While many of our objects

SThe target selection scripts are listed in the thesis appendix.
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are not identified in SDSS, for those that are we adopt additional information to
add to our database, including photometry and SDSS classification (star or galaxy).
While this star/galaxy classification is not always accurate, coupled with other data
it is a useful piece of additional information for later parts of the process.

After this automatic processing, we visually check the master image for bad regions
to mask. This is designed to mitigate problems with sections of the image which, due
to the numerous chip gaps and non-functioning OTA cells, do not yield usable data.
We mark these regions as a series of boxes and any object within this region is
removed from future consideration. The area contained within these masked regions
is recorded in the image header and removed from the total area of the field when
doing computations involving the survey area.

Once the object detection phase is completed, we carry out photometry on each
object in the catalog. In order to do this, we measure the instrumental magnitude
from both the NB image before continuum subtraction and the relevant continuum
image. We designate these two quantities as myp and Mo, respectively. These
fluxes are measured using small aperture photometry. Light from the entire object is
not necessarily included if the object is extended, but for the purposes of identifying
objects with a considerable flux difference, this serves our purpose well. We used an
aperture with a diameter of three times the FWHM of the PSF of each image. Using

these instrumental magnitudes, we then compute the magnitude difference (Am):

Am = mnB — Meont- (3.1)

We next perform a fine tuning offset calculation. While the NB and continuum
images have already been scaled to each other (see Section 3.2.2.2) this secondary
scaling makes use of more stars and is typically only a small adjustment. All stars

which have m.,,; < —10.5 and Am between +1 are used to compute an offset such
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that the median Am = 0 for these stars. This is because stars typically do not have
emission lines and thus should not have any emission line flux in our NB filters. Using
the median of these offset values, a quadrant-wide offset is determined and applied to
all of the objects in the table and this corrected Am value is used going forward. The
scaling offset is typically between 0 and 0.15 magnitudes which, although small, helps
ensure that all of the continuum flux is removed in the difference image. Figure 3.2
shows an example of the subset of stars used to compute this scaling offset.

We also measure a pseudo signal-to-noise ratio (henceforth referred to simply as

ratio) for each object. We use

Tam = (0%p +02,)? (3.2)
A
ratio = am (3-3)
OAm

2

where 0% 5 is the uncertainty in myp and o2,

, 1s the uncertainty in mcy,:. We use
Am and ratio as an indicator of objects with a statistically significant excess of flux in
the NB filter. Our goal was to create thresholds to select candidate objects which are
as faint as possible, while minimizing the number of false detections. We also intended
to use a single set of limits for constructing our catalog of ELGs, rather than varying
the limits from field to field. Therefore, we experimented with a range of values for
Am and ratio, and ran tests on multiple fields before reaching a decision on what
the limits should be (these limits can be seen as gray dashed lines in Figure 3.2). In
addition, we used our experience with previous emission-line surveys (e.g., Salzer et
al. 2000; Kellar et al. 2012) as a guide for reasonable values for the limits. After some
experimentation, we resolved that if an object has a ratio of at least 5.0 and a Am
less than —0.4, this object is considered a possible ELG candidate and moves to the
next stage of processing. Based on a NB filter width of ~90 A, our Am threshold

will correspond to an approximate equivalent width selection limit of ~40 A.
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In Figure 3.2 we present a diagnostic plot for the SFF01 field. The left plot shows
Am versus the continuum magnitude and the right plot is Am versus ratio. Objects
with larger ratio and more negative Am found in the lower right quadrant of the right

plot move forward as candidates.

—6 T T T T T T .| T T T

-15.0-12.5-10.0 -7.5 —5.0 -2.5 0.0 30 40 50 60
Continuum Magnitude Ratio

Figure 3.2 An example diagnostic plot for the SFF01 field. On the left we plot Am
against the continuum magnitude. On the right, we plot the Am against ratio. The
horizontal line represents our Am cutoff of —0.4; the vertical line represents our ratio
cutoff of 5.0. Inside the blue box in the left panel are the stars used to refine the Am
offsets. All objects within the lower right quadrant of the right plot are considered
possible targets, subject to further filtering.

Additional scripts identify and filter out false detections. Using data from SDSS,
saturated stars are identified as objects with SDSS r-band magnitudes brighter than
13.0. A radius around each star is defined that scales with their brightness (brighter
stars have larger radii). Objects within this radius are considered contaminated by
the light from the bright star and are removed from our consideration. We have

found that objects within this radius often have inaccurate flux measurements due to
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saturated pixels or are actually bleed trails rather than an astronomical object. We
also remove objects which exhibit artifact-like signatures. Our criteria for identifying
artifacts were developed using early data combined with the SDSS database. Objects
were visually inspected (compared against SDSS images and previous proven false
detections), and objects within certain Am and ratio regimes were essentially never
real objects. Rather, they were image artifacts such as bad pixels (resulting from
flaws with ODI) or cosmic rays.

Once the software has selected a list of possible candidates, each member of our
team looks at the continuum image, the NB image, and the difference image (see
Figures 3.3 — 3.6), along with other information about the object such as the instru-
mental colors and, for brighter objects, its appearance in the SDSS image database.
Each team member makes an independent decision regarding whether or not it is a
valid ELG candidate. A candidate should be a real object which exhibits significant
flux in the difference image. Many spurious sources are rejected at this stage. These
often consist of objects which are bleed spikes from bright stars, cosmic rays, or other
image artifacts. In general, these types of artifacts are readily identifiable via visual
inspection and are thus easier to remove. We also look at the coordinates in the
SDDS image database which helps to confirm if our detection is a true astronomical
object. Finally, the list of acceptable candidates from the individual team members
are merged, and any object not selected by all members is reviewed. Together, we
confirm or reject each selection, and create a final list of candidates.

Typically there are a few hundred objects per field per filter identified as SFACT
candidates by our automated software, but approximately three-quarters are rejected
as spurious during this manual checking process. Most of these are image artifacts.
Our target selection software has been improved since these pilot fields have been
processed and is projected to improve further as we better integrate information from

our preliminary search efforts. For example, quasars often display properties very
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similar to a nearby red star and sometimes even looking at the SDSS image does not
help us to distinguish a faint red star from a distant quasar. An under-abundace of
quasars in the current catalog has lead us to investigate this possibility in more detail.

The nature of SFACT means that we often detect multiple H II regions in a
single spiral galaxy. However, we are primarily concerned with the global properties
of a galaxy. As such, we do not retain every single H II region in our catalog. As
discussed in SFACT1, we retain only the most prominent H II region as a target for
spectroscopic follow-up, and we use the center of the galaxy for carrying out global
photometry.

We do err on the side of inclusivity in order to investigate potentially interesting
ELG sources in greater detail when the follow-up spectroscopy is complete. We also
note that our ability to identify signatures of real detections has improved, especially
once we were able to process the early follow-up spectroscopy. The pilot fields pre-
sented here were classified at the beginning of our survey program. SFF01 has 132
SFACT targets, SFF10 has 216, and SFF15 has 185. All of these objects are then

slated for spectroscopic observation, as discussed in SFACTS3.

3.3.2 Photometry

After the target selection is complete, we perform photometry on the images”. This
includes measuring the fluxes of all SFACT targets using an iterative process to
determine the correct aperture. We also measure many of the SDSS stars found in
our fields which allow us to calibrate our measurements. Here we discuss our method
for performing the calibration of the BB fluxes and the two-step process for correctly
putting the NB fluxes on an appropriate flux scale. As part of this, we discuss the

measurement of the additional spectrophotometric standard stars.

"The photometry scripts are listed in the thesis appendix.
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3.3.2.1 Calibration

All SFACT imaging products are calibrated utilizing photometric information from
SDSS stars present in our science images. We limit the use of SDSS stars to those with
a g-r color within 0.4 — 1.1 and brighter than r ~ 20 to be calibration sources. These
are further refined in each filter by an upper limit of the photometric error. This upper
limit is based on the average SDSS magnitude errors for the stars in our BB images,
and is interactively optimized by the user for each field. There exist sufficient numbers
of high-quality sources to ensure robust photometric calibrations. The tabulated
SDSS photometry is compared to our instrumental magnitudes, providing a difference
value for each calibration star (Am(SDSS)). We compute the mean and standard
deviation of the Am(SDSS) values for all stars in each filter, retaining those within
30, iterating this once to remove outliers to ensure a clean sample. This clean sample
contains hundreds of stars in each BB and NB filter. A final mean Am(SDSS) is
calculated for this clean sample and used as the zero point constant (ZPC) of the
entire field (ZPC(SDSS)).

In order to evaluate the homogeneity of the SDSS-based calibration across our
spatially-large images (an average field is 9,000 x 11,000 pixels, or 35'x 45"), we divide
each field into nine sections. Each section of the image typically has several dozen
stars per filter. In each section, we compute the mean difference of the stars: a section-
specific ZPC(SDSS). In our three pilot fields, no significant positional differences in
the ZPC values across the images have been found.

We also utilize the section-specific ZPC(SDSS) values to derive an estimate of the
uncertainty of the overall ZPC(SDSS) for each field. This is done because computing
a formal uncertainty in the main ZPC by adopting a more traditional o/ VN type
error in the mean results in an unphysically small ZPC uncertainty due to the large

number of SDSS stars in each field. As an alternative, we determine the standard
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deviation of the mean values in each of the nine sections. This standard deviation is
used as our estimate of the uncertainty in the ZPC(SDSS) of the entire field. This
process is done for each BB filter and each NB filter.

Due to the narrow filter bandwidth, NB photometric calibrations traditionally do
not use a color term, a convention followed by this study. For BB photometry, we
expected the color terms to be extremely small since the filters utilized are similar
to those used by SDSS. We used our photometry from the pilot-study fields to verify
that the color terms for the r and i filters are vanishingly small. The color term for
g is somewhat larger (¢, = 0.105 £ 0.002), and we have applied it to our g-band

magnitudes.

3.3.2.2 NB Offset Calibration

In the previous section, we described the calibration process performed to place our
photometric measurements on the SDSS magnitude scale. This works well for cali-
brating our BB magnitudes. However, the calibration of our NB flux measurements
requires an additional step. This step utilizes observations of spectrophotometric stan-
dard stars (e.g., Oke & Gunn 1983; Massey et al. 1988) that were observed through
each of our NB filters.

In the NB SFACT science images, we perform the initial calibration using the
SDSS stars in the same manner as it is performed on the BB images. This produces
a magnitude difference between our SFACT targets and the SDSS stars. Because
the magnitudes are measured in the same image, time dependent quantities such as
atmospheric extinction are effectively accounted for.

To properly place our NB measurements on an appropriate flux scale, we then
perform an additional offset calibration utilizing observations of spectrophotometric
standard stars. We repeat the same measurement procedure described above using

the spectrophotometric standard stars as the “science target” and the SDSS stars in
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the field as the calibration sources. We arrive at a magnitude difference between the
SDSS stars and our standard star. Because we employ the same filters for the science
images and the calibration images, the ZPC of the SDSS stars will be the same. We
can make use of this equivalence to place our NB measurements on an absolute flux
scale. This offset calibration is applied on a filter by filter basis to all SFACT targets

to complete the NB calibration.

3.3.2.3 Aperture Photometry

We perform photometric measurements on each SFACT target using a range of aper-
tures. Initially, this is performed on the master image in order to determine the
proper BB photometric aperture for each object. We carry out a curve-of-growth
analysis to determine the optimal aperture to use, looking for either the local max-
imum of the curve or where the change in instrumental magnitude is insignificant.
This is quantified by examining the change in flux and the errors of adjacent fluxes
added in quadrature. These thresholds are slightly different between small compact
objects and nearby, extended objects. Photometry is then performed on each of the
individual filter images using the selected aperture. The ZPC for each filter is added
to the instrumental magnitude to determine the calibrated magnitude.

Because many H II regions are located in extended galaxies, appearing as multiple
knots of emission, determining the correct aperture to use is a challenge. Moreover,
light from the rest of the galaxy will always be conflated with the light from the H II
region. For the sake of uniformity, all H II regions are assigned the same aperture
of 16 pixels (4”). This size has been chosen through visual trial and error since it
adequately encapsulates the light from each individual H II region.

If the curve-of-growth analysis in our custom script does not converge on an aper-
ture to use, we examine the object by eye. We display a tiled image of each BB filter

image as well as the master image overlaid with the suggested aperture. We use an
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interactive process to manually select an aperture which best captures the light from
the target. We also confirm the apertures of targets which have other objects nearby.

The process is repeated for the NB images with only minor differences. The
curve-of-growth analysis is performed only on the continuum-subtracted NB image
corresponding to the NB filter the target was detected in. This ensures that we are
only determining an aperture based on the image which actually contains the object
and which we want to measure. We use the continuum-subtracted NB image in order
to only measure the light which is unique to the NB image, excluding the light already
captured in the BB images. Once again, we visually check the aperture of any target
where the software does not yield a robust solution.

Once we have instrumental magnitudes in all of the BB filters, we apply the ZPC
previously calculated which puts our objects on the same scale as SDSS. For the
NB fluxes, we apply the NB ZPC calculated in the same way as the BB ZPC. We
then also apply the NB calibration offset described in Section 3.3.2.2 to place our NB

measurements on a proper flux scale.

3.4 Results

3.4.1 SFACT Survey Catalogs

We present the full list of our SFACT targets from our pilot-study fields in Tables
3.2 — 3.4. In each table, column (1) is the SFACT ID, the unique identifier by which
we refer to any candidate. This ID is made up of the field name (ex: SFF01), the
filter designation (ex: NB3), the quadrant in which the object was found (ex: D),
and a number which is assigned in the initial object detection stage (ex: 20110).
Together this would form the SFACT ID SFF01-NB3—-D20110. Columns (2) and
(3) give the astrometric positions of the object in J2000 coordinates on the Gaia

astrometric system, while columns (4) and (5) are the Am and ratio values used to
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select candidates (Section 3.3.1). Column (6) is the type of object, which is assigned
during the selection process. Objects are either labelled an H II region (marked as
H 1I), a galaxy center for an object which contains one or more H II regions (marked as
GAL), or denoted as an ELG (everything else still deemed to be a viable candidate).
Columns (7) through (9) are the broad-band magnitudes. Finally, the flux in the
relevant narrow-band filter is tabulated in column (10). The tables are sorted by the
RA of the objects within each field.

There are 533 total SFACT targets in these three pilot-study fields. A total of 1.50
deg? on the sky was searched. Counting only unique targets (not double counting the

19 H II regions and the corresponding galaxy centers), this gives us a surface density

of 342.7 SFACT targets deg—2.
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3.4.2 Example Objects

We illustrate the types of objects detected in our survey by showing ten examples of
SFACT targets. These are all objects which were selected for follow-up spectroscopy
and have been confirmed to be genuine emission-line galaxies. We have chosen exam-
ples which demonstrate the variety of objects found in the SFACT catalog and the
depth of our images. The example objects have been grouped by their detected line.
For each object, the redshift and type of object is derived from spectral analysis. This
is discussed in SFACT3 where the corresponding spectra for these example objects
can be found.

The following figures are the images produced by our software and are used during
ELG candidate evaluations and checking. Each figure is comprised of three 50" x 50"
cutouts of the same object from different images. The leftmost image is the relevant
continuum image; this is r+i when the NB image is NB1 or NB2 and i when the NB
image is NB3. The middle image is the NB image before continuum subtraction. The
rightmost image is the NB continuum-subtracted image (the difference image). In

each cutout, the objects are marked with crosshairs to guide the eye.

3.4.2.1 Hoa Detections

The first three SFACT example targets, shown in Figure 3.3, were all detected via
their Ha emission line. SFF01-NB2-B19198 at the top of Figure 3.3 is one of our
closest targets at z = 0.0034. The specific target is not actually the galaxy center,
but an H II region near the center. As discussed in section 3.3.2.3, the H II region
remains in our catalog, but the photometric properties measured are those for the
galaxy as a whole. Here it is visually clear that the H II region is a large knot
of emission in an otherwise quiescent dwarf galaxy. In a more traditional BB only
survey this may not have stood out as a source of emission. This galaxy has a g-band

magnitude of 19.00 and a narrow-band flux of 2.24 x 1071° erg s cm™2.
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Figure 3.3 Three of our Ha-detected objects. The Ha detections span 0.0 < z < 0.15
and include all of our spiral galaxies. Top: SFF01-NB2-B19198 was detected in our
NB2 filter and is a faint dwarf galaxy. Middle: SFF15-NB1-A2606 was detected in
our NB1 filter via many of its H II regions. Bottom: SFF01-NB3-D2175 was detected
in our NB3 filter.
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The middle galaxy is SFF15-NB1-A2606 and was detected in our NBI1 filter.
Again, this is an H II region in a larger galaxy. The galaxy has an BB aperture
radius of 100 pixels (25”) and a NB aperture of 72 pixels. This spiral galaxy is found
at z = 0.0643 with a g-band magnitude of 17.16 and an integrated narrow-band flux
of 2.36 x 107 erg s™! cm™2. Both of these first two galaxies demonstrate the ability
of SFACT to find H II regions in extended sources, the former of which is discussed
in more detail in SFACT1.

The last of this set is a more typical SFACT target. SFF01-NB3-D2175 is a
compact object which is visible in the continuum image and appears slightly brighter
in the NB image. This particular target has a g-band magnitude of 22.41, a NB flux
of 2.80 x 10716 erg s7! em™2, and is found at z = 0.1374. Unlike the previous two
galaxies, the aperture for this object was successfully determined using our curve-of-
growth analysis. This is the case for most objects which appear as compact dots like

SFF01-NB3-D2175.

3.4.2.2 [O III] Detections

The next three examples, shown in Figure 3.4, are each [O III] detections. In the
top set of images is SFF15-NB2-C20849. This galaxy has very strong line emission.
In our nearest [O III] redshift window, this object is at z = 0.3228 with a g-band

2 making it

magnitude of 21.17 and narrow-band flux of 6.81 x 107 erg s™! cm™
the object with the second strongest flux in this example set, and the strongest of
those which are not large spiral galaxies. Follow-up analysis (discussed in SFACT3)
has confirmed that this object is a Seyfert 2.

The middle set of images shows SFF01-NB1-D4500 which has a g-band magnitude
of 22.56. This object is found at z = 0.3906 and has a NB flux of 1.01 x 107! erg
-1

s7! em~2. This galaxy’s aperture needed to be checked by eye due to the other object

nearby.
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Figure 3.4 Three of our [O II]-detected objects. The [O III] detections span 0.31
< z < 0.50 and are typically compact sources like these. Top: SFF15-NB2-C20849
was detected in our NB2 filter. Middle: SFF01-NB1-D4500 was detected in our NB1
filter. Bottom: SFF10-NB3-D13569 was detected in our NB3 filter.
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Rounding out the [O III]-detected set is SFF10-NB3-D13569 at the bottom of
Figure 3.4. This target is at a redshift of z = 0.4829 with a g-band magnitude of 23.02

L' em™2. This object is representative

and a narrow-band flux of 5.03 x 1071¢ erg s~
of many SFACT targets which are very compact but have only moderately strong
emission in the NB filter. Nonetheless, the nebular emission is strong enough to allow

us to detect it.

3.4.2.3 [O II] Detections

The final set of three targets is shown in Figure 3.5 and each candidate was detected
by its [O II] line. SFF10-NB2-A8098 is shown in the top row of Figure 3.5 and is one
of our fainter sources at a g-band magnitude of 23.78, falling over half a magnitude
below the median g-band magnitude of the pilot-study targets. The r- and i-band
magnitudes are similarly faint at 23.12 and 23.54, respectively. This demonstrates
the sensitivity of SFACT. The galaxy in the NB image before continuum subtraction
(the middle cutout) looks brighter than it does in the continuum image on the left,
demonstrating the visually strong emission line. It is at a distance of z = 0.7670 and
has a narrow-band flux of 2.04 x 10716 erg s7! cm 2.

Shown in the middle row of Figure 3.5 is SFF10-NB1-C19716. This target is at
z = 0.8694; at such a distance it is understandably very compact in our images. This
object has a g-band magnitude of 23.06 and a narrow-band flux of 3.63 x 107! erg
s7tem2.

One of the most distant galaxies in our primary redshift windows is SFF01-NB3-
B5847 at z = 1.0023. It has a g-band magnitude of 23.08 and a narrow-band flux of

4.51 x 1071 erg s~ ecm~2. This was another object which required us to check the

suggested photometry aperture since there is another faint object identified nearby.
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Figure 3.5 Three of our [O II]-detected objects. The [O II] detections span 0.78 < z <
1.0 and are typically small dots like these. Top: SFF10-NB2-A8098 was detected in
our NB2 filter. Middle: SFF10-NB1-C19716 was detected in our NB1 filter. Bottom:
SFF01-NB3-B5847 was detected in our NB3 filter.
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Figure 3.6 SFF10-NB2-C21205: This target was detected in our NB2 filter by a strong
line at 1908A. It has been determined to be a quasar.

3.4.2.4 Other Detections

SFACT detects objects outside of our primary redshift windows, including numerous
QSOs. The last example object, shown in Figure 3.6, is one such QSO. An emission
line at 1908 A fell into our NB2 filter, allowing us to detect it. As can be seen from
Figure 3.6, it is a bright target, with a g-band magnitude of 20.95. It exhibits a
moderate line flux of 7.94 x 10716 erg s=! cm™2 yet its large redshift, » = 2.4643,
demonstrates SFACT’s ability to detect objects well beyond z = 1. There are ~10
other objects in this pilot study at redshifts greater than our primary redshift win-
dows, all of which are QSOs.

For all of the example SFACT targets shown here, the corresponding spectra can
be found in SFACTS3.

3.4.3 Photometric Properties of SFACT Targets

In this section we examine the photometric properties of the SFACT targets. We
also investigate our photometric uncertainties in relation to SDSS to provide context
for our results. SFACT1 (Figure 2)® presents a set of composite histograms showing

the range of BB apparent magnitudes for the full sample of pilot-study candidates,

8See also Figure 4.7 of this thesis.
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demonstrating the depth of our sample. It is worthwhile to compare the distributions
of BB magnitude and NB line flux across the three pilot-study fields as well as across
the three narrow-band filters.

Figure 3.7 shows the distribution of r-band magnitude and NB flux for each pilot-
study field separately. While there are variations between the fields, the broad char-
acteristics are remarkably similar. The r-band magnitude medians are 22.53, 22.50
and 22.51, demonstrating a consistent depth between the fields. This figure also
demonstrates the range of brightness in our catalog. We see targets which have an
r-band magnitude as bright as 16 and as faint as 25. The NB flux distributions on
the right hand side of Figure 3.7 also exhibit strong similarities with each other. The
median log NB flux is seen to be very stable across the three fields: —15.51, —15.50,
and —15.57 erg s~! cm™2

Figure 2 of SFACT1 also presents a composite g-r histogram (see also Figure 4.7).
Like the BB magnitudes, there is a broad range of colors represented in the sample.
The median g-r color of 0.65 is consistent with early-type spiral galaxies, but the
bulk of the sample have colors between 0.2 < g — r < 1.2 and include many red
systems. As discussed in SFACT1, this is due in part to our selection method. Strong
emission lines are present in many of our targets, and these strong lines can influence
the overall color of the galaxy, leading to an actively star-forming system appearing
redder than expected. These strong emission lines can be seen as part of a wide
range of emission line flux strengths in Figure 3.7. This figure highlights SFACT’s
sensitivity. The strong peak in log(fyp) between —15.50 and —15.75 implies that our
survey is complete to approximately this level.

As another way of viewing the distribution, Figure 3.8 shows a similar set of his-
tograms, this time broken down according to which NB filter the object was detected
in. While there is a slightly greater spread in the medians, there is still strong con-

sistency across the data set. The most striking difference is the extended bright end
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Figure 3.7 Distributions of r magnitude and NB flux broken down by field. The left
column shows the r magnitude distributions for each of the pilot-study fields while
the right shows the NB flux distributions. From top to bottom is SFF01, SFF10,
then SFF15. The vertical dashed lines mark the median of each distribution. The
distributions are seen to be very similar from field to field.
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Figure 3.8 Distributions of r magnitude and NB flux broken down by NB filter. The
left column shows the r magnitude distributions for each of the pilot-study fields while
the right shows the NB flux distributions. From top to bottom is NB1, NB2, then
NB3. The vertical dashed lines mark the median of each distribution. Again, there
is a strong similarity between the distributions from the different filters, but with a
few notable differences.
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Figure 3.9 A comparison of the r-band photometry between SFACT and SDSS. SDSS
photometry is shown in gray. Objects for which there is no corresponding SDSS data
are marked in red, while all other SFACT photometry is blue.

of the distributions in NB1 and the deficit of brighter sources in NB2. The latter
is presumably caused by the almost complete lack of Ha detections in NB2. This is
expected, due to the limited volume over which any Ha sources could be found within
the NB2 filter. Conversely, NB1 finds more Ha-detected galaxies that are bright.
Figure 3.9 compares our SFACT photometry to SDSS photometry in the r-band
for objects in both catalogs. SDSS photometry is denoted as gray dots while SFACT
photometry is given as red or blue. One of the most important conclusions to be
drawn from this plot is the clear trend that while photometric errors are low for
objects brighter than 20th magnitude in both catalogs, as we move toward fainter
objects the uncertainties are increasing at different rates. The errors in the SDSS
photometry grow much faster while the SFACT errors for the same magnitude are

consistently smaller. Because our BB filters are a near match to the SDSS filters,
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there is good agreement in the measured r magnitude value across both catalogs.

Marked in red are SFACT objects for which there was no corresponding SDSS

photometry. While most of these targets could be seen visually in the online SDSS

images, they were too faint to be included in the SDSS catalogs. The reduced pho-

tometric errors at fainter magnitudes for the SFACT data come as no surprise, since

our data are obtained with a larger telescope and our integration times for our BB

images are longer than the effective integration times for SDSS.

3.4.4 Connecting Selection Parameters to NB Flux
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Figure 3.10 Shown here are the SFACT targets comparing their Am against their
measured NB flux. The dashed vertical line shows the cutoff of objects which proceed
to the next step of target selection. Objects marked as pink crosses are galaxy centers.
Blue downward triangles are targets which do not yet have follow-up spectroscopy.
Green upward triangles have been confirmed as ELGs and red circles denote objects
which are confirmed to be false detections. The sample size of each is indicated in

the legend.
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In this section we investigate the result of the automatic target selection we pre-
sented earlier in Figure 3.2. In Figure 3.10 we show the Am values and the corre-
sponding NB flux for each object. Because of our follow-up spectroscopy (discussed
in SFACT3) we are able to denote confirmed emission-line objects (green upward
triangles) and false detections (red circles) while also marking those which have yet
to be observed (blue downward triangles). The dashed line marks the Am cutoff of
—0.4 as one of our selection criteria to identify ELG candidates. Anything to the left
of this line is a galaxy center which corresponds to an H II region located somewhere
to the right of the cutoff line. There is no strong correlation between Am and the
strength of the emission line. This is expected since Am is a flux ratio which should
not scale with an absolute flux.

Instead, we expect the strongest correlation to be between Am and the emission-
line equivalent width (EW). Since Am is a measure of excess flux in the difference
image, we expect that a larger excess flux (and thus a smaller Am) is driven by
stronger line emission (with a larger EW). However, as explained in SFACT3, our
EW measurements are not all reliable. This is due to the sky-subtraction proce-
dure followed for our multi-fiber spectra and the faint nature of our objects. Our
sky subtraction often over-subtracts the continuum, leading to a negative continuum
measurement, and indeterminate — or even negative — EWs. Even when the con-
tinuum is positive, this effect can result in unphysically large EWs (e.g., EW5q07 >
5000A). While the majority of our EWs appear to be reliably measured, the outliers
render our EWs dubious and undependable.

Despite this limitation, we can see the expected correlation between Am and EW
in Figure 3.11. There is a tendency for a larger Am to correlate with larger emission-
line EW. This trend is true regardless of which emission line was detected in our NB
filter. The figure indicates that there might be a tendency for the objects detected

via A3757 to have smaller EWs, but this could also be due to more distant and fainter
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objects having noisier spectra, and therefore a less well-determined continuum level.

Further investigation will be conducted and addressed in future papers with a larger

catalog.
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Figure 3.11 Shown here is the correlation between Am and the emission-line equiv-
alent widths. Upward red triangles are objects detected via their Ha emission line,
objects depicted as a blue downward triangle were detected via their [O III] emission
line, and the green squares are all objects detected via their [O II] emission line. The
equivalent widths are highly uncertain, though the expected trend is still visible.

Referring back to Figure 3.2, our selection criteria is based on Am and ratio. We
examine the relationship between the NB flux and the ratio in Figure 3.12. The
two plots both show the ratio values of our targets and their corresponding NB flux
values. The bottom plot is zoomed in to smaller values of ratio in order to focus on
where the majority of the targets are. Again, most of the false detections are near the
cutoff line, with 80% of the false detections below ratio = 8. Here there is a clearer

correlation between one of our target selection limits and the measured NB flux. As
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Figure 3.12 Shown here are the SFACT targets comparing their ratio values against
their measured NB flux. The dashed vertical line shows the cutoff of objects which
proceed to the next step of filtering. Objects marked as pink crosses are galaxy
centers. Blue downward triangles are targets which do not yet have follow-up spec-
troscopy. Green upward triangles have been confirmed as ELGs and red circles denote
objects which are confirmed to be false detections. The sample size of each is indi-
cated in the legend. The bottom plot is a zoomed in version focusing on the location

of the false detections.
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mentioned previously, our ratio is a pseudo signal-to-noise measurement, so a strong

signal (larger flux) means a higher value of ratio.

3.5 Summary and Conclusions

In this paper, we present our initial survey lists from the SFACT pilot-study fields.
We also describe in detail how the imaging portion of the survey was carried out.

By using the WIYN 3.5m telescope and ODI camera, we make good use of the
wide field of view to create science fields with robust image quality across the full
field of the camera. WIYN also regularly achieves sub-arcsecond seeing and has an
excellent light grasp, allowing us to detect faint objects. We create a stacked master
image of the three custom NB filters and the three SDSS-like BB filters. This master
image gives us the depth to detect very faint objects.

We outline our procedure used to detect potential ELGs. We search for objects us-
ing the six-filter, deep master image and then use preliminary photometry to identify
those candidates which have an excess of NB flux. Our software detects candidates
with visually-significant flux in the difference image. These candidates are visually
inspected in order to remove the image artifacts which have ELG-like signatures.
Those remaining are considered SFACT targets.

Aperture photometry is performed on all SFACT targets in both the BB and
NB filters. SDSS stars in our images are used to calibrate the BB magnitudes and
spectrophotometric stars are used to put the NB fluxes on an appropriate NB flux
scale. We also demonstrate that, due to the depth of our images and the resolution
of our camera, we are able to achieve reliable photometry to fairly faint magnitudes.

The 533 SFACT targets and their properties are tabulated. In these three fields,
we find a surface density of 355 emission-line objects deg™2, offering significant im-
provement over previous emission-line surveys. Example candidates are shown for

each of the primary emission lines (Ha, [O IITJA5007, and [O IIJA3727) as detected in
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each of our NB filters. We also present one QSO at z > 1 which was detected via
its C IIIJA1908 line (SFF10-NB2-C21205 in Figure 3.6). These demonstrate the wide
range of objects in the SFACT catalog. Our study is dominated by faint compact
objects such as SFF10-NB2-A8098 seen in Figure 3.5, yet SFACT also able to detect
luminous QSOs. In the local universe, SFACT also detects numerous H II regions in
large extended spirals like SFF15-NB1-A2606 in Figure 3.3.

Our three survey fields also demonstrate good stability. We detect objects as
faint as an r-band magnitude of 25 in each of our fields and, as Figures 3.7 and 3.8
demonstrate, this is achieved in all fields and in each filter. SFACT is able to detect
objects with a wide range of properties, all with robust photometry.

This paper focused on the photometric results of the SFACT pilot-study fields.
The corresponding spectroscopic confirmation results are discussed in greater detail
in SFACTS3.

We currently have an additional 35 SFACT survey fields processed, many of which
already have partially-complete spectroscopic follow-up observations. These fields
have the benefit of improvements to the process based on the pilot study. With
thousands of additional SFACT targets in hand, future papers will begin to analyze

global properties of the growing catalog.
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Chapter 4

Spectroscopy of the SFACT Pilot-Study Fields

4.1 Introduction

This is a summary of the follow-up spectroscopy portion of SFACT. Much of this
was previously published in Carr et al. (2022) and has been re-contextualized here.
We focus on the results which are necessary for the later parts of my thesis. The
data discussed here also pertain to only the three pilot-study fields included in the
previous chapter. The methods for processing the spectra are, of course, applicable
to all of the SFACT target fields which are discussed in later chapters.

Although this is the primary domain of my collaborator, the spectroscopic results
are crucial for the confirmation of the targets discovered in the imaging portion of the
survey. Without the spectroscopy, we also would not know the emission line which
was found by our detection software, or the distance to each object, both of which
are needed in order to determine the star formation rate density.

In this chapter, we provide an overview of the spectroscopic portion of SFACT.
This includes the observational techniques (Section 4.2) and the processing of the
spectral images (Section 4.3). We also discuss some overall results of the pilot-study

field spectroscopy in Section 4.4. This includes the spectra of the example objects

9The results discussed in this chapter were submitted for publication in Carr, D. J., Sieben, J.,
Salzer, J. J., Brunker, S. W., & Cousins, B. 2022, The Star Formation Across Cosmic Time (SFACT)
Survey. III. Spectroscopy of the Initial Catalog of Emission-Line Objects, ApJS (submitted). I
contributed significantly to the data collection and the early observation preparation necessary for
the content of the paper.
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which we have shown in Section 3.4.2. We conclude with a brief overview of the

current status of the spectroscopic follow-up for the SFACT survey.

4.2 Observations with Hydra

4.2.1 Instrumentation

Spectroscopic data was taken with Hydra and the Bench Spectrograph using the
WIYN 3.5m telescope. Hydra is a multi-fiber positioner with a one degree field of
view which provides a good match for the field of view of the One Degree Imager
(ODI) camera. It is able to position ~60 fibers per configuration. This allows us to
efficiently gather follow-up spectra for all SFACT targets identified in the imaging
process.

In order to obtain spectra of SFACT targets, regardless of which narrow-band
(NB) filter they were detected in, we have chosen a wavelength range of roughly
4760 — 7580 A, with a central wavelength of 6175 A. SFACT makes use of the red
fibers on Hydra since these have a nearly constant transmission across our wavelength
range. Each fiber subtends 2” on the sky, encapsulating the entire galaxy for our high
redshift, compact objects. On the end of each fiber is a small right angle prism which
is then attached to a magnet. A mechanical gripper positions each fiber and the
magnet holds it in place on the focal plate.

Light from our targets is transmitted through the fibers to the Bench Spectro-
graph. For SFACT, we use the 600 @ 10.1 grating because it has the highest efficiency
across our wavelength range. With 600 grooves/mm, we obtain a spectral resolution
of 3.35 A, and a dispersion of 1.4 A /pixel. Like our imaging data, the spectral images

are binned 2 x 2. This increases our signal-to-noise without losing any resolution.
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4.2.2 Observations

Hydra requires more preparation than ODI. Pointing files need to be created from
the list of SFACT targets selected by the imaging process. The pointing file instructs
the mechanical gripper to place each of the Hydra fibers in the correct location on
the focal plate. Targets selected for follow-up spectroscopy were given initial fiber
assignments using whydra and then edited by hand in the Hydra simulator in order
to maximize the efficiency of each observational set up, or pointing.

Each SFACT field has multiple pointings observed over multiple nights. Each
pointing typically includes 20 — 60 SFACT targets in addition to 10 — 30 sky fibers
and 3 — 7 field orientation probes (FOPs). The FOPs are positioned on stars with
g magnitudes between 10.5 and 14.0 in the Sloan Digital Sky Survey (SDSS), with a
preference toward stars around 12.5 magnitudes. These are used to guide the telescope
and keep it locked on our targets over the course of the long exposures. Any extra
fibers not used to observe an SFACT target or a sky position were assigned to SDSS
galaxies to obtain spectra for potential environmental studies.

A single pointing is observed for three 30 minute exposures. This exposure time
was determined via test observations and found to yield spectra of sufficient quality
for our survey. Multiple exposures allow us to remove cosmic rays and other artifacts
when the images are combined. The exception to this is when there is poor weather.
If conditions still allow for observations, we will add an additional exposure or two in
order to achieve as much depth as possible in the final image. Calibration images are
also taken even night. These include bias images, dome flats, dark images, images of
a CuAr comparison lamp, and observations of spectrophotometric standard stars.

Table 4.1 shows the observation dates for the spectroscopic follow-up of the pilot-
study fields, as well as how many different pointings were observed in that observing

run. Each field has many pointings, observed over many observing runs. This is due
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Table 4.1. Hydra Pointings

Field  Observing Run  Pointings

SFF01 10/2018
08,/2019
10/2019
10/2021
SFF10 11/2017
10/2018
08,/2019
10/2021
SFF15 11/2017
10/2018
08,/2019
10/2021

N WWNFEWNRFR P~ W

to both the high density of SFACT targets, and the need to re-observe some targets.
Although there are many fibers available on Hydra, there are still limitations on where
each fiber can be placed. In particular, the fibers cannot be placed on two objects if the
positions on the sky are separated by less than ~40”. Many fields required multiple
fiber configurations in order to observe every target. This was especially true in fields
with H II regions; at least two pointings were needed to obtain a spectrum of both
the H II region and the host galaxy center.

Re-observations were also carried out to verify false detections after a develop-
ment in the photometry process called into doubt the quality of some early spectra.
These two factors mean that the total number of spectra per field is higher than the
total number of SFACT targets in the field. Our process for identifying targets has
improved since these early pilot-study fields and more recent fields have a much closer
match between number of spectra and number of targets.

Recalling the observation dates for the imaging of the pilot-study fields (Ta-
ble 3.2.1), it should be clear that the follow-up spectroscopy lags behind the imaging
observations. Ideally, the fastest turnaround is one year, giving the team time to

process the images and determine a list of targets before the fields are in an optimal
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area of the sky to observe again. However, this is further complicated by the limited
number of fibers and the proximity of objects in a crowded field. This means that
more pointings will be needed to observe every object in a field, which necessitates
more telescope time. As with any ground-based observational project, poor weather
conditions also interfere in the efficiency of our follow-up spectroscopy program. We
do not have complete spectroscopic coverage for our pilot-study fields, but we have
enough spectra to form a representative sample of the fields and demonstrate the

breadth of objects discovered in SFACT.

4.3 Spectral Processing and Measurement

The first phase of processing is carried out using IRAF!C. In this phase, the overscan
level is measured and removed from each image. Then we average the biases, darks,
and flats, and subtract the biases and darks from the data. The multiple exposures
for each pointing are then median scaled based based on the amount of flux in a
region free of sky lines in a bright object’s spectrum. This ensures that each image is
on the same scale before median combining all exposures from a pointing to remove
cosmic rays and artifacts.

Next, we make use of IRAF’s HYDRA package and the DOHYDRA task (Valdes et
al. 1995). DOHYDRA identifies the multiple spectra in each image, then traces each
spectrum and fits a function to the positions. The scattered light is measured and
subtracted. The flat field spectrum are also fit and used to correct for any sensitivity
differences across the CCD. The wavelength calibration is also created based on the
comparison lamp spectrum. Emission lines in one aperture of the comparison lamp
are identified by the user across the wavelength range. Using these lines, a prelimi-
nary fit is created. From this, the rest of the emission lines in the CuAr lamps are

then identified automatically. The user trims saturated and poorly fit lines before a

10The spectroscopy scripts are listed in the thesis appendix.
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final calibration fit is created. This is then used to automatically fit the remaining
apertures. Sky spectra are examined for possible outliers—spectra which actually
display properties of a star or galaxy. The remaining sky spectra are averaged with
cosmic ray rejection and subtracted from each science spectra.

Flux calibrations are performed using the spectrophotometric standard stars ob-
served each night. These observations are used to create a nightly sensitivity function
which is then applied to all observations from that night as additional calibration. A
well-exposed standard star spectrum is also used to create a template for the telluric
absorption lines. Finally, regions around bright sky lines are masked to avoid con-
taminating the spectra of our faint targets. These masked lines include [O IJA5577,
A6300, and \6363.

Line identification and measurement is conducted in WRALF (WRapped Automated
Line Fitting; Cousins 2019), a python wrapper based on ALFA (Wesson 2016). The
user identifies a single emission line and the software uses this line to estimate the
redshift and then predict the positions of other lines in the spectrum. Gaussian func-
tions are fit at the predicted locations of other lines which are expected to be visible in
the wavelength range of the spectrum. Any lines with a signal-to-noise ratio greater
than three are considered real lines. A fit to the continuum is also automatically per-
formed. The user is able to verify the final solution. Once a solution is determined,
redshifts measured from individual lines with a signal-to-noise ratio greater than or
equal to five are averaged and used to derive a final redshift measurement.

Unfortunately, ALFA is not optimized for broad lines and as such it often struggles
to identify broad emission lines in QSOs and Seyfert 1 active galactic nuclei (AGN).
It also often misses lines in low quality spectra or spectra which contain very weak
lines. Objects with spectra that fit these categories are re-examined by hand using
an auxiliary code to allow the user to identify and measure the features missed by

ALFA. While these measurements may not be of the same quality, it often allows us
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to set limits on the properties of measured lines, which is still a valuable diagnostic

tool.

4.4 Pilot-Study Spectroscopy Results

To provide an idea of the potential scope of SFACT, here we present the spectro-
scopic results from the three pilot-study fields. Of the 533 targets identified in the
imaging reduction, 457 targets have spectroscopic follow-up observations. Of these,
420 are confirmed to be emission-line galaxies (ELGs). This is a 91.9% success rate
for identifying ELGs in our pilot-study fields! As mentioned in Chapter 3, we have
been more inclusive in our target selection during the pilot study, therefore we expect
our success rate to increase for the larger sample.

The complete listing of the spectroscopic results for the pilot-study fields can be
found in Carr et al. 2022. This includes the type of object (e.g., star-forming galaxy,
AGN, QSO, false detection), the redshift of the object, and which emission line was
in our filter. The flux of the detected line is also listed in the table, along with any

other prominent emission lines which are seen in the wavelength range of our spectra.

4.4.1 Redshift Distribution

In Figure 4.1 we present a redshift distribution plot for the galaxies in the pilot study
which also have follow-up spectroscopy. Only objects detected via a strong optical
nebular line are included; higher redshift QSOs are not shown. The plot is formatted
as a histogram, however the bin sizes are not equal. Rather they change to match the
changing size of the redshift windows; these bins get wider with increasing redshift.
The redshift range of each bin is based on the objects accessible within the half-height
width of the relevant filter and corresponds to the values in Table 2.1.

There are three primary groups in Figure 4.1, corresponding to our three primary

emission lines (Ha, [O III, and [O II]). The objects in Figures 3.3 - 3.5 all fall within
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Figure 4.1 Histogram showing the redshift distribution of the SFACT ELGs. Only

galaxies detected via their Ha, [O 111}, Hp, [N II1], and [O II] lines are included in the
figure; higher redshift QSOs are excluded.
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these bins and their corresponding spectra are seen in Figures 4.2 - 4.4. For each of the
three groups in this figure, we present three example spectra to facilitate discussion

of what is included in our different redshift windows.

4.4.2 Example Object Spectra

In the following subsections, we present the spectra for the candidates shown in Sec-
tion 3.4.2. These figures demonstrate the variety of emission-line sources discovered
in SFACT, and the varying quality of the spectra. In the subsequent figures, the
red-dashed vertical lines mark the location of the NB filter in which the object was
detected. The redshift is written on each plot along with an object type classification
when available. For each primary emission line, we discuss the general properties and

present example spectra.

4.4.2.1 Ha Spectra

The 106 objects detected via their Ha emission are in the lowest redshift group (0.00
< z < 0.15). Many of these are large, extended galaxies with multiple H IT regions in
their disks. All three of the spectra shown in Figure 4.2 display the prominent emission
line we expect in a nearby ELG detected by SFACT. The top object (SFF01-NB2-
B19198) is an H II region in a dwarf irregular galaxy. This H II region and the host
galaxy are the only two objects in the lowest redshift window seen in Figure 4.1. This
small population was expected since we search over a very limited volume at that
redshift.

The middle object (SFF15-NB1-A2606) demonstrates SFACT’s ability to detect
other emission lines. Here, the [S II] doublet, [N ITJA6583, [N IIJA6548, [O IITJA5007,

and Hp lines are all clearly visible.
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Figure 4.2 Three of our Ha-detected objects. The red-dashed vertical lines denote
the wavelength range covered by the NB filter in which the object was detected.
The Ha detections span 0.0 < z < 0.15 and include all of our spiral galaxies. Top:
SFF01-NB2-B19198 was detected in our NB2 filter and is an H II region in a faint
dwarf galaxy. Middle: SFF15-NB1-A2606 was detected in our NB1 filter and is one
of many H II regions in this galaxy. Bottom: SFF01-NB3-D2175 was detected in our
NB3 filter.
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4.4.2.2 [O III] Spectra

The most populous group of SFACT detections include the 178 objects detected via
their [O III] emission and span 0.31 < z < 0.50. The specific emission line which fell
in our filter is often the A5007 line, but sometimes the A4959 line was the the one we
picked up on despite being a weaker line. These latter objects are seen in Figure 4.1
as the small “bumps” next to the tall boxes in the middle grouping. The objects in
Figure 3.4 are all represented in this group and their corresponding spectra can be
seen in Figure 4.3.

The top object in Figure 4.3 (SFF15-NB2-C20849) is a Seyfert 2 galaxy. Unlike
the previous spectra, the lines are visibly broad and the line ratios indicate a non-
stellar ionizing source. The other two [O III] detections shown here are both star
forming galaxies. Many of the [O III]-detected galaxies also have useful diagnostic

lines in their spectra like HB or the [O II] doublet.

4.4.2.3 [O II] Spectra

The last group are the [O II] detections. All of these objects are at a high enough
redshift (0.75 < z < 1.02) that they are unresolved in our images, as seen in Figure 3.5.
While we are searching over a large volume in these redshift windows, because of their
distance, we are likely missing galaxies with lower luminosities (see Figure 4.7). Hence,
we expect this group to have a depressed number of detections. Their corresponding
spectra are shown here in Figure 4.4.

For most of the galaxies detected via the [O II] doublet, there are a limited number
of other available lines which one could use to determine the nature of the object. As
such, none of these three example spectra in Figure 4.4 have a confirmed classification.
While some other lines such as [Ne III] are visible in the top two spectra, additional
observations covering a redder part of the spectra are needed. A wider spectral range

would allow us to measure their Ha or [O III] lines. Taking additional spectra using
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Figure 4.3 Three of our [O III]-detected objects. The red-dashed vertical lines denote
the wavelength range covered by the NB filter in which the object was detected. The
[O TI1] detections span 0.31 < z < 0.50. Top: SFF15-NB2-C20849 was detected in
our NB2 filter. Middle: SFF01-NB1-D4500 was detected in our NB1 filter. Bottom:
SFF10-NB3-D13569 was detected in our NB3 filter.
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a different wavelength range for objects like this are part of the future plan for the

SFACT survey.

4.4.2.4 QSO Spectrum

Although not included in Figure 4.1, we also want to highlight one object at z > 1.
SFF10-NB2-C21205 is seen in Figure 3.6 and the spectrum is in Figure 4.5. This QSO
was detected via its C IIIJA1908 line, and the C IVA1549 emission is also evident. At

z=2.4643, this is one of the highest redshift objects in the pilot-study fields.

4.4.3 Diagnostic Diagram

As alluded to earlier, we are able to use diagnostic diagrams to discover the ionization
sources of many of our galaxies. However, this is limited by the availability of different
lines in the spectra, depending on the redshift of the object. Here, we briefly present
one of the diagnostic diagrams which we have used in order to separate the star-
forming galaxies from the AGN.

The Baldwin, Phillips, Terlevich (BPT) diagram (Baldwin et al. 1981) uses the
[O I11] /Hp ratio vs. the [N II]/Ha ratio to identify AGN among a population of ELGs.
Because of the spectral range of SFACT, not every target has all four emission lines
available for measurement. This means that not every object is able to be plotted on
a BPT diagram. While there are other diagnostic diagrams we have made use of, we
focus on the most common here to serve as an example.

Whenever possible, emission-line ratios are first corrected for underlying Balmer
absorption and reddening. These corrected ratios are also presented in Carr et al.
(2022). There are 56 objects for which WRALF was able to automatically measure all
four necessary lines. We have re-examined many of the spectra where we expect to
see a line just below the signal-to-noise threshold of WRALF. For many of these, we

were able to measure the line flux by hand and still achieve an acceptable result; this
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Figure 4.4 Three of our [O II]-detected objects. The red-dashed vertical lines denote
the wavelength range covered by the NB filter in which the object was detected. The
[O 1] detections span 0.78 < z < 1.02 and typically have noisier spectra like these.
Top: SFF10-NB2-A8098 was detected in our NB2 filter. Middle: SFF10-NB1-C19716
was detected in our NBI1 filter. Bottom: SFF01-NB3-B5847 was detected in our NB3
filter.
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Figure 4.5 SFF10-NB2-C21205: This target was detected in our NB2 filter via a
strong C II1JA1908 line. In addition, the spectrum exhibits the C IVA1549 line (seen
at ~5400 A.) The red-dashed vertical lines denote the wavelength range covered by
the NB2 filter. It has been determined to be a quasar.

added 52 objects to our analysis.

In Figure 4.6 we plot all 108 galaxies with reliable line ratios on the traditional
BPT diagram. The empirical Kauffmann et al. 2003 line is shown as a dashed line.
Objects below this curve are star-forming galaxies without a significant AGN com-
ponent. These are the galaxies which we use for later star-formation rate (SFR)

measurements.

4.4.4 Derived Quantities

We can use the distances derived from the spectra to compute the absolute magnitudes
of the pilot-study sample. In Figure 4.7 we look at the g-band absolute magnitudes
and the distributions divided according to the emission line which was redshifted into
our NB filter. Each panel also shows the luminosity distribution of the full sample

as a black-lined histogram. We exclude H II regions from this figure, instead showing
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Figure 4.6 A BPT diagram for the pilot-study sample.

The dashed line is from

Kauffmann et al. (2003) and is an empirical deliminator between the star-forming
galaxies and AGN. The dashed-dotted line is from Dopita & Evans (1986) and is

derived from stellar photo-ionization models.
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the luminosity of the galaxy in which they reside.

The overall distribution of absolute magnitudes is very broad, with —16 > M, >
—21 exhibiting a fairly flat array of values. This is a common signature of emission-
line-selected galaxy samples (e.g., Salzer et al. 1989, 2020). Such surveys are more
likely to detect lower-luminosity ELGs, in contrast to traditional magnitude-limited
surveys which have strongly peaked distributions. This demonstrates what we alluded
to in Chapter 2: SFACT is sensitive to low-luminosity dwarf systems, especially at
low to intermediate redshifts.

The top panel of Figure 4.7 shows the M, distribution of the galaxies detected via
Ho emission. These detections are all in the lowest redshift windows (see Figure 4.1)
and are the most diverse subset of galaxies in our redshift windows. Many luminous
galaxies are large spirals and irregulars with multiple detected H II regions. The lower
luminosity galaxies are typically compact star-forming galaxies like blue compact
dwarfs.

Our [O III]-detected galaxies are shown in the middle panel of Figure 4.7. This
distribution is very symmetric with a median M, of —18.1, close to the overall me-
dian of the sample. We note that since [O III] emission lines are stronger in lower
metallicity systems, the strength of the [O III] doublet peaks in galaxies with metal
abundances of ~10% solar. These same galaxies typically have absolute magnitudes
of =16 > M, > —19, exactly where the bulk of our [O III]-detected galaxies are. The
slight tail of higher luminosity galaxies includes some Seyfert 2 galaxies.

Presented in the bottom panel of Figure 4.7 are the [O II}-detected galaxies. This
subsample of galaxies is strongly skewed toward the the high-luminosity end of the
luminosity distribution. With its stronger peak, this subsample is more reminiscent
of magnitude-limited samples. The observed luminosity distribution is caused by a
combination of the [O II] doublet not exhibiting a strong metallicity dependence, and

the fact that all of these galaxies are at a greater distance than those in the other
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Figure 4.7 Histograms showing the g-band absolute magnitude distributions for the
SFACT objects located in our pilot-study fields. The upper panel shows the M|, distri-
bution for the lower-redshift Ha-detected galaxies, while the middle and lower panels
show the same distributions for the intermediate-redshift [O III]-selected galaxies and
the [O II]-selected galaxies, respectively. In all three panels the black-lined histogram
plots the luminosity distribution for the full sample. The latter includes the higher-
luminosity QSOs.
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subsamples.

4.5 Beyond the Pilot-Study Fields

The spectroscopic data have allowed us to glimpse the full potential of SFACT. Al-
though we target our nine primary redshift windows at z < 1, we have also detected
emission-line sources at higher redshifts via different emission lines. And in the very
nearby universe, we have detected a cataclysmic variable star (Salzer et al. 2022). It
had been previously suspected to be a cataclysmic variable star, but our spectrum
was able to confirm this classification. While these are not pertinent to the present
analysis, it speaks volumes about the potential projects which can be done in the
future with the full SFACT catalog.

The spectroscopic results of SFACT are crucial for confirming that our target
selection is selecting primarily ELGs. We also rely on the spectra to determine which
redshift window each object falls in so that we know which emission line we are seeing
in our NB filter image, and how far away each object is. All of these measurements
are essential for computing the star-formation rate density of our SFACT sample.

This chapter focused on the three pilot-study fields. The present SFACT spec-
troscopic catalog includes 20 fields for which the spectroscopic follow-up observations
are at least 40% complete. Of these, we focus on the Fall fields and use a total of
12 fields in the thesis sample. The results from these 12 fields will be the relevant

sample for the rest of this thesis.
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Chapter 5

Computing Star-Formation Rate Densities using Emission-Line-Selected

Galaxy Samples

5.1 Introduction

Understanding the star-formation history of galaxies is crucial to understanding the
history of our universe. Luminosity functions (LFs) are key tools in determining the
star formation rate density (SFRD) of a survey. Historically, LFs are created using
broad-band (BB) fluxes. (e.g., Schechter 1976; Binggeli et al. 1988; Ellis et al. 1996
(B band); Lin et al. 1996 (R band)). More recently, narrow-band (NB) surveys have
begun to compile LFs using the directly measured NB fluxes (Gallego et al. 1995). The
most commonly constructed is an Ha LF. These have proven invaluable for creating
a more direct measure of the star-formation density of the survey sample (Ly et al.
2007; Dale et al. 2010; Westra et al. 2010). However, Ha is not the only possible
indicator of star formation.

Oxygen emission lines can also be used to measure star-formation rate, but this
method comes with additional difficulties. The main difficulty is that oxygen line
strengths are more dependent on the metallicity of the galaxy being measured (Ken-
nicutt 1992; Kewley et al. 2019). Despite this, [O III] and [O II] are still common
emission lines measured in star-formation surveys since they are observable in the
optical regime from the ground (Gallego et al. 1995; Hogg et al. 1998; Hicks et al.
2002; Hippelein et al. 2003; Teplitz et al. 2003; Drozdovsky et al. 2005; Khostovan et
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al. 2020).

Because these three star-formation-indicating emission lines are all available from
the ground via optical surveys, there is a strong potential for calibrating between these
three measurements in order to provide more robust measurements of the SFRD. This
is not a new idea. Ly et al. (2007) have compiled multiple surveys across multiple
wavelengths and investigated how the resultant LF changes. They found that there
is a steep evolution in the number density, and a flattening of the faint-end slope as
the redshift increases. Other studies have done similar comparisons, some within the
same survey (Dale et al. 2010; Khostovan et al. 2020; Lim et al. 2020). While these
are important first steps, we choose to approach this problem from a different angle.

Instead of simply measuring NB lines, we use them as our selection method. By
doing this, we are changing the LFs are constructed to focus on galaxies that have
medium to strong emission lines, and thus are more likely to be actively forming
stars. With this change, we will investigate the resultant change in the LF. Because
we will be looking at galaxies selected via different lines, we will be able to more
robustly compare the shape of the LF that results from different selection methods.
Understanding these differences will be crucial as future studies rely more heavily
on measures other than Ha to determine star-formation rates and the history of the
universe. This work also provides groundwork for better interpretation of the results
of the SFACT survey.

In Section 5.2 we present the data we used for our analysis. Section 5.3 describes
the methodology used to create the LFs we present in 5.4 and discuss in 5.5. All of
the calculation in this chapter were carried out using a cosmology of Hy = 70 km s+

Mpc~! and Q,, = 0.3.
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5.2 Emission-Line Galaxy Samples

We use galaxies detected from three emission-line selected surveys to construct our
LFs. This allows us to determine how the selection function impacts the resultant
LFs. We have chosen to use data from KISS Red (Ha-selected galaxies), KISS Blue
([O 111]-selected galaxies), and the AHA project (H I-selected galaxies). In this section

we describe relevant details of each of these surveys.

5.2.1 KISS

The KPNO International Spectroscopic Survey (KISS; Salzer et al. 2000) is a wide-
field survey designed to observe the properties of nearby, actively star-forming galax-
ies. To do this, KISS used an objective prism to find nearby emission-line galaxies
(ELGs). KISS was also the first digital objective-prism survey, utilising the larger dy-
namical range of CCDs to detect bright galaxies while also extending approximately
two magnitudes fainter than previous photographic line-selected surveys. The survey
observations were conducted with the Burrell Schmidt 0.61m telescope at KPNO.

KISS was carried out in two wavelengths: KISS Red and KISS Blue. Both surveys
detected galaxies out to z ~ 0.095. KISS Red targeted Ha emission using a custom
filter that restricted the wavelength range of the objective-prism spectra to be between
6400 A and 7200 A. Similarly, KISS Blue targeted [O III] emission by using a filter
that covered 4800 A to 5500 A. Due to these wavelength ranges, galaxies found in
KISS Blue via [O III] emission may also be detected in KISS Red via their Ha emission
when the same area on the sky was observed. In the current project, we limit our
analysis to galaxies with distances greater than 35 Mpc. The large peculiar velocities
that nearby galaxies can have leads to large uncertainties in their distances; this in
turn makes them unsuitable for use in constructing reliable LFs.

The redshift limit imposed by the filters means that KISS is volume limited as
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well as emission-line-flux limited. Galaxies were confirmed as ELGs during a follow-up
spectroscopy program (Wegner et al. 2003; Gronwall et al. 2004; Jangren et al. 2005;
Salzer et al. 2005; see also Hirschauer et al. 2018). This allowed for confirmation of
which emission line fell in the filter and dominated the flux, and whether the galaxy
was star-forming or had an active nucleus. KISS is well suited for the construction of
reliable LF's due to the statistically complete nature of the survey.

The KISS Red data analyzed in the current study covers a total of 128 deg?
split into two 1°-wide survey strips. The first strip is centered at a declination of
30° and spans 12715™ < R.A. < 17"0™ (hereafter the 30° strip; Salzer et al. 2001),
while the second strip is located at a declination of 43° and extends from 11755™ <
R.A. < 16"5™ (hereafter the 43° strip; Gronwall et al. 2004). Due to observing
time limitations, there is a gap in the continuous strip of fields in the 30° strip from
14"30™ to 14"45™; this affects the total overlap area between KISS Red and KISS
Blue. A third sub-survey of KISS Red was also carried out (Jangren et al. 2005), but
the current project only utilizes data from the first two KISS Red survey catalogs.
In total, 2157 ELG candidates were identified in the first two catalogs, 1739 of which
are star-forming galaxies.

KISS Blue covered 117 deg? centered at a declination of 30°, spanning 8"30™ <
R.A. < 17"0™ (Salzer et al. 2002), and identified 223 ELG candidates, 170 of which
are star-forming galaxies. Due to the substantial overlap of the KISS Red 30° strip
and KISS Blue, many of the star-forming galaxies were detected in both surveys,
allowing the overlap galaxies to have robust measurements of their Ha and [O III]
line emission. KISS Red only covered a subset of the KISS Blue area, but of the 125

KISS Blue galaxies in this overlap region, 90% were detected in both surveys.
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5.2.2 ALFALFA Ha

The Arecibo Legacy Fast ALFA (ALFALFA) survey is a blind 21-cm drift-scan sur-
vey designed to provide a representative sample of nearby, gas-bearing galaxies out to
z ~ 0.06. Because the survey detects galaxies based on their H I content, it catalogs
galaxies with the raw materials necessary for making stars. Hence it is the perfect
survey for studying star formation in the local universe. ALFALFA has detected
galaxies with H I masses as low as 10°M, and includes galaxies that are historically
under-represented in optical surveys, such as low-surface brightness galaxies. Ob-
servations were conducted with the Arecibo 305m telescope and covered 7000 deg?.
Since ALFALFA targeted fields at high Galactic latitude, there is a Spring and Fall
subsample. The survey and observation details can be found in Giovanelli et al.
(2005). The «.40 data release (Haynes et al. 2011) contains all of the galaxies used
in the current project, however the full catalog of ALFALFA sources can be found in
Haynes et al. (2018).

The ALFALFA Ha (AHA) project (Van Sistine et al. 2016) observed a volume-
limited subsample of 1555 H I-detected galaxies with narrow-band imaging in order
to measure Ha fluxes and derive their star formation rates (SFRs). Observations
were carried out with the WIYN 0.9m and NOAO 2.1m telescopes at KPNO. As
with ALFALFA| this project was split into a Spring sample of 990 ELGs (10° <
decl. < 16°, T"30™ < R.A. < 16"30™) and a Fall sample of 565 ELGs (24° < decl. <
29°, 22"00™ < R.A. < 3"04™). The project had a minimum redshift limit of 1460
km s~ and outer limits of 7600 km s~! and 7200 km s ! for the Fall and Spring
samples, respectively. The Spring sample also excluded the Virgo cluster region.
In total, Ha emission was detected in 1450 ALFALFA sources (93.5% of the total
sample) over 1070 deg?. Details of the observations and data analysis are given in

Van Sistine et al. (2016), who used the data to derive a very precise value of the local
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star-formation rate density.

5.3 Luminosity Function Construction

We use these three surveys to construct seven luminosity functions. We focus on Ha
LFs, creating both familiar broad-band LFs and LFs based on emission-line fluxes.
We also use KISS Blue galaxies to construct an [O III] LF to illustrate the distinct
non-Schechter shape of the distribution. All of these together lay out a picture of
how the selection function of a sample impacts the luminosity function.

We adopt a methodology to construct our LFs which is similar to most flux- or
magnitude-limited surveys. We use this methodology when constructing each of our
seven LFs for each ELG sample. The data from each survey must be corrected to
account for low luminosity galaxies that are undetected and binned before any LF
can be plotted. Then we use one of two functions to fit the data.

Due to AHA and KISS being emission-line-selected samples, there are two volume
limits (the maximum volume within which a galaxy could be detected by the survey)
that must be considered. One is due to the flux detection limit, while the other is set
by the filter redshift limit. The flux limit of the survey is the same as most surveys.
Low luminosity galaxies are more difficult to detect because there is a limit imposed
by the capabilities of the telescope being used. This informs the flux sensitivity limits
of the surveys, which can be found in Gronwall et al. (2004) for KISS and Haynes
et al. (2011) for ALFALFA. However, there is also a strict redshift limit imposed by
the spectral range of the observations. For example, a galaxy may have a very strong
Ha line, yet will not be detected by KISS Red if the redshift is outside the redshift
range imposed by the KISS Red filter. These two volumes are not the same. For each
galaxy, both of these volume limits are calculated and the smaller of the two is used
as Ve for the construction of the luminosity function. Once a corrected V.. is

L where i is each galaxy

Vmaz,z

determined, the volume density can be found by ¢ = >
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in a given luminosity bin. Together the volume densities in these bins make up our
LFs.

Bin sizes used in the AHA LFs were chosen by the the original author and we have
used similar bin sizes to match. An exception is made for larger bin sizes when limited
by the data; fewer galaxies necessitate larger bins in order to yield reliable results.
For the R band LFs, each of our LFs used a bin size of one magnitude for each set of
survey data, centered on the half magnitude. For the emission-line LFs; different bin
widths were used. KISS Blue data were binned every 0.4 dex in log luminosity space,
a rough equivalent to bins of one magnitude in width. Because AHA and KISS Red
are larger surveys with many more galaxies, we could utilize smaller bin widths of
0.25 and 0.2 dex, respectively. The differences in bin width were accounted for with a
normalization factor to scale to the bin width of KISS Blue. This factor was applied

to the volume density of each survey’s LF.

1

Vmaz ?

The error on the LFs is dominated by Poisson uncertainty, o4 = \/LNZ
where N is the number of galaxies in the bin. The bins with the fewest galaxy counts
therefore have the largest Poisson error. The Poisson uncertainties are used to weight
the data in the least squares fitting methods.

The subsamples within KISS Red (the 30° and 43° strips) and AHA (the Fall and
Spring samples) also have unique volume limits based on the sky coverage. For this
reason, a different V.., associated with the volume-limited portion of each survey,
is used for each subsample. Independent LFs are created for the two subsamples.
Then, a weighted average between the corresponding bins in each LF is found and
used to make a LF which represents the full survey. These final weighted-averaged,
completeness-corrected, normalized volume densities are used as the average magni-
tude or luminosity in each bin to set the x-position in each LF plot.

For each of our LFs, we have used Scipy’s (Virtanen et al. 2020) curve fitting

function to perform a non-linear least squares fit to the data and determine the best-
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fitting parameters. We have used either the traditional Schechter function (Schechter
1976) in the form presented by Felten (1977):

a+1

S(M)dM = §¢*zn10[dex§(M* - M)} x ea:p[ - dex%(]\/[* - M)] dM (5.1)

or a double power law (DPL) as presented by Stevans et al. (2018) in the form:

¢*

¢(M) = 100-4(+1)(M=M*)  1(0AB+1)(M—M*)" (5.2)

In both functions, ¢* is the overall normalization, M is the absolute magnitude,
and M* is the “knee” of the function or the characteristic absolute magnitude. The
Schechter function parameterizes the low luminosity end slope «, while the DPL
parameterizes a low luminosity end slope, a, and a high luminosity end slope, 5. The

choice between these two functions will be explored in Section 5.4.2.1.

5.4 Results

Here we present our LF's constructed using the methods in the previous sections. In
Section 5.4.1 we present our R band LFs, Section 5.4.2 our Ha LF's, and Section 5.4.3
presents an [O III] LF for KISS Blue and compares it with the corresponding Ho LF.
In each following LF plots, data from the AHA project will be rendered in green, data
from KISS Red will be rendered in red, and data from KISS Blue will be rendered in
blue (excepting Figure 5.4 where it is in both blue and purple). The parameters for
all the fitted functions have been tabulated and can be found in Table 5.1 for the R

band LFs and in Table 5.2 for all of the emission-line LF's.
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Table 5.1.

R-band Luminosity Functions

Survey Detection Measured log(¢™*) « L*
Method Flux Mpc™3 erg s~
(1) (2) (3) (4) () (6)
AHA HI R -2.44 +0.43 -1.34 +£0.04 -21.72 +0.15
KISS Red Ho R -2.33 £0.43 -0.78 £ 0.12 -20.77 £ 0.19
KISS Blue [O I11] R -2.44 + 0.43 -0.18 £1.02 -18.16 + 0.74
Notes. — The parameters from the Schechter fit for our R band LFs.
Table 5.2. Narrow-Band Luminosity Functions
Survey Detection Measured log(¢*) e L* I51
Method Flux Mpc™3 erg s
(1) (2) (3) (4) () (6) (7)
AHA HI Ha -2.42 + 0.43 -1.254 4+ 0.001  41.68 + 0.07
-2.16 £ 0.43 -3.653 £+ 0.188 41.65 +-0.18 -1.312 £ 0.039
KISS Red Ho Ha -3.20 £ 0.43 -1.161 £ 0.050 41.99 + -0.07
-3.21 £ 043 -2.702 £ 0.317 41.80 +-0.10 -1.151 4+ 0.062
KISS Blue [O I11] Ha -3.83 £ 0.43 -1.426 £ 0.254 41.65 4+ -0.42
-2.69 + 0.43 0.210 4+ 1.48 39.85 £-1.23 -1.910 £+ 0.260
KISS Blue [0 I11] [OII]  -2.95+043 -0.819 +0.352 40.91 + -0.17
-2.70 +£ 043 0.058 4+ 0.643 40.22 +-0.32 -2.191 + 0.226

Notes. — The first row of each survey displays the parameters from the Schechter fit with the second

row displaying the double power law fit parameters.
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Figure 5.1 Presented here are three R band luminosity functions, each with a fitted
Schechter function. The topmost line shows galaxies from the AHA survey as green
circles with M* = —21.72 + 0.15. The middle line shows Ha-detected ELGs from
KISS Red as red triangles with M* = —20.77£0.19. The bottom data are the [O II1]-
detected galaxies from KISS Blue as blue triangles with M* = —18.16 £ 0.74.

5.4.1 R Band Luminosity Functions

Although our galaxies are all selected via their emission-line flux and this project is
primarily focused on emission-line flux, we choose to start with the more traditionally
constructed broad-band LF to allow the reader to directly visualize the impact of the
selection function on the resulting LF.

Due to the sensitivity of ALFALFA, the AHA data represent a fairly comprehen-
sive R band LF for the galaxies in the local universe with H I gas. This is evident
in Figure 5.1. The KISS LFs are both lower than the AHA LF since KISS detects a
subsample of all galaxies found by AHA. For this reason, we will treat the AHA LF

as representative of the overall population of gas bearing galaxies in the local universe
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that are capable of forming stars.

As is typically the case with broad-band LFs, the AHA R band LF is well fit
by a Schechter function. The volume density of galaxies slowly increases from the
characteristic magnitude to the low luminosity end, and there is a steep drop on the
high luminosity end as the density of luminous, rare galaxies falls toward zero.

The slope of the linear portion, on the low luminosity side, is a fairly steep slope
of « = —1.34 £ 0.04. The characteristic absolute magnitude is M* = —21.72 4+ 0.15,
representing the “knee” of the Schechter function. A relevant comparison LF is that
of the Century Survey (Geller et al. 1997). The Century Survey is a local, red-selected
survey that is complete to mpr = 16.13 and contains ~ 1700 galaxies, including both
early- and late-type galaxies. This survey found a slope of @« = —1.17 + 0.19 and
(after converting to the cosmology used in this project) M* = —21.507037. Both
of these values are consistent with our AHA LF. The fact that the low luminosity
end has a slope steeper than that of the AHA sample is perhaps no surprise. The
sensitivity of the AHA survey as well as its low-redshift-only design should result in
a more robust measurement of the low-luminosity portion of the LF than the strictly
magnitude limited Century Survey.

It is also relevant to mention the shape of the H I mass function of the ALFALFA
data (Jones et al. 2018). Although it plots mass, rather than absolute magnitude,
the slope of the linear portion is expected to be similar. Indeed the H I mass function
slope of & = —1.2 + 0.1 is consistent with our R band slope.

The KISS Red LF is also reasonably well fit by a Schechter function, although
the low luminosity end looks different from that of the AHA LF. The volume density
actually rises toward the knee of the function with a slope of @ = —0.78 +0.12. This
is mainly due to survey design. KISS relied on a galaxy having a strong emission
line in contrast to the continuum flux. This meant that galaxies with weaker H II

regions and minimal Ha flux were less likely to be detected. KISS was biased toward
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galaxies with strong knot of emission while ALFALFA found all galaxies with H I gas.
Accordingly, KISS Red is deficient at the low luminosity end, relative to the AHA
LF. Lower luminosity, dwarf galaxies are less likely to have a concentrated knot of
star formation with ultra-strong emission lines of the type that KISS Red is sensitive
to.

At the high luminosity end, KISS is quite effective. Looking at Figure 5.1, we can
see the shape of the KISS LF nearly matches with AHA at Mr < —20, demonstrat-
ing that the difference in survey designs has less of an impact when sampling high
luminosity galaxies. These high luminosity galaxies tend to have both strong nuclear
emission and also star formation in the disk, increasing the chances that the galaxy
will be detected by both AHA and KISS. At M ~ —21.4, for example, KISS Red
accounts for 47% of AHA’s LF.

By integrating over the low luminosity end, —15 < Mpr < —18, and the high
luminosity end, —20 < Mz < —22, we can more directly compare the overlap of the
samples. At the low luminosity end, KISS Red is only detecting 10.4% of the AHA
sample, whereas at the high luminosity end it detects 51.0% of AHA.

The KISS Blue LF is noticeably different from the other two LFs illustrated in
Figure 5.1. The LF is practically unrecognisable and certainly bears little resem-
blance to a Schechter function. The LF rises toward the knee of the function, similar
to the KISS Red LF. Like KISS Red, KISS Blue was also dependent on a strong
contrast between the emission line and the continuum flux. However, the character-
istic magnitude is more than two magnitudes fainter than the other LFs. The largest
volume density of KISS Blue sources is around Mg = —17, right where [O III] line
tends to be strongest in star forming galaxies. The LF then falls again at the high
luminosity end. While KISS Blue has the same general methodology as KISS Red,
KISS Blue is also strongly affected by the metallicity of the galaxies because it selects

by the [O III] line. Luminous, metal-rich galaxies have weaker [O III] emission lines,
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which decreases their chances of being detected by KISS Blue. The reverse is also
true. Galaxies with strong [O III] emission and low metallicity are more likely to be
detected, making KISS Blue biased against metal-rich galaxies. This selection bias

becomes more clear when we turn to the emission-line LFs.

5.4.2 Emission-Line Luminosity Functions

In this section we present emission-line LFs derived from our three emission-line
surveys. We have constructed an Ha LF from each of the three surveys and an
[O 11I] LF from KISS Blue. In order to carry this out, we replace the broad-band
magnitudes with emission-line luminosities, re-binning the data by the line luminosity.
The selection function and derivation of V,,,, remain the same; only the luminosity

and the bin sizes change in the methodology.

5.4.2.1 Double Power Law vs Schechter Function

Although Schechter functions are most commonly used for broad-band LFs, this is
not the case for all LFs. We suspected that our emission-line LFs would not be well
described by a traditional Schechter function. As Salim & Lee (2012) pointed out,
there are two fundamental types of LFs. There are “mass” LFs, which use broad-
band optical and near-IR data to trace older stellar populations; these are well fit by
a Schechter function. There are also “SFR” LF's, which use UV, mid- and far-IR, and
narrow-band data to trace younger stellar populations; these are typically not well fit
by a Schechter function. The latter are characterized as having a shallower decline at
the high luminosity end and are especially distinct when dust correction is performed
on a galaxy-by-galaxy basis. Many IR and radio surveys use a single or double power
law (Prescott et al. 2016; Matthee et al. 2017; Symeonidis & Page 2019), and Salim &
Lee (2012) suggest that many dust-corrected UV surveys are better fit by a Saunders

function (Saunders et al. 1990).
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Figure 5.2 The Ha luminosity function for KISS Red (top) and the AHA project
(bottom). Data which have not been included in the fitting are shown as a lighter
color. The Schechter function fit is shown as a dashed line with the DPL fit as a
dot-dash line. The two fit functions most clearly deviate at the high luminosity end
with the DPL more closely following the data.
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Our data clearly shows this discrepancy. To highlight this, we look at two of our
Ha LFs in Figure 5.2. Both surveys’ LFs have been fit by a Schechter function and a
DPL (Equation 5.2). Although at first glance the data both seem to be Schechter-like,
at the ends of the function there are deviations. The two models are nearly identical
at the low luminosity end. However, at the high luminosity end the Schechter function
has a much steeper decline than the observed LF, which is much better fit by the
DPL. The DPL even encompasses the bins which were not included in the fit (the
fainter points in the figure). For this reason, we have chosen to use double power
laws only to fit our emission-line data. The parameters for all emission-line LF's can

be found in Table 5.2.

5.4.2.2 Ha Luminosity Functions

We present our Ha LFs in Figure 5.3. The AHA LF again has a larger volume
density than the KISS LFs. The characteristic luminosity of the function is L}, =
41.65 40.18 erg s~* and the density at that point is log(¢*) = —2.16 £0.43 Mpc=3.
Once again, the extreme sensitivity of Arecibo is seen as the AHA project contains
nearly every local galaxy with H I gas and Ha emission within the survey volume. At
the low luminosity end, the AHA LF dominates the plot, but it intersects with the
KISS Red LF at the high luminosity end.

KISS Red has a very shallow, upward slope away from the characteristic luminosity
toward the low luminosity end, o = —2.70 4 0.32 and L%, = 41.80 4 0.10 erg s,
respectively. This is different than the trend of the slope in the R band LF.

There are a couple reasons why the AHA and KISS LFs differ at the high-
luminosity end. Although AHA is a more comprehensive survey, KISS extends to
a higher redshift and thus encompasses a much larger volume over which to detect
the rarer, more luminous galaxies. This will boost the high-luminosity end. The

surveys also have different selection functions. KISS is primarily sensitive to higher-
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Figure 5.3 Presented here are three Ha LFs, each with a fitted double power law
function. The topmost line shows galaxies from the AHA survey as green circles. The
middle line shows Ha-detected ELGs from KISS Red as red triangles. The bottom
data are the [O III]-detected galaxies from KISS Blue. Parameters for all functions
can be found in Table 5.2. AHA and KISS Red have similar low luminosity slopes,
but KISS Red has a shallower drop-off. KISS Blue is strikingly different with most of
the function being a decreasing density as you move toward the high luminosity end.
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luminosity star-forming galaxies with strong emission lines, giving a boost to their
density at the high luminosity end. For these reasons, KISS Red has a higher volume
density of star-forming galaxies at the high luminosity end.

Another example of an Ha-selected galaxy sample from the local universe is the
Wyoming Survey. Their lowest redshift bin was z = 0.16 (Dale et al. 2010) which
is slightly higher than our KISS Red survey, but still a good comparison point for
the KISS Red Schechter function. Although not plotted here, the fit is defined by
a=—1.16+0.05, log L%, = 41.9940.07 erg s7', and log(¢*) = —3.20+0.43 Mpc=3.
Dale et al. (2010) only fit to a Schechter function and found o = 1.3640.06, log L}, =
42.04+ 0.2 erg s, and log(¢*) = —3.05 4+ 0.11 Mpc=3. Although our slope value is
not consistent with their findings, this is not surprising as Dale et al. (2010) says
that they had difficulty identifying the low luminosity end slope. This may be due
to [O II] and [O III] contamination which is difficult to detect without spectra. Our
survey also extends toward lower luminosity galaxies because we are using a lower
redshift window which allows us to determine a more robust low luminosity slope.

Once again, the KISS Blue LF is strikingly dissimilar. While the characteristic
luminosity of AHA and KISS Red are both close to log L}, = 41.7 erg s™', the
characteristic luminosity of KISS Blue is closer to log L}, = 39.9 erg s, and even
there, it is hard to tell if that is the true peak. The fit shows a clear peak, however
the data hint at the possibility of a more flat curve at lower luminosities. With the
limited data, it is difficult to draw firm conclusions about the low luminosity end.
Still, there is a clear shallow decline in volume density from log Ly, = 40 erg s~!
to log Lye = 42 erg s, with a slope of 3 = —1.91 =+ 0.26. This difference in
the shape of the LF is dominated by metallicity effects. Since KISS Blue selected
galaxies by their oxygen lines, high metallicity galaxies were less likely to be found.

This contributes primarily to the shift in the peak of the KISS Blue LF.
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Figure 5.4 Both [O III}-selected LFs from the KISS Blue survey are shown here with
the Ha LF represented by blue triangles and the [O III] LF represented by purple
squares. While there are slight differences, the overall shape of the LFs are similar.

5.4.3 KISS Blue Comparison

We present our [O III] LF in Figure 5.4. The KISS Blue galaxies were selected via their
[O II1] emission lines and those same lines were subsequently measured. The resultant
luminosity function is shown as purple squares. The data are well fit by a DPL
peaking at log Liosry) = 40.22 erg s—'. This seems to be consistent with Khostovan
et al. (2020). Each of the [O III] LFs decrease toward the high-luminosity end,
however, none of their data extend far enough into the low-luminosity end to directly
compare with our peak location. Ly et al. (2007) does extend far enough. They use
a Schechter fit, but examination of the data points indicates signs of a peak in their
1

function around log Liosry = 40.25 erg s7.

KISS Blue allows us the opportunity to compare an Ha and [O 1II] LF, which have
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the same selection function and include the same galaxies. Since the only difference is
the plotted LF, this provides a way to examine how one might translate from [O III]
measurements to Ha measurements.

To make a direct comparison, we overplot the [O III]-selected, Ho LF from Fig-

1 with a

ure 5.3, shown as blue triangles. Both LFs peak around log Ly = 40 erg s~
clearly decreasing slope away toward both ends. The DPLs for each LF match each
other remarkably well. This close alignment is promising when it comes to future
attempts to translate between the two LFs. It means that the selection function is
the main cause of the difference between the KISS Red LF and the KISS Blue LF in

Figure 5.3. This will aid in creating more robust star-formation rate density (SFRD)

measurements at high redshifts. We will discuss this more in the following section.

5.5 Discussion

5.5.1 Different Populations

Even across three surveys, there are clear differences between our broad-band LFs,
Figure 5.1, and our Ha LF's, Figure 5.3. While broad-band fluxes measure light from
the entire galaxy, these emission-line fluxes specifically probe the light from a young
population of stars.

Not only are different functions used to best describe the LFs in each plot, but
there are different shapes in relationship to the other surveys. In the Ha LF, KISS
Red has a higher density of galaxies than AHA at the highest luminosity bins, but
KISS Red densities never exceed AHA densities in the R band LF. As mentioned
earlier, KISS Red extends to a deeper redshift, and thus a larger volume, which
means KISS Red is more likely to detect rare, extremely luminous galaxies. While
AHA is designed to detect galaxies with the gas content possible for star formation,

KISS Red is biased toward strongly star-forming galaxies, those which are likely to
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have strong Ha emission. Both of these factors boost the high luminosity end of KISS
Red’s LF in Figure 5.3 without a significant boost in the bright end of the R band
LF.

The relative positions of the LF “knee” between each survey is the same in each
band: AHA and KISS Red have similar relative positions while KISS Blue is at a less
luminous position. As expected, missing luminosity is more pronounced in the Ho
LFs. This is expected due to our selection effects. For galaxies with a high luminosity
(Lga ~ 42) and a high metallicity, the apparent strength of the [O III] emission lines
will be weakened, while the Ha emission lines are unaffected. Hence when we select
via the [O III] line emission, there will be fewer high luminosity galaxies detected,
and a bias toward low luminosity galaxies. The leads to the “knee” of the [O III] LF
being offset from the other LF's, as we see in Figure 5.3.

It is also interesting to note that in Figure 5.1 the bright-end slopes of KISS Red
and AHA appear to match while in Figure 5.3 it is the low-luminosity end slopes of
those same surveys that appear to match. The similar low-luminosity slopes may be
due to the Ha emission being directly related to star formation. KISS Red galaxies
are sampling galaxies with recent bursts of star formation, which are also likely to

have H I gas and thus have been detected by AHA.

5.5.2 Star-Formation Rate Density Comparisons

We have integrated each of these luminosity functions in order to derive a rough
SFRD of each sample. The total luminosities of each luminosity function and the
log(SFRD) are listed in Table 5.3. In this section, we discuss the total integrated
luminosities and the SFRD measurements derived from the full sample. We also
compare between surveys using a more limited data range. For all of these values, we
have used a Riemann sum to better reflect the data since the KISS Blue Ha sample

is not well fit by either a Schechter or DPL function.
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The full He AHA sample has a log(SFRD) of —1.64 Mg yr~! Mpc™3, which is
close to the Van Sistine et al. (2016) measurement of log(SFRD[Mg, yr—! Mpc™3]) =
—1.74740.018 (random) + 0.05 (systematic). We expect this to be slightly different
since we are using both Fall and Spring data, while the SFRD published in Van Sistine
et al. (2016) only includes Fall data.

The integrated SFRDs of the KISS Red and KISS Blue Ha samples are lower than
the AHA sample. We have found log(SFRD) values of —2.11 and —3.25 Mg yr!
Mpc~3, respectively. These lower values reflect the “lower” curves seen in Figure 5.3,
emphasizing the differences created by the selection function of the sample.

Looking again at Figure 5.4, we can now compare the Ha-derived SFRD and the
[O 1I1I}-derived SFRD, both samples selected via their [O III] emission. We find an Ha
log(SFRD) of —3.25 and an [O I11] log(SFRD) of —3.00 M, yr—! Mpc~3, respectively.
As expected, these computed SFRD values are very similar, even though they have
slightly different numbers of galaxies.

Because the SFRD is calculated differently for [O IIT] luminosity and He luminos-
ity, we can also directly compare the total luminosity for each curve. When we do so,
we find a ratio of only 0.524. Although small, this is an important value to be able to
translate [O III] LFs to Ha LFs, and thus to correctly compare the SFRD of different
samples detected via different methods. This is important because in order to study
the SFRD at different redshifts, different selection functions are required. By being
able to put all measurements on an Ha system, we would be able to use the robust

conversion between Ha luminosity and SFR.

5.5.3 Scaling Relationships

With all of these luminosity functions integrated, we can now return to the main
purpose of the project: cross calibration of samples. As mentioned previously, the

AHA sample can be used as an approximation for the universe. By virtue of using an
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Table 5.3. Comparison of Total Luminosity

Survey  Detection  Measured — Lo (Full) Lo (Limited) log(SFRD) Fraction of

Method Flux AHA sample
erg 51 erg s1 erg s1
AHA HI Ha 2.91 x 103 2.49 x 10% -1.638 1.000
KISSR Ha Ha 9.76 x 1038 3.18 x 1038 -2.113 0.127
KISSB [O I11] Ho 712 x 10*7  6.03 x 1037 -3.250 0.024
KISSB [O I11] [O I11] 1.36 x 10%®  5.53 x 10%7 -3.001 0.022
Notes. — The full L;,; comprises the full range of data for each survey. The limited L;,; includes

bins which fall within 39 < Log(Lx) < 42.5. The SFRD values are based on the full L;,; value.

H I selection function, this survey should have detected any galaxies with the potential
for star formation in the nearby universe. This means that by comparing the total
luminosity of each KISS survey to the AHA Ha total luminosity, we can approximate
how much of the universe each KISS survey misses due to the selection function. For
the purposes of direct comparison, we integrate over 39 < log(Lyx) < 42.5. Within
this range, each survey is well populated. While this does not include some of the
most extreme galaxies, it limits the integration range to where most of the galaxies
are, and thus is a better value for comparison with other surveys. This is our “limited”
sample indicated in Table 5.3.

When we compare the KISS Red total Ha luminosity to the AHA total Ha lu-
minosity, we find that the KISS Red survey includes 13% of the total Ha luminosity.
This means that surveys which look for star-forming galaxies by their Ha emission
lines, are potentially missing 87% of the luminosity from star-forming galaxies in their
survey volume. While this number is based only on the comparison between KISS
Red and AHA, this difference is something which all emission-line selected surveys
should be aware of and account for in some way. Looking at Figure 5.3 we can see
that this discrepancy is going to be especially apparent at lower-luminosities. It is

not surprising that a survey that selects galaxies via their line emission might miss
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less active galaxies without strong emission lines.

We also find that the KISS Blue survey misses 97.6% of the Ha luminosity mea-
sured by AHA. Likewise, this gives us a comparison for how much luminosity a survey
might miss if it only selects via the [O III] emission line.

However, this second connection only applies to surveys which perform [O III]
selection and then measure the Ha flux. A more common methodology is to find
galaxies based on their [O III] emission, and then use that same emission to calculate
SFR. Since the KISS Blue survey did both, we can use this scaling to put the [O III]-
selected, [O III] flux on an H I-selected, Ha flux scale. When we do this, we find that
the KISS Blue [O II1] subsample missed 97.8% of the total luminosity. While this is
not a terribly precise comparison, it provides valuable context for understanding the

results of emission-line selected galaxy surveys.

5.6 Future Work

5.6.1 Improvements

At the time of this writing, we have only computed rough SFRDs and we would like
to more accurately measure these values. This would involve using our fit functions
of the data to integrate over a wider luminosity range, allowing us to extrapolate to
include luminosity bins which are under-represented in our data sample.

There is a danger that the ratio between the [O III] and Ha luminosity bins in
the emission-line LFs might change with redshift. If it differs from what we have
seen, it would likely be the result of changing metallicity in the galaxies. However,
we believe this to be a small, and correctable effect. Understanding this relationship
opens up the possibility of directly comparing surveys which have used these different
selection methods. This would be a more robust method than simply using average

line ratios since there are many selection effects involved which change the shape of
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the luminosity function and thus affect the final SFRD determination.

5.6.2 Connection to SFACT

All of the work in this chapter is done in the local universe, z < 0.1. While we hope
that the relationship between these types of LFs remain steady, performing this same
study at a higher redshift would be beneficial. With the future planned SFACT NB
filter NB912 (Chapter 2), it will be possible to compare the same galaxies selected via
both Ha and [O II1] lines at 0.383 < z < 0.397. Even without this confirmation, we
hope to use this KISS-based calibration to back up our SFACT SFRD measurements.

While these ratios can be applied to any emission-line survey which selects galaxies
based on either Ha or [O III] emission lines, the most obvious survey this could be
applied to is the SFACT survey. As an emission-line survey, SFACT has similar
limitations to KISS in terms of which galaxies are detected. These ratios can be
used to scale up the results of the [O III] and Ha-selected luminosities to better

approximate the total SFRD.
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Chapter 6

Star-Formation Rates with SFACT

6.1 Introduction

The thesis would seem incomplete without an examination of the star-formation rate
density (SFRD) as a function of redshift in our sample. However, due to circumstances
which reduced our observation time significantly, the results presented in this chapter
are regrettably incomplete. We nevertheless present our preliminary results.

The focus of our SFRD calculations is with the three primary emission lines de-
tected by SFACT: He, [O I11], and [O III]. As mentioned in Chapter 2, SFACT is not
the only survey to make use of emission lines when studying SFRs, nor is it the only
survey to take a multi-wavelength approach. However, the scope of our project pro-
vides a valuable collection of galaxies which were detected via the same methodology
at a wide range of redshifts.

In this chapter, we make use of the thesis catalog of SFACT which was introduced
in Chapter 2. This includes 12 Fall fields for which the follow-up spectroscopy is at
least 40% complete. The thesis sample includes 1684 targets, 1134 of which have
follow-up spectroscopy. Of these, 938 star-forming galaxies were detected via one of

our primary emission-lines and are used in this analysis.
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6.2 Flux Corrections

Before we calculate the SFRDs, there are multiple corrections which we apply to the
flux measurements. Some of these corrections depend on the survey data themselves,
and will be improved and refined as the survey becomes more complete. Here we

discuss the corrections we use in the order of application®!.

6.2.1 Nearby Line Corrections

Since we measure the emission-line flux using photometry, our Ha flux measurement
is sometimes tainted by [N II] flux that falls within our filters. However, we can
use our follow-up spectra to accurately correct for the contribution of [N II] flux
using line ratios. This is performed on a galaxy by galaxy basis. Depending on the
redshift of the galaxy, either one or both of the nitrogen lines will also fall within our
narrow-band (NB) filter.

Because we have spectra for all of our galaxies, we are able to directly measure
the [N IIJ/Ha flux ratio for most of our low-redshift galaxies. For those which we
cannot, we utilize a statistical correction. Following the example of Van Sistine et al.
(2016), we use a sample of 803 galaxies from KISS (Salzer et al. 2000, 2001; Gronwall
et al. 2004; Jangren et al. 2005) that are confirmed star-forming galaxies with high
quality follow-up spectra (Wegner et al. 2003; Gronwall et al. 2004; Jangren et al.

2005; Salzer et al. 2005). Van Sistine et al. (2016) develops the following relationship

The SFRD scripts are listed in the thesis appendix.
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between R magnitudes and the [N II]/Ha flux ratio which we adopt for SFACT:

(

—0.279Mp — 6.231 it Mp > —18.5

3 2
| <f[N HM6584> _ 0.010 x My + 0.556 x Mp+ (6.1)

Jrre 10.002 x Mg + 57.068 if —21.6 < Mp < —18.5

—0.462 it Mp < —21.6

\

Following Van Sistine et al. (2016), we use an error of 0.24, corresponding to the
rms scatter of their cubic fit when measured line ratios, and their corresponding
uncertainties, are not available.

Because we know the redshift for each of our galaxies, we can compute the loca-
tions of the emission lines relative to the filter transmission curves. Hence, we are

able to then determine the total [N II] to Ha flux ratio for all relevant galaxies:

JIN 11)A26584,6548 _ JIv 1nxe584 Thessa N 1 fiv 1naesss Thesas (6.2)
fHa fHa THa 3 fHa THa ’ .

where Ta, Thesas, and Thgsss are the filter transmissions at the observed wavelength
of the [N 1I] and He lines, and Mw comes either from the measured values
in the spectra or from Equation 6.1. We also assume that the [N ITJA6548 line is
1/3 the strength of the [N IIJA6584 line; this is in proportion to the ratio of their
collision strengths (Osterbrock & Ferland 2006). The [N II] doublet-corrected flux for

all Ha-detected galaxies is then given by:

JHa+[N 17
Y
1+ fin II]/\>\6584,6548>

(6.3)
fHa

fHa,corr = <

where frai(n 17 18 measured from our NB images.

Using a similar method, we must also make a correction based on the [O III]
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doublet. Because the A4959 and A5007 lines are so close together, we often have both
lines in our NB filter. Similar to excluding the contribution from [N II], we wish to
exclude the contribution from A4959. We use a flux strength ratio of 0.34 (based

upon the average ratio from high-quality spectra) and the filter transmissions at the

corresponding wavelengths to compute ﬁ;‘zgj, from which we derive f5007.
We treat the [O II] doublet as a single line. Because there are no other prominent
lines close to [O II], no corrections for extra line flux within the NB filters need be

performed.

6.2.2 Filter Transmission Correction

Once the NB fluxes have been corrected for unwanted contributions from nearby
emission lines in the NB filters, we can scale by the transmission of the NB filter at
the location of the primary emission line. This scales our flux so that we are using
the flux we would’ve measured if the filter transmission was uniformly 100%. This
correction has little impact if the object was detected near the center wavelength of
the filter, but detections in the wings necessitate larger adjustments (see Figure 3.1
for the filter transmission curves).

For example, the A\5007 emission line from SFF02-NB3-A7815 was detected on
the edge of the NB3 filter, where the transmission was only 23%. It might not have
been detected at all except for the A4959 emission in the center of the filter, boosting
the total flux in our NB filter. After correcting for the flux of the nearby line, we

then correct for the transmission of our NB filter. A flux of 0.066 x 107 erg s=!

1

cm~? was scaled to 0.281 x 107 erg s=! em™2, or the flux we would’ve measured if

the Ab007 line had been in the center of the filter.

153



6.2.3 Dust Correction

We also correct for the internal absorption due to the dust in the observed galaxy. In
some cases we are able to directly compute cyg by using the fuo/fug or fu/ fup ratio
from the Ha and [O III] detections, respectively. If possible, we use our measured
ratio of Balmer lines to determine the optical depth along our line of sight. We
have measured flux ratios for 66% of the Ha-detected galaxies, and for 12% of the
[O I11]-detected galaxies.

For all remaining galaxies we once again follow Van Sistine et al. (2016) and use a
statistical correction based on KISS galaxies a minor adjustment. For these galaxies

we use a polynomial fit based on the absolute R magnitude:

0.014M2 + 0.430Mp + 3.133  if My > —18
crp = (6.4)
0.05 if Mp < —18,

where galaxies less luminous than Mz = —18 are all treated as if Mz = —18.

Our galaxies, especially the high-redshift [O II] galaxies, are expected to have a
lower metallicity than the KISS galaxies. As such, they will be less affected by dust
and are predicted to have a lower cyg value than the original Van Sistine et al. (2016)
equation was producing. Since the [O II] detections are highly dependent on the
dust correction, we have decreased the computed cgg by 0.10 from the Van Sistine
et al. (2016) curve in order to better approximate the SFACT data. The adjustment
amount was set so that the computed cpys value for a galaxy with Mz = —21 is equal
to the median measured cyp value of Ha and [O III] galaxies at —22 < Mp < —20.

We expect to determine more exact values for all galaxies without measured cpg
values when we have a larger sample of SFACT sources and we can derive a new
statistical correction based upon our own data. For now, we adopt an uncertainty of

0.05 on all computed cpp values. We also currently use an uncertainty of 0.03 for all
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measured flux ratios from Ha detections, and 0.05 for all measured flux ratios from
[O I11] detections.

To apply the reddening correction, we assume an R, = 3.1 absorption law and use
reddening function values from Table 7.1 in Osterbrock & Ferland (2006) resulting in

a flux correction

fHa,gcorr = fHalOO'BlchB (65)
f[O I11),gcorr = f[O III]lOl.leCHﬁ (66)
f[O I1],gcorr = f[O 11]101.854CHB (67)

based upon which emission-line triggered the detection.

6.3 Survey Depth Correction

Flux-limited astronomical surveys will always be limited by the brightness of their
targets. As we look out at greater distances, we miss more of the low-luminosity
targets which appear too dim for our telescope to detect. These missing galaxies
must be accounted for when drawing conclusions about the wider universe based upon
our survey sample (Postman & Geller 1984). The missing galaxies are especially
important when they are at or below L* luminosities. Without galaxies at these
luminosities, the calculated SFRD will be drastically under-estimated compared to
reality.

In order to correct for this missing luminosity, we start by generating a fiducial
estimate of the total line luminosity present in a typical volume of space. To do this,
we adopt a luminosity function (LF) that we believe is representative of our sample
of emission-line galaxies (ELGs) at all redshifts. Then we integrate this LF from the
highest luminosities expected in the sample down to the lowest luminosities detected
in the nearest redshift window. For our purposes, we use the KISSR Ha LF discussed
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in Chapter 5 since we expect the LF of SFACT to look similar.

We then integrate the same LF, but use different lower-luminosity limits. These
alternate luminosity limits represent the limiting luminosities of each redshift window.
For a more distant redshift window the limiting luminosity will be higher than the
value used for the fiducial calculation, and the LF integral will represent a lower total
luminosity. By comparing these total integrated luminosities to the fiducial, we are
able to understand how much of the total luminosity we are missing. At each distance,
a correction factor is computed based on the ratio of the two total luminosities. A
function fit to these ratios gives us an equation by which we determine a correction
factor based on the distance. This correction factor is then applied to the total
luminosity of our galaxies within a given redshift window.

In the future, the LFs used in this correction will be based upon LF's derived from
the SFACT data. For now, the same Ha LF is used to compute the correction factor
which is used in each redshift window. Because of this, we further adjust the [O III}-
selected galaxies by the ratio of the KISSR and KISSB SFRDs. This partly accounts
for the distinct shape of the [O III] LFs. Using the ratio of these two computed
SFRDs (see Table 5.3), we estimate the amount of luminosity further missed due to
the metallicity-dependence in [O III] detections. As discussed in Chapter 5.5, more
luminous galaxies are likely to be missed when using [O III] as the selection method.

Since these are preliminary survey depth corrections, we have adopted a relative
uncertainty in the computed correction factor. We have assumed a 10% uncertainty
in the Ha redshift windows, a 15% uncertainty in the [O III] windows, and a 20%
uncertainty for our highest redshift [O II] windows. These uncertainties are conserva-
tive estimates and we expect the true uncertainties to be smaller when we refine this
correction.

The corrections described in this and the previous section have a major impact on

the final SFRD. In Figure 6.1 we show the impact of these two sets of changes. Red
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Figure 6.1 Here we present our SFRD measurements after different sets of correc-
tions. Red crosses indicate the SFRD with no corrections applied. Blue plus signs
show the SFRD when flux corrections are applied. Green dots show the final SFRD
measurements when luminosity corrections are applied.
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crosses show the SFRD as determined from the original measured fluxes. Blue plus
signs are the results after only performing the corrections in Section 6.2. The green
dots show the final SFRD measurement after the corrections in this section have been
applied. It can be seen that accurate reckonings of the corrections applied to our data
can have a substantial impact on the final SFRD measurement. For this reason, we

discuss further improvements to our correction methodology in Section 6.6.

6.4 Star-Formation Rate Calculations

By using the redshift derived from the spectroscopy, we are able to determine the
recessional velocity of each object. This includes a correction for the Local Group
velocity. We can then convert this velocity to the distance of each object. Using these

distances, we are able to determine the line flux luminosity of our sources using

LX = 47TD2fX,corr> (68)

where D is the distance of each object as described above and fx cor is the final flux
after all flux corrections have been applied, regardless of the detection line.

We are also able to determine the total, co-moving volume surveyed for each
redshift window. This volume is limited by both the area of the field, but also the
redshift limits of the NB filter in which the object was detected. As listed in Table 2.1,
there is a redshift limit at which we are able to detect each emission line. However,
this limit is not quite as strict as the table implies since the transmission curves of
the filter do not have straight sides (Figure 3.1). Because of this, we calculate the
minimum and maximum distance of each redshift window by using the minimum and
maximum distance of the objects detected in each redshift window.

In the following subsections we describe how we calculate the star-formation rates

using each of our primary emission lines.
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6.4.1 Ho Star-Formation Rates

Recombination lines are a valuable way to measure the star formation of a galaxy.
They are a direct and sensitive probe for studying young massive stellar populations.
This is because only stars with masses of >10 M and lifetimes of <20 Myr contribute
significantly to the ionizing flux used in the evolutionary synthesis models. Like many
other surveys, we make use of the Ha emission line when calculating SFRs.

We use the calibration in Kennicutt (1998) to convert our Ha luminosity mea-

surements to SFRs:

SFR(Mg year™) = 7.9 x 100 L(Ha)(ergs s71). (6.9)

As suggested in Ferguson et al. (1996), L(Ha) includes the diffuse Ho emission as
well as the flux of the strong line we detected. We measure the Ha emission using the
photometry rather than the spectroscopy, and, as such, are able to include the entire
galaxy in our measurement. This is especially important for the nearby, extended
galaxies which subtend more than 2” and thus extend beyond the size of the Hydra

fiber used for spectroscopy.

6.4.2 [O III] Star-Formation Rates

Since it is common for optical spectroscopy to be set up such that both Ha and [O 1II]
emission lines are covered, many ELG surveys compute SFR using the Ha emission
even if they select via [O III] line emission. Since we measure NB flux from our NB
images, we are computing SFR from the [O III]A5007 line emission. The luminosities
of the [O III] emission lines are not directly tied to ionizing luminosity, and their
excitation is sensitive to the metal abundance and ionization state of the surrounding
gas, but it can still be calibrated and used as a SFR tracer.

In order to calculate the [O III] SFR, we use a relationship from Khostovan et al.
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(2020). This assumes a Salpeter IMF.

SFR(My year™) =735 x 1072 L([O I1I])(ergs s™') (6.10)

6.4.3 [O II] Star-Formation Rates

The strongest emission feature in the blue region of the optical spectrum is the
[O 11]A3727 forbidden-line doublet. The caveats mentioned above regarding using
[O III] emission as a SFR indicator also apply to the [O II] line, although to a lesser
extent.

Calibration studies have been carried out by Gallagher et al. (1989) and Kenni-
cutt (1992), and their results have been averaged to arrive at the current standard

conversion:

SFR(Mg year™) = 1.4 x 107" L([O I1])(ergs s). (6.11)

6.4.4 Completeness Correction

After calculating the SFR, we implement a final completeness correction. This is a
correction which accounts for the fact that not all of the spectroscopic follow-up is
complete. This correction is made on a field by field basis using the percentage of our
targets in a field for which we have a processed spectrum. For each field we divide

the average SFR by the percentage of the field which has spectroscopic follow-up.

6.5 Results

For the 12 thesis sample fields, there are 1109 galaxies which are confirmed ELG
galaxies. We focus our SFR studies on the 938 star-forming galaxies which have been
detected via Hey, [O II1], or [O II]. For each of these galaxies, we have performed the

necessary corrections mentioned above and determined the star formation rate. We
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Figure 6.2 Histograms showing the log(SFR) of the thesis sample broken down by
which emission line was detected in our filter. a) shows the galaxies detected via
A6563, b) shows the galaxies detected via A5007, and c) shows the galaxies detected
via A3727.

have also performed a completeness correction in order to account for the incomplete

spectroscopic follow-up.

6.5.1 Star-Formation Rates

In Figure 6.2 we present the range of SFRs present in each of our emission-line
samples. FEach of the three histograms are plotted on the same scale to better visualize
the differences in each emission-line sample. In the figure, the galaxies with the lowest
SFR are clearly visible in the Ha detections, as expected since only the redshift
windows reached via Ha are going to contain dwarf galaxies with small amounts of
star formation. The individual galaxies with the highest SFRs were found via their

[O 11] detections. The median log(SFR) is highest for [O 11] with 1.92 (M year™).

161



Ha and [O III] have median log(SFRs) of —0.42 and 0.40 (M, year™'), respectively.
There are 258 objects detected via Ha emission, 434 objects detected via [O III]
emission, and 246 objects detected via [O II] emission. The relative numbers of
galaxies detected in these three groups are the same as in the pilot-study fields and
we expect it to remain as such for the complete SFACT catalog.

For a discrete redshift window breakdown, we turn to Figure 6.3. From left to
right, top to bottom, we show our nine redshift windows. Galaxies detected via the
same emission line are in the same row and use the same color; galaxies detected in
the same NB filter are in the same column. For each subplot, the width of the SFR
range displayed is the same. Subplot a) spans —5.5 < log(SFR) < —0.3, subplots b)
and c) span —3.0 < log(SFR) < 2.2, and the others span —1.0 < log(SFR) < 4.2.

The galaxies found in NB2 via their Ha emission — subplot a) — are in our
lowest redshift window and thus we are able to detect the least active galaxies. There
are also only four galaxies in this redshift window, much lower than the next smallest
window — NB3 [O II] detections in subplot i) — which contains 50 galaxies.

In this figure, we can see that there is a general trend toward higher SFRs in
galaxies at higher redshifts. This is a reflection of the fact that for a given flux level,
more distant objects will be more luminous. More active, and therefore luminous,
galaxies are more likely to be detected by our survey at higher redshifts. This is
true even though we are selecting galaxies via their line emission. Furthermore, our
lower redshift bins survey a smaller volume. This means the more rare galaxies, like

starburst galaxies, are less likely to be included in our catalog at lower redshifts.

6.5.2 Preliminary Star-Formation Rate Densities

Although we have noted that there are still minor corrections which need to be more
precisely applied to our data — we will discuss these in Section 6.6 — and more

data in the processing stages, we still wanted to calculate a preliminary set of the
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Figure 6.3 Histograms showing the log(SFR) of the thesis sample broken down by
which emission line was detected in which filter. There is one histogram for each of
the nine main redshift windows. The galaxies detected via the same emission line are
in the same row, and the galaxies detected in the same filter are in the same column.
Redshift increases from left to right, then top to bottom. Subplots d) through i) have
the same x range.
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Figure 6.4 Here we present our SFRD measurements. We have plotted the logarithmic
SFRD values against the redshift in a way that matches the axes of the familiar Madau
plot. Each point represents the SFRD in a single redshift window, as defined by a
single detection line in a single filter.

star-formation rate densities for our thesis sample. Figure 6.4 presents the current
status of our SFRD measurements.

Each of the green dots in this plot represents the total SFR of the star-forming
galaxies in a single redshift window, divided by the total volume surveyed within that
redshift window. We have not displayed the lowest redshift window since there are
only four galaxies and this is not sufficient for a robust measurement.

For the purposes of this thesis, we have determined approximate uncertainties for
each redshift window. In the future, these uncertainties will be robustly determined
based upon measured quantities from a larger data sample. The largest uncertainties

currently are from the absorption correction, the survey depth correction, and our
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volume calculation. The relative uncertainty in the survey depth correction is the
dominate term the final uncertainties illustrated in Figure 6.4.

Our SFRDs plotted in Figure 6.4 resemble the familiar Madau plot (Madau et al.
1998) with a rising SFRD toward higher redshifts. Yet, there are still some differences.
We point out that the overall trend is such that a higher redshift results in a higher
SFRD, yet the [O II] NB1 window and the Ha NB3 have lower SFRDs than the next
lowest redshift windows. It is too early to tell which of these redshift windows may
be wrong, and why it deviates from the overall trend. This might be due to cosmic
variance in our still small sample size. The total SFR varies greatly between the
12 fields and although we ultimately want to view our results in the context of our
redshift windows, we still see some lingering effects of the number variations within
each redshift window. As we increase our sample size, the average of all our fields
will be much more representative of the universe as a whole.

We also note that our [O II]-detections are showing a higher SFRD than commonly
cited values in the literature (see below). These values are still expected to change
as we better account for how the shape of the [O II] LF affects the survey depth
corrections. Since SFACT is biased toward higher-luminosity galaxies, our calculated

SFRD is likely to skew higher with only preliminary corrections.

6.5.3 Comparison with Literature

Despite the adjustments still to be applied to our results, it is worth comparing
our preliminary results against the literature. Table 6.1 presents our SFRD values
as well as values given by other emission-line selected surveys. The table is sorted
according to redshift. These comparison points can also be seen in Figure 6.5 where
the measurements from the same line have the same color.

The AHA project (Van Sistine et al. 2016), as discussed in Chapter 5, detected

objects via H T emission and measured the Ha emission to determine the SFRD. They
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Table 6.1. SFRD Literature Comparison

Survey Measured line z log(SFRD)
A Mg yr—! Mpc=3
(1) (2) () (4)
AHA 6563 0.01 -1.747+0.018
SFACT 6563 0.059 -1.740+0.043
Ly 2007 6563 0.07, 0.09 -1.87
SFACT 6563 0.136 -1.888+0.043
Sullivan 2000 6563 0.15 £+ 0.150 -1.86 £ 0.06
SFACT 5007 0.316 -1.249+0.065
SFACT 5007 0.388 -1.362+0.065
HiZELS 6563 0.40 -1.52
LAGER 6563 0.47 -1.63+0.04
SFACT 5007 0.489 -1.007+0.065
DAWN 6563 0.62 -1.37
SFACT 3727 0.769 -0.903+0.087
Ly 2007 3727 0.83 -1.3
HiZELS 6563 0.84 -1.0
SFACT 3727 0.864 -0.800+0.087
LAGER 5007 0.93 -1.07+0.06
SFACT 3727 1.001 -0.738+0.087
HiZELS 6563 1.47 -0.88
HiZELS 3727 1.47 -0.77
LAGER 3727 1.59 -0.90+0.10
Notes. — The other surveys can be found in Ly et al. 2007,

Sullivan et al. 2000, Khostovan et al. 2020 (LAGER), Coughlin et
al. 2018 (DAWN), Van Sistine et al. 2016 (AHA), and Sobral et al.
2013 (HiZELS)
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found a local SFRD of log(SFRD)= —1.747 +0.018. This closely aligns to the SFRD
in our lowest redshift window.

The HiZELS survey (Sobral et al. 2013) used images to detect ELGs similar to
SFACT, searching specifically for Ha and [O II| emission. They were able to detect
galaxies at a fainter flux limit because they made use of a 4 meter telescope (for the
Ha detections) and an 8 meter telescope (for the [O II] detections). However, unlike
SFACT, they do not collect their own follow-up spectroscopy, instead using spectra
found elsewhere in the literature. The initial Ho HiZELS SFRD values are reported
in (Sobral et al. 2013). HiZELS also searched higher redshifts than SFACT currently
is able to reach. In the future we may have the opportunity to overlap at z = 1.47
and more directly compare our results.

The LAGER survey (Khostovan et al. 2020) is an in-progress survey also searching
for ELGs and covering a similar footprint to the final SFACT survey. By using
the Blanco 4-meter telescope, they discover galaxies via our three primary lines, in
addition to Ly« at high redshifts. While their redshift windows are slightly different
than ours due to different NB filters, a comparable detection methodology means they
are a valuable survey to compare ourselves against. Of particular interest is a more
detailed comparison between the LAGER A\6563 z = 0.47 log(SFRD) of —1.63 and
the SFACT A5007 z = 0.489 log(SFRD) of —1.01. This is a wider discrepancy than
expected, even though the SFRD measurements used different emission lines. When
we have the additional NB filter allowing us to detected galaxies at the same redshift
via \6563 and A5007, we may better understand the impact of the selection function
on the final SFRD measurement.

The DAWN survey (Coughlin et al. 2018) has the most similar methodology to
SFACT: they use NB imaging to detect ELGs and take their own follow-up spec-
troscopy to confirm their results. Again, their NB filters mean they survey a slightly

different redshift range, but when we construct SFACT LF's, this survey which focuses
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Figure 6.5 Here we present our SFRD measurements in comparison with other similar
surveys (Table 6.1). Measurements from Ha are rendered in red, measurements from
[O 111] are rendered in green, and measurements from [O II] are rendered in blue. In
all cases, stars mark the SFACT data.

on Ha-based LFs will be a valuable resource to compare against.

Figure 6.5 illustrates our comparison with other SFRD measurements in the lit-
erature. The color of each data point is chosen to illustrate the line used to measure
the SFR of the sample. Measurements from Ha are rendered in red, measurements
from [O III] are rendered in green, and measurements from [O II] are rendered in blue.
All SFACT data points are marked as stars. At the lowest two redshift windows, our
SFACT values are consistent with other published values. This lends credibility to
our SFRD measurements at these redshifts. At higher redshifts, our [O III] and [O II]
SFRD measurements are noticeably higher than other surveys. We stress that we

consider our measurements to be preliminary; future improvements in our correction
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methodology may change our values (see below). Further investigation into the dif-
ferences in SFRD measurements at higher redshifts will occur when we have a larger

sample of SFACT galaxies.

6.6 Improvements

The results presented in this Chapter are preliminary and are likely to be refined in

the near future. Some corrections we still need to perform include:

1. Our current volume calculations are based on the total area of each field. How-
ever, to be accurate, we should not be including the masked areas of the image
since we didn’t search those areas of the field. A script to correctly, and pre-
cisely, calculate the volume of each field is in development. This will be espe-
cially needed when we start working with a larger catalog size. For each field,
the unmasked area needs to be determined on a quadrant by quadrant basis,

while also not double counting the overlap regions.

2. As discussed in Section 6.2.3, we plan on improving our cysz determination for
galaxies which lack the necessary line ratios. With a greater sample of SFACT
galaxies, we plan to create our own statistical correction based upon our own
sample, rather than a sample of KISS galaxies selected at a different redshift,
with a different flux limit. Although we have currently made an adjustment to
account for the different metallicity of the KISS galaxies compared to SFACT
galaxies, we anticipate that a more accurately determined value of ¢ for our

high-redshift galaxies will improve the precision of our final result.

3. We have already performed a correction for survey depth in our redshift windows
(Section 6.3). However, when we have a larger catalog of galaxies to work with,

we will refine this correction using LFs based upon SFACT galaxies, rather
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than using the galaxies in another survey. This will not only allow us to make
a more accurate correction based on the data in this survey, but we will then
also be able to provide a more accurate correction for the galaxies detected via
oxygen-emission lines. As discussed in Chapter 5, the shape of the LF differs
starkly depending on if the sample was detected via Ha or [O II1] line emission.
We expect that the [O II] LF shape will be similar to that of Ha LF, but a

confirmation of this is desirable.

4. Improved corrections accounting for differences in the survey selection method
also need to be created. In the future, we anticipate using our spectra to derive a
relationship between the strength of our oxygen lines, to put the [O II] emission

on an [O III] scale, and from there onto an Ha scale.

We do not anticipate any of these changes to have a huge impact on the calculated
SFRDs, but we plan on performing these prior to publication.
After making these improvements, we will also be able to better compare our

SFACT results against the results in Chapter 5.

6.7 Conclusion

These are still early days for SFACT. We expect to double the SFR sample in the next
ten months through new follow-up observations and spectral processing. In addition
to new data, adding the processed Spring sample will add 580 spectra to our total
sample.

Work to address the improvements mentioned in the previous section is ongoing.
Our focus is currently geared toward the incorporation of the Spring fields to double

our sample size.
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Chapter 7

Summary and Future Work

7.1 Summary

The SFACT survey uses narrow-band (NB) images to identify star-forming galaxies
at z < 1 and create a substantial catalog that can be used to carry out star-formation
rate density (SFRD) studies. By using NB filters, we create redshift windows to search
for star-forming galaxies at a range of different redshifts using different emission lines.
In this thesis we have examined the pilot-study sample (three fields and 533 targets)
and the extended thesis sample (12 fields and 1684 targets).

We have used the WIYN 3.5m telescope at Kitt Peak National Observatory with
both ODI and Hydra to obtain our imaging and spectroscopic data. Each field was
observed through three broad-band (BB) filters (gri) and three custom NB filters.
This potent combination of a large telescope and long total integration times allows
us to detect galaxies at a wide range of line fluxes (—13 < log(NB Flux)[ erg s7* cm ™2
< —16). We are able to sample emission-line galaxies (ELGs) with varying levels of
emission-line strengths and with both faint and bright continuum magnitudes.

We have written custom programs to process and analyze our images. This in-
cludes identifying candidates with excess flux in the NB images, while discarding
image artifacts or other non-ELG objects. Based on the pilot-study fields, we achieve
a 91.9% success rate for correctly identifying ELGs. We have also written scripts
to measure the emission-line flux using the NB images. We confirm that we cover
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a wide range of luminosities and the colors seen in our catalog are consistent with
active galaxies dominated by emission lines.

By using data from the previous KISS and AHA projects, an analysis of the derived
SFRs using samples selected in different ways has been carried out. We find that Ho-
selected ELG surveys have the potential to miss 87% of the total Ha luminosity in
their survey volume. Surveys selecting via [O III] may result in missing 98% of the
total star formation.

We also wrote scripts to compute the SFR of our star-forming galaxies. These
incorporate corrections based on nearby emission lines, reddening effects, and comple-
tion corrections due to incomplete spectroscopic follow-up observations. Our prelimi-
nary SFR measures show that we are finding star-forming galaxies with varying levels
of activity across our redshift windows. We have computed preliminary SFRD values
for our SFACT sample, using the adjustments suggested by our previous analysis,

but there are still minor adjustments to be made.

7.2 Future Work

7.2.1 Current Catalog

As mentioned previously, the SFACT survey is not complete. The largest sample
used in this thesis includes only 12 fields. Our current catalog includes 41 fields for
which the imaging observations are complete. Of these, spectroscopy is at least 40%
complete for 27 fields, with many nearing 70% completeness.

Tables 7.1 and 7.2 present the SFACT fields with complete imaging observations.
Included are the central positions of each field and the dates when the imaging ob-
servations were finished. Often multiple observing runs are needed to complete all
necessary imaging for a single field (see Chapter 3 for observing details). The ta-

bles also present the total number of SFACT targets found by our software, and the
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Table 7.1. Fall SFACT Fields Catalog
Field «(J2000) 6(J2000) Completion Date Targets Spectra
(1) (2) (3) (4) () (6)

SFFO1*t  21:42:42  19:59:28 09/2018 132 101
SFF02*  22:00:00  20:00:00 11/2020 92 39
SFF03*  22:15:50  20:00:00 11/2018 92 50
SFF04 22:20:10  24:27:09 11/2018 122 44
SFFO05 22:21:09  24:45:02 11/2018 166 8
SFF06*  23:19:46  24:51:56 11/2018 213 147
SFFO7*  00:11:44  26:24:30 11/2018 208 114
SFF08*  00:43:00 25:51:25 10/2019 149 95
SFF09 01:23:46  28:03:01 11/2018 110 27
SFF10*t  01:44:20 27:54:23 09/2018 216 189
SFF11 02:00:29  02:00:29 10/2019 80 25
SFF12*  02:00:37  24:06:59 10/2019 100 52
SFF13 02:30:30  26:28:00 11/2018 127 47
SFF14*  02:34:34  27:16:54 09/2018 86 o7
SFF15*f  02:38:52  27:51:43 09/2018 185 129
SFF16*  22:00:16  27:27:36 11/2020 64 43
SFF17*  01:47:12  28:01:34 11/2020 147 118
SFF18 02:47:40  20:20:00 11/2020 74

SFF19 22:30:00  19:50:00 11/2021

SFF20 22:59:30  20:00:00 11/2021

SFF21 01:43:00  19:20:00 11/2021

SFEF22 02:01:30  20:00:00 01/2022

SFF23 03:01:10  20:00:00 11/2021

SFF24 03:14:00  19:29:00 01/2022

Notes. — The three fields marked with { are our pilot-study fields. A
* denotes a field which is part of the thesis sample. Fields without targets
have been imaged but not processed. The number of spectra only reflects
the number of spectra processed.
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Table 7.2. Spring SFACT Fields Catalog

Field  «(J2000) 6(J2000) Completion Date Targets Spectra

(1) (2) (3) (4) () (6)
SFS01  08:40:36  13:42:44 03/2021 78 58
SFS02  08:47:41  13:27:27 11/2020 160 114
SFS03  08:49:30  19:54:00 03/2021 50 36
SEFS04  08:59:30  04:56:00 03/2021 101
SFS05  09:18:30  13:46:11 11/2020 184 97
SFS06  11:59:00  42:42:00 04/2019 102 79
SFS07  12:22:24  43:11:22 03/2021 108 20
SFS08  13:10:09  29:17:43 03/2021 142
SFS09  13:14:41  43:43:26 04/2019 149 81
SFS10  13:15:49  43:34:30 03/2021 134
SFS11  14:20:38  43:43:31 03/2021 108
SFS12  14:29:40  43:54:08 03/2021 135 13
SFS13  14:36:20  43:53:01 04/2021 105 61
SFS14  15:42:46  43:53:57 04/2019 82 61
SFS17  15:43:55  29:27:50 04/2021 70
SFS20 09:41:53  12:12:18 11/2021 282
SFS21  09:48:07  15:45:17 04/2021 75

Notes. — Fields without targets have been imaged but not processed.

The number of spectra only reflects the number of spectra processed.
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number of objects for which there is currently follow-up spectroscopy. Fields with no

numbers in column 5 have not yet been processed.

7.2.2 Next Steps

In addition to improvements to the process of SFACT analysis (Section 6.6), we still
have larger scale next steps. This includes taking more follow-up spectroscopy and
processing the existing spectra. This would expand the total catalog of galaxies and
the area of sky coverage. As demonstrated in Tables 7.1 and 7.2, there are many
fields for which there exist targets awaiting confirmation.

At this time next year, we expect to increase the size of our star formation sample
enough to produce and publish a robust SFRD analysis. We expect to have a sample
of at least 30 fields, yielding a predicted ~4200 star-forming galaxies. A larger pro-
portion of the fields will also have follow-up spectroscopic measurements which would
be included in this analysis.

There is also more imaging work to be completed. The full SFACT survey is
designed to include 50-60 fields and we currently have only 41 complete fields. If
our proposed additional filters are commissioned, all of our fields would need addi-
tional imaging and subsequent follow-up spectroscopy to investigate newly discovered
targets, including some out to z=1.5.

Since this project began, there have been other surveys which have done similar
work at different redshifts. One of our goals in the future is to better compare our
results with surveys such as HiZELS (Matthee et al. 2017) and LAGER (Khostovan
et al. 2020), which use similar methods to our own. We hope that by adding our final
results to theirs, a more precise reckoning of the SFRD across cosmic time can be
understood.

SFACT has proved itself as a successful narrow-band survey. As of this writing, we

are only just beginning to demonstrate the full power of SFACT. There are thousands
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of sources waiting in the wings for processing to expand the coverage of the survey
and proceed with the planned science. We look forward to realizing the true potential

of this complete survey.
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Appendix A

Software Written for the SFACT Project

Here we present a list of the scripts we have written to facilitate the processing and
analysis of SFACT data. All .cl scripts are IRAF tasks, and all .py scripts are
Python scripts. These scripts are also being made available at
https://github.com/JSieben7/SFACT.

Scripts dealing with field processing and target selection were primarily collabo-
rations between all three SFACT members. Scripts dealing with spectroscopy were
primarily written by David Carr. Script dealing with photometry and star-formation

rate density were primarily written by Jennifer Sieben.

A.1 Field Processing

This collection of scripts is used to process each field and identify objects
e sfactl.cl — This is the wrapper script for field processing
e dotstart.cl — This script initialised the IRAF database table
e dotmult.cl — This script identified objects in the field
e dotdel.cl — This script deleted duplication of identified objects

e dotdel py.py — This script deleted duplication of identified objects more effi-

ciently
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A.2

This

dotadd.cl — This script displays all candidates and gives the option for adding
others
dotastrom.cl — This script performs astrometry

sdss_fetch.py — This script queries SDSS for matches to our catalog

sdssmerge.cl — This script merges the results of the query with our database

satdisp.cl — This script marks saturated stars

regionmask.cl — This script allows the user to mark regions of the image which

are of poor quality
regionflag.cl — This script removes objects from the table if they are within

a marked region

Target Selection

collection of scripts works to identify any ELG candidates for a given filter

sfact2.cl — This is the wrapper script for target selection

dotrestart.cl — Re-initialization

dotphot.cl — This script performs preliminary photometry on the continuum

and NB image

dotselect.cl — This script selects ELG candidates

dotsatdel.cl — This script removes objects from consideration if they are too

close to a saturated star to accurately measure

dotartifactdel.cl — This script removes objects from consideration if they

have artifact-like properties
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A.3

This

dotmark.cl — This script displays all ELG candidates, denoting which have

received which flag to remove them from further consideration

classify.cl — This is the script which displays all remaining candidates for

user verification
reconcile.cl — This script facilitates quality control via the comparison of

each user’s classifications

Photometry

collection of scripts performs photometric measurements and calibrations
sfactBB.cl — This is the wrapper script for the broadband photometry
sfact4.cl — This is the wrapper script for the narrowband photometry

photcalib.cl — This script performs photometry on a list of SDSS stars using

the full frame broadband images and the master table.

photcalibNB.cl — This script performs photometry on a list of SDSS stars

using the full frame narrowband images and the master table.

photdups.cl — This script removes any duplicate calibration stars due to the

merging of quadrants

BroadPhotPlots.py — This script narrows the list of calibration stars and cal-

culates the ZPCs to use in calibration

NarrowPhotPlots.py — This script narrows the list of calibration stars and

calculates the ZPCs to use in calibration

cutouts.cl — This script creates cutouts of the SFACT targets from the master

and BB images and saves them as one tiled image
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cutoutsNB.cl — This script creates cutouts of the SFACT targets from the

master and NB images and saves them as one tiled image

photcog.cl — This script performs repeated photometric measurements at dif-

ferent apertures in order to facilitate a curve of growth analysis

photcogNB.cl — This script performs repeated photometric measurements at

different apertures in order to facilitate a curve of growth analysis

CurveOfGrowth.py — This script performs a curve of growth analysis in order

to determine the best photometric aperture to use for each target

CurveOfGrowthNB.py — This script performs a curve of growth analysis in order

to determine the best photometric aperture to use for each target

Interloper.py — This script flags targets which have another object nearby

which might interfere with the photometry

photbyhand.cl — This script prompts the user to check worrisome apertures

and set the aperture for objects for which the curve of growth did not converge

photbyhandNB. cl — This script prompts the user to check worrisome apertures

and set the aperture for objects for which the curve of growth did not converge

photbb.cl — This script performs the final broadband photometry and applies

the relevant calibrations

photNB. cl — This script performs the final narrowband photometry and applies

the relevant calibrations

COGdisplay.py — This script allows the user to display the curve of growth and

the cutouts for any given object for inspection purposes
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A4

This

A.5

This

Spectroscopy

collection of scripts performs spectroscopic measurements
fixskyms.cl — This script masks sky lines in the processed multi-spec image

sortspec.cl — This script separates the SFACT targets from the SDSS field

galaxies in the multi-spec image

WRALF . py — This script operates on the final multi-spec images and uses a user
identified line, and the associated redshift, to automatically measure detected
emission lines in the rest of the spectrum for all the spectra in the multi-spec

image

remeasureN2.cl — This script re-examines the final data tables for objects with
Ha emission lines but that are missing emission lines, and the user measures

the missing line

remeasureHB. cl — This script re-examines the final data tables for objects with
[O II1] emission lines but that are missing emission lines, and the user measures

the missing line

remeasure02.cl — This script re-examines the final data tables for objects with
[O III] emission lines but that are missing [O II] emission lines, and the user

measures the missing line

remeasureQS0. cl — This script re-examines the final data tables for objects with

the QSO ELGTYPE designation so the broad emission lines can be measured

Star-Formation Rate Density
collection of scripts facilitates the SFR and SFRD calculations
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TableDownload.cl — This script downloads the IRAF table to a python-readable

format and includes only the relevant columns

SFR_pre.py — This script collects the image size dimensions and converts red-

shift to a co-moving distance

Lumcorrs.py — This script performs flux calibrations such as accounting for

other emission lines in the filter and the transmission of the filter

LFcorr.py — This script is responsible for the variable survey depth calculation

SFR_HA.py — This script calculates the volume for the relevant redshift windows

and converts NB flux to SFR

SFR_OIII.py — This script calculates the volume for the relevant redshift win-

dows and converts NB flux to SFR

SFR_0II.py — This script calculates the volume for the relevant redshift windows

and converts NB flux to SFR

SFACTplottingallSFR.py — This script applies corrections based on the spec-

troscopic coverage of each field and plots SFR histograms

SFACT_SFRD.py — This script computes the SFRD and creates an SFACT Madau

plot
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1. “Oven Baked Galaxies” June 2021
Public Science Symposium 2021
Indiana University, IN

2. “Reaching Beyond the Stars” October 2018
Bays Mountain StarFest
Bays Mountain Park, TN

REFEREED PUBLICATIONS

1. French, L. M., Stephens, R. D., Coley, D., Wasserman, L. H., and Sieben, J., “Rotation
lightcurves of small jovian Trojan asteroids”, Icarus, vol. 254, pp. 1-17, 2015.



2. Salzer, J. J., Carr, D. J., Sieben, J., et al., “The Star Formation Across Cosmic Time
(SFACT) Survey. I. Survey Description and Early Results from a New Narrow-Band
Emission-Line Galaxy Survey”, ApJ, 2022 (in review)

3. Sieben, J., Carr, D. J., Salzer, J. J., et al., “The Star Formation Across Cosmic Time
(SFACT) Survey. II. The First Catalog of Targets from a New Narrow-Band Survey for
Emission-Line Objects”, ApJS, 2022 (in review)

4. Carr, D. J., Sieben, J., Salzer, J. J., et al., “The Star Formation Across Cosmic Time
(SFACT) Survey. III. Spectroscopy of the Initial Catalog of Emission-Line Objects”, ApJS,
2022 (in review)

CONFERENCE POSTERS

1. Brucker, M. J., Nault, K. A., Hammergren, M., Sieben, J., Gyuk, G., Solontoi, M. R.
2015. Preliminary Light Curve Results of NEOs from the Characterization and Astrometric
Follow-Up Program at Adler Planetarium. AAS/Division for Planetary Sciences Meeting
Abstracts #47 307.07.

2. Sieben, J., Salzer, J., Carr, D. J. 2019. The SFACT Survey - Star Formation Across
Cosmic Time. American Astronomical Society Meeting Abstracts #233, 144.04.

3. Sieben, J., Salzer, J., Van Sistine, A., Gronwall, C. 2020. Luminosity Functions Derived
from Three Distinct Emission Line Selected Galaxy Samples. American Astronomical So-
ciety Meeting Abstracts #235, 208.06.

SCIENCE COMMUNICATION WRITING

ScIU, Author page

Eclipses and Solar System Geometry

Science with Nemo: Ethics of Care in Animal Research

The Science Behind Meteor Showers in Animal Crossing

30 Years of Hubble: Images and Discoveries that Shaped Astronomy
Science without a Degree: What is Citizen Science and How to Get Involved
Global Collaboration in Science

The Quest for Alien Swimming Pools

’Oumuamua: What’s in a Name?

Why You Should Attend Conferences

The Metallic Age of Stars

An Astronomer’s Sleep Schedule

+12 more
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Siegel, E. Interviewee. “ #57 - The Universe’s Newborn Stars” Starts With a Bang. 2020 June.
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