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Abstract

The creation of new stars from cold gas is one of the most fundamental astrophysical
processes that can be observed in our own galaxy and in others. At a broad level,
the modern phenomenological picture of how stars form is consistent with observations
of systems ranging from nearby molecular clouds to the most distant galaxies. Many
gaps and limitations in the details of such a picture, however, remain unfilled and
unanswered. For example, questions remain about the interplay between star formation
and chemical enrichment in blue, metal-poor galaxies and the impact of that relationship in
cosmic reionization — one of the final frontiers of observational extragalactic astrophysics.
Meanwhile, on the other end of the electromagnetic and metallicity spectrum, there exists
a population of high-redshift, far-infrared-bright, and heavily dust-obscured starbursting
galaxies that represent a fleeting but possibly integral stage in the growth of massive
galaxies and of dense, large-scale structures like (proto)clusters of galaxies. However,
the mechanism(s) that trigger such starbursts, especially in dense environments, remains
ambiguous.

The research that comprises this dissertation aims to answer two questions that, while
both relevant to astronomers’ understanding of the birth and evolution of galaxies in the
broadest sense, are largely disjoint from one another. These questions are: 1) What are
the intermediate- to high-redshift analogs to the sources that reionized the universe at

very early times?; and 2) As a function of redshift and/or environment, how common are
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massively star-forming, dust-obscured galaxies?

Because these questions are so different from one another, this dissertation will be
split into two major parts. In the first, I present a search in two legacy fields (the GOODS-
North and the GOODS-South) for galaxies at high redshift that may be sources of ionizing
ultraviolet photons. Such objects are expected to be analogs, in various ways, to the first
generation of galaxies, and thus provide clues to the nature of very-high-redshift galaxies
that will be discovered en masse by future ground- and space-based observatories. In the
second part, I present the spectroscopic confirmation of an overdensity of dusty starbursting
galaxies at z & 3.14, signposting a protocluster of galaxies near the peak of star formation
activity in the universe. Compared to similar recent discoveries in the literature, this new
protocluster is relatively late-forming and includes several of the most infrared-luminous
starbursts currently known. This makes it an excellent laboratory for testing theories of
starburst triggering and the subsequent buildup of stellar mass in dense environments. In
the final chapter of this dissertation, I reiterate the key results of the research presented in

chapters 2, 3, and 5.
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Chapter 1

Introduction to the Ultraviolet and Optical

High-Redshift Universe

1.1 The Epoch of Reionization (EoR)

In many ways, the 8 < z < 20 universe is now the final frontier of extragalactic
astronomy. Encompassing the first few hundred Myr of the history of the universe after
recombination, it is a critical period for the coalescence of dark matter halos, the start of
stellar mass buildup, and the (re)ionization of the vast majority of hydrogen atoms across
space. For this reason, the very-high-redshift universe is often referred to as the Epoch of
Reionization (EoR) — the era in which the bulk of the intergalactic medium (IGM) was
brought from a neutral state to an almost fully ionized one.

The general timeline of reionization is now reasonably constrained and is depicted
graphically in Figure 1.1, which illustrates the major periods in the lifetime of the universe.
Most evidence points to a scenario in which faint star-forming galaxies (SFGs) produce the
majority of hydrogen-ionizing ultraviolet (UV) photons (e.g., Bouwens et al. 2006; Finlator

et al. 2009; Fontanot et al. 2014; Robertson et al. 2015; Japelj et al. 2017; Finkelstein et
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Figure 1.1 : A graphical representation of major epochs and transitional periods in the
history of the universe, reproduced with modifications from an educational post by NASA’s
Planck Project Office. After becoming electrically neutral during recombination, the bulk
of baryons in the universe would begin to be reionized as the first stars and galaxies “turn
on” 200 million years or so after the Big Bang.

al. 2019). However, some authors have argued that more massive galaxies (Naidu et al.
2020) or active galactic nuclei (AGN, e.g., Fontanot et al. 2012; Madau & Haardt 2015)
are dominant or non-negligible contributors to reionization; the plausibility of the AGN
scenario will depend on the evolution of AGN number density with redshift (Giallongo et
al. 2019; Kulkarni et al. 2019; Cowie et al. 2020; Grazian et al. 2020; Shin et al. 2020).
Even with the most powerful facilities currently available, direct detection and
confirmation of galaxies deep into the EoR (z > 8) remains exceptionally difficult. For
example, Oesch et al. (2018a) compiled over 800 arcmin? of deep imaging from the Hubble
Space Telescope (HST) on data-rich legacy fields and only found nine reliable z ~ 10
candidates over all of their fields. Similarly, a synthesis of Spitzer Space Telescope
imaging, near-infrared spectroscopy from Keck, Gemini, and the Very Large Telescopes,
and millimeter spectroscopy with the Atacama Large Millimeter Array (ALMA) was able

to confirm redshifts for a mere three z > 9 candidates (Laporte et al. 2021). The advent



of the James Webb Space Telescope (JWST) and of 30 m-class ground-based observatories
will provide much larger samples of EoR galaxies, though much effort is also being directed

towards understanding their analogs at z < 3, discussed further in the next sections.

1.2 Lyman Continuum Escape

Regardless of their production mechanism, reionization of the IGM (or maintaining a
highly ionized state) requires that UV photons with energies > 13.6 eV are able to escape
their galaxy of origin to interact with intergalactic baryons. Photons in this energy range
are referred to as the Lyman continuum (LyC), since they are shorter in wavelength than
the Lyman limit at 912 A. Direct observations of LyC emission remain challenging even for
modern facilities and are fundamentally limited by the astrophysics of both the interstellar
medium (ISM) and the IGM.

LyC photons are extremely susceptible to absorption by dust, gas-phase metals, and
neutral hydrogen. For hydrogen specifically, the probability of absorption rises very quickly
as the photon energy approaches 13.6 eV, with the absorption cross section of hydrogen
scaling like 6.8 x 107¥(E/13.6eV)™% cm? (Wise et al. 2019). Escape of LyC photons

2. above

requires lines-of-sight through which the HI column density is less than 1077 cm
this threshold, the ISM of a galaxy becomes optically thick to LyC (Chisholm et al. 2018).
Unless their ISM has low-density holes through which LyC photons can travel mostly
unhindered, most galaxies are essentially invisible in photometric bands bluer than the
redshifted Lyman limit. The level of LyC emission from a galaxy is quantified through
the LyC escape fraction f.,., or the ratio of the observed to the intrinsic LyC luminosity.
(Note that the latter quantity is usually estimated from stellar population fitting and

therefore quite model-dependent.) Modern models of reionization require a typical fes. of

10% or greater from SFGs, assuming that SFGs are responsible for most of the LyC photon



production in the early universe (e.g., Vanzella et al. 2012b; Robertson et al. 2015; Feng et
al. 2016; Price et al. 2016; Kimm et al. 2017). However, most galaxies in the local universe
have escape fractions of, at most, a few percent (Leitherer et al. 1995; Grimes et al. 2009;
Rutkowski et al. 2017).

Many lines of evidence show that the IGM was returned to an (almost) fully ionized
state no later than z = 6 (e.g., Gunn & Peterson 1965; Songaila 2004; Fan et al. 2006;
Grieg & Mesinger 2017). However, independent from the problem of LyC escape from
individual galaxies is the problem of absorption by residual HI clouds along the line of
sight through the IGM. Beyond z ~ 3.5 — 4, the column density of HI absorbers rapidly
increases, which extinguishes any surviving LyC signal from galaxies above these redshifts
(Songaila & Cowie 2010; Inoue et al. 2014). Only a very small number of direct detections
of LyC at z ~ 4 have been made to date — for example, the z = 3.8 galaxy loni in Ji et
al. (2020) and the z = 4 galaxy Ion3 in Vanzella et al. (2018). Direct detections of LyC
emission at very high redshifts, where such detections would be most useful in constraining
the nature of sources that drove reionization, will likely remain challenging even for the

next generation of giant optical telescopes.

1.3 Sources of Lyman Continuum Flux and Likely Analogs

In the meantime, innumerable works have searched for evidence of LyC leakage from
galaxies at z ~ 3 and below, where the problem of IGM transmissivity at extreme UV
wavelengths is less of an issue (e.g., Vanzella et al. 2010b, 2012b, 2016; Bergvall et al. 2013;
Mostardi et al. 2015; Izotov et al. 2016b; Leitherer et al. 2016; Shapley et al. 2016; Bian et al.
2017; Naidu et al. 2017; Steidel et al. 2018; Fletcher et al. 2019; Rivera-Thorsen et al. 2019;
Saha et al. 2020). However, this comes at the cost of pushing the redshifted LyC to near-

UV bandpasses to which only a few instruments are sensitive (e.g., the now-decomissioned
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Figure 1.2 : A Keck/DEIMOS spectrum of an ELG at z = 0.398 in the COSMOS
field, reproduced from Kakazu et al. (2007). The narrow solid curve shows the Sub-
aru/SuprimeCam 9140 A narrowband filter response, and the remaining curves show the
relative response of the SuprimeCam V', R, I, and 7 filters. Strong Balmer lines out to at
least Ho and [O111] lines at 4363, 4959, and 5007 A are clearly visible in the R band. The
flux density in the narrowband is dominated by Ha, leading to an apparent excess relative
to the much broader 7 band. Also note that the lack of strong emission features in the [
band will cause this galaxy to have unusual optical colors.

GALEX or the UV channel of HST's Wide Field Camera 3 (WFC3)). In Chapters 2 and
3 of this thesis, I will present the results of two searches for candidate sources of LyC
emission at z = 2.5 — 3 (Jones et al. 2018, 2021a), which utilize public imaging from one
of the deepest HST/WFC3 UV programs currently available (PI P. Oesch, Oesch et al.
2018b).

Another active topic of research is the testing and comparison of proposed indirect
tracers of LyC emission. To date, some of the proposed tracers include high equivalent
width Lyman-a emission (Micheva et al. 2017; Marchi et al. 2018; Steidel et al. 2018;
Fletcher et al. 2019); moderate peak separation in multiply-peaked Lyman-« line profiles

(Verhamme et al. 2017; Songaila et al. 2018; Vanzella et al. 2020); the flux ratio of the



strong [O111] lines to the [O11] doublet (Nakajima & Ouchi 2014; Izotov et al. 2016a,b,
2018; Steidel et al. 2018; Fletcher et al. 2019; Tang et al. 2019); a deficiency in [S11] nebular
emission (Wang et al. 2021); and flux ratios of lines in the Mg 11 doublet (Chisholm et al.
2020).

In effect, all of these diagnostics trace some combination of the stellar radiation
field, neutral gas column density, and/or the presence of very low-metallicity gas. This is
because galaxies in the EoR are expected to be low-mass, compact, highly star-forming,
and chemically pristine, being too young to have substantially enriched their ISM. This, in
turn, has motivated many searches for emission line galaxies (ELGs) at low, intermediate,
and moderately high (2 ~ 3) redshifts, which appear to share these properties and thus may
represent a population of close EoR analogs. One common method for selecting candidate
ELGs is to search for galaxies with unusual broadband colors, with the assumption that
the flux density in some filter has been boosted (relative to what would be measured in a
line-free region of the spectrum) by a high equivalent-width emission line being redshifted
into the bandpass (e.g., Cardamone et al. 2009; van der Wel et al. 2011; Colbert et al.
2013; Labbé et al. 2013; Pirzkal et al. 2013, 2018; Maseda et al. 2014, 2018; Amorin et al.
2015; Roberts-Borsani et al. 2016; Yang et al. 2017; Tang et al. 2021). Another requires
that a galaxy shows an excess flux density in a narrowband filter relative to the nearest
broadband (Gallego et al. 1995; Kakazu et al. 2007; Ly et al. 2007; Hu et al. 2009; Bayliss
et al. 2011, 2012; Sobral et al. 2015; Coughlin et al. 2018; Hayashi et al. 2018; Khostovan
et al. 2020).

The former technique is sensitive only to the most extreme line emitters (whose
nebular emission must be strong enough to dominate the broadband flux), but can capture
a wider swathe of redshift space than the narrowband method. Spectroscopic followup

of ELG candidates is also frequently needed to identify exact redshifts and hence the



line(s) which cause the observed color excess; see Figure 1.2 for an example spectrum of a
narrowband-selected ELG at z = 0.398, reproduced from Kakazu et al. (2007). However,
the limited redshift coverage of the narrowband technique itself may be useful, as all galaxies
of a certain type (e.g., the “Ha emitter” or “[O111] emitter” subsamples of Sobral et al. 2015)
can be assumed to lie at virtually identical distances. This, in turn, greatly simplifies the
calculation of line luminosity functions and the combined star formation rate of ELGs per
comoving volume. I return to the subject of ELGs in Section 6, where I discuss the status
of an additional project (not sufficiently complete to present as part of this thesis) that has
yielded a large spectroscopic sample of narrowband-selected ELGs.
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Chapter 2

z ~ 2.5 — 3 Ionizers in the GOODS-N Field
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Abstract

We use deep F275W imaging from the Hubble Deep UV Legacy Survey (HDUV) and
G280 grism spectroscopy from HST/WFC3, along with new and archival optical spectra
from Keck/DEIMOS, to search for candidate ionizing sources in the GOODS-N field at
z ~ 2.5 — 3. Spectroscopic identification of our UV-selected sources are 99% complete
to F275W = 25.5 in the region of the UV imaging, and we identify 6 potential ionizing
galaxies or AGNs at z ~ 3. By far the brightest of these is a z = 2.583 AGN that totally
dominates the ionizing flux in the region, with a specific ionizing volume emissivity at
912 A of €91y = 8.377, x 10?* erg s~' Hz~' Mpc 3. Based on our spectroscopic data, we
find four candidates are contaminated by foreground galaxies at z ~ 0.5 — 0.7. At €99
= 2.27% x 10?3 erg s~! Hz~! Mpc 2, the remaining candidate galaxy’s contribution to the
ionizing background lies well below the flux required to ionize the intergalactic medium at
z ~ 2.5 — 3, consistent with previous observations that show AGNs provide the bulk of the

ionizing background at these redshifts.



15

2.1 Introduction

One of the most pressing issues in modern observational cosmology is the identification
of sources that contribute to the metagalactic ionizing background, particularly in the era
of cosmic reionization — an important epoch in the history of the Universe that saw
the formation of the first stars and galaxies at z 2 6 (e.g., Bouwens et al. 2006, 2012,
2015; Ouchi et al. 2009; Robertson et al. 2015). Star-forming galaxies and active galactic
nuclei (AGNs) both contribute to the production of ionizing photons, though their relative
importance appears to evolve with cosmic time. Most evidence currently favors a scenario in
which low-luminosity star-forming galaxies are the primary driver of hydrogen reionization
(Riccoti & Shull 2000; Bouwens et al. 2006; Fontanot et al. 2007, 2014; Robertson et al.
2010, 2015; Japelj et al. 2017), while AGN contributions to the ionizing background are
small until z ~ 2 — 3 (Barger et al. 2003; Bolton et al. 2005; Cowie, Barger, & Trouille
2009; Cristiani et al. 2016; Smith et al. 2017; Puchwein et al. 2019). However, some authors
have argued that quasars/AGNs could remain important at very high redshifts, producing
a non-negligible or even dominant fraction of UV photons during the era of reionization
(e.g., Fontanot et al. 2012; Giallongo et al. 2015, Madau & Haardt 2015).

One motivation for these latter studies is to relax constraints on the escape fraction,
fese, needed to produce the observed ionizing background at high redshift; these constraints
are imposed by a faint galaxy dominated reionization scenario. Indeed, determining a
value for fes., which is the fraction of all Lyman continuum (LyC, rest frame A\ < 912 A)
photons that manage to escape their galaxy of origin to ionize the intergalactic medium
(IGM), has been a major focal point of research on reionization. Most theoretical and

semi-analytical models of reionization require an average f... of about 10% or greater for
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star-forming galaxies (e.g., Bolton & Haehnelt 2007; Vanzella et al. 2012a; Feng et al.
2016; Price et al. 2016; Kimm et al. 2017; see, however, Faucher-Giguere et al. 2008 and
Matthee et al. 2017), though at the highest redshifts fes. remains largely unconstrained
by observations. For sources at z = 4, the low transmissivity of the IGM effectively
prohibits direct measurements of fes. (Madau 1995; Songaila 2004; Inoue et al. 2014).
Thus, observations focused on analogous objects at slightly lower redshifts are used to
constrain the ionization history of the Universe.

Previous individual detections or stacked data analyses suggest small values of fe.q.
in the local universe, at most ~ 1 — 3% (e.g., Leitherer et al. 1995; Steidel et al. 2001;
Grimes et al. 2009; Cowie et al. 2010; Leitet et al. 2013; Rutkowski et al. 2016), with
some indications that the escape fraction increases with decreasing UV luminosity and/or
increasing redshift (e.g., Mitra et al. 2013; Fontanot et al. 2014; Faisst 2016; Khaire et
al. 2016; Japelj et al. 2017). Significant object-to-object variance and differences in the
average fesc between types of sources (i.e., fese = 0.5 for AGNs versus a few percent for
galaxies) further complicates the quest for a reliable measurement of the global ionizing
escape fraction (Fernandez-Soto et al. 2003; Ma et al. 2015; Cristiani et al. 2016; Grazian
et al. 2016; Guaita et al. 2016).

Much effort has thus been expended in building up a statistically significant popula-
tion of LyC-emitting sources across a range of redshifts. A handful of strong LyC emitters
have been detected in the local universe using data from the Sloan Digital Sky Survey
(SDSS), the COS spectrograph on the Hubble Space Telescope (HST), and other facilities
(e.g., Bergvall et al. 2013; Borthakur et al. 2014; Izotov et al. 2016a,b, 2018; Leitherer et
al. 2016). Additional individual detections at redshifts ~ 2 — 3 have been made, albeit
with some contamination from foreground objects (e.g., Vanzella et al. 2010a,b, 2012b;

Mostardi et al. 2015; Siana et al. 2015; Grazian et al. 2016; Shapley et al. 2016), while
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stacking analyses tend to give a relatively weak average LyC signal at z 2 3 (e.g., Marchi
et al. 2017; Rutkowski et al. 2017; Naidu et al. 2018; Steidel et al. 2018).

The GOODS-North and South fields (Giavalisco et al. 2004) are particularly attractive
targets for LyC-emitter searches due to the abundance of ancillary data, including thorough
spectroscopic coverage. For example, Cowie, Barger, & Trouille (2009) (hereafter CBT09)
used a sample of X-ray selected broad-line AGNs in the GOODS-N to estimate the
contributions of AGNs and galaxies to the ionizing background over 0 < z < 5. They found
a 20 upper limit of 0.008 for the escape fraction for galaxies at z ~ 1.15 and, interestingly,
that the AGN contribution at similar redshifts is dominated by a small number of far-UV
(FUV)-bright quasars. Siana et al. (2010) used HST imaging of the GOODS fields to search
for LyC emission at z ~ 1.3 and constrain the relative escape fraction (fescre, the LyC
flux relative to the UV continuum flux, typically at 1500 A). They found a stacked upper
limit of feserer < 0.02 with no galaxies in their sample detected individually. More recently,
Grazian et al. (2017) used U- and R-band imaging from the Large Binocular Telescope to
constrain the escape of LyC photons at z ~ 3.3 in several deep fields, including the GOODS-
N field, and found fesc e is at most 1.7% for their stacked image of 69 star-forming galaxies.
Meanwhile, a particularly strong LyC candidate at z ~ 3.2 in the GOODS-S, known as
Ton2, was discovered by Vanzella et al. (2015) and later confirmed by Vanzella et al. (2016)
and de Barros et al. (2016), who found it to be a compact, low-metallicity source with an
absolute escape fraction upwards of 50%.

Naidu et al. (2017) identified another six candidate LyC sources in the GOODS fields
at z ~ 2 (all with fos. 2 13%) using HST /WFC3 imaging in the F275W and F336W bands
from the Hubble Deep UV (HDUYV) Legacy Survey (GO13872; Oesch et al. 2018). At the

redshifts probed by Naidu et al. (2017), the Lyman break lies at ~2750 A, such that both

ionizing and non-ionizing photons fall within the F275W window. To determine the true
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contribution of LyC photons to the F275W flux then requires somewhat sophisticated and
correspondingly uncertain modeling, along with Monte Carlo simulations of UV color and
IGM attenuation. At redshifts greater than ~2.4, however, the F275W filter exclusively
probes LyC photons, making the HDUV data a valuable asset for identifying ionizing
sources at high redshifts.

In this paper, we combine new and preexisting optical spectroscopy on the GOODS-N
field with the deep, high spatial resolution F275W data from the HDUV survey to obtain
limits on the contributions of candidate LyC-emitting galaxies at z ~ 3, where the HDUV
filter set probes only the Lyman continuum, to the overall ionizing emissivity from star-
forming galaxies and low-luminosity AGNs. We also present a new UV grism spectroscopic
observation from HST /WFC3 of a z ~ 2.6 FUV-bright quasar.

In Section 2.2, we describe the data we used to select and characterize possi-
ble high-redshift LyC emitters, including UV and X-ray imaging, optical spectra from
Keck/DEIMOS, and G280 grism spectroscopy. In Section 2.3, we describe our search for
candidate LyC emitters and discuss the properties of the sources we found, along with
potential sources of contamination by foreground galaxies. In Section 2.4, we estimate
the associated contributions (or limits thereof) to the ionizing background at z ~ 3 and
compare to the flux required to maintain an ionized IGM at this redshift. In Section 2.5,
we summarize our findings and discuss future prospects for the field.

We assume Q3; = 0.3, Qy = 0.7, and Hy = 70 km s~! Mpc~! throughout this work.
All magnitudes are given in the AB system, defined as m g = —2.5logf, — 48.60 for flux

density, f,, in units of erg s7' ecm™2 Hz L.
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2.2 Data

2.2.1 F275W Imaging

The HDUV survey (GO13872; Oesch et al. 2018) is a 132-orbit WFC3 imaging
program centered on the GOODS-North and South fields. Designed to capitalize on existing
WFC3/UVIS imaging from the CANDELS (Grogin et al. 2011; Koekemoer et al. 2011) and
UVUDF (Teplitz et al. 2013; Rafelski et al. 2015) surveys, the HDUV survey imaged both
of these fields in the F275W and F336W filters around or within the existing CANDELS
and UVUDF footprints. When combined with imaging from each of these surveys, the
reduced HDUV images achieve depths of ~ 27.5 and 27.9 mag in the F275W and F336W
filters, respectively (5o detection, (74 diameter aperture). Since the Lyman continuum
is redshifted into the F275W bandpass at z > 2.4, the deep and relatively wide F275W
coverage provided by the HDUV survey enables us to search for potential sources of ionizing

radiation at high redshift.

2.2.2 Optical/NIR Spectroscopy

Secure spectroscopic redshifts are required for reliable identification of candidate LyC
emitters within our F275W sample. The GOODS-N field is one of the most heavily-studied
regions of the sky, with a wealth of existing spectroscopic data from DEIMOS on Keck I and
LRIS and MOSFIRE on Keck IT (e.g., Cohen et al. 2000; Cowie et al. 2004, 2016; Swinbank
et al. 2004; Wirth et al. 2004, 2015; Chapman et al. 2005; Reddy et al. 2006; Barger et al.
2008; Trouille et al. 2008; Cooper et al. 2011; Kriek et al. 2015; U et al. 2015; Cowie et al.
2016). We crossmatched our sample (defined in Section 2.3.1) to existing Keck spectroscopic
catalogs to determine redshifts, then used DEIMOS to target any F275W source in our

sample without existing spectroscopic identifications, or to obtain additional spectra of
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candidate LyC emitters to check for possible contamination by foreground galaxies (see
Sections 2.3.3.1 — 2.3.3.6).

For our new DEIMOS observations, we used the 600 line mm~"! grating, giving a
dX of 3.5 A and a wavelength coverage of 5300 A. We centered the spectra at an average
wavelength of 7200 A, but the exact wavelength range for each spectrum depends on the
position of the slit in the mask. We broke each ~ 1 hr exposure into three sub-exposures
positioned at a central position and two offset positions stepped 1”75 in each direction along
the slit. Our dithering procedure provides extremely high-precision sky subtraction. We

reduced the spectra following the procedures described in Cowie et al. (1996).

2.2.3 UV Grism Spectroscopy

The HST/WFC3 grism spectrum from program GO12479 (PI: Hu) was based on 5
dithered observations with the G280 grism. Each observation was 475 s, giving a total
exposure time of 2375 s. We also obtained a 120 s imaging exposure with the F2000LP
filter to set the zero point for computing the shape of the spectrum and the wavelength
calibration. The G280 grism extends to a short wavelength of 1900 A with a resolution of
70 at 3000 A, giving coverage down to a rest wavelength of 530 A. We measured the flux
from the first order spectrum using the calibrations of the spatial distortion and wavelength
relative to the zeroth order given in Kuntschner et al. (2009). We extracted the spectrum
as a function of wavelength with a 6 pixel (0724) boxcar centered on the central position
of the spectrum. Finally, we flux calibrated the spectrum in units of microJansky, though

the absolute calibration is not critical in the present analysis.
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2.2.4 X-ray Imaging

To identify probable AGNs in our F275W sample, we used X-ray data from the
2 Ms Chandra X-ray Observatory exposure of the Chandra Deep Field-North (Alexander
et al. 2003; Xue et al. 2016). This image reaches a limiting flux of fys5_ oy =~ 1.5 x

2 57! near the central aim point. We used a 1”5 search radius to identify X-

10717 erg cm™
ray counterparts to sources in our F275W sample; 60 had X-ray counterparts.We computed

the rest-frame 2 — 8 keV luminosities, Lx, of these counterparts from the 0.5 — 2 keV fluxes

with an assumed [' = 1.8 and no absorption correction using

1+2\ 72 _
LX = 47Td%f0.5_2kev( 1 ) erg s 1. (2.1)

We classify any source with an X-ray luminosity Lx > 10* erg s~! as a quasar (red squares

enclosed by a purple open square in Figure 2.1).

2.3 Search for z ~ 3 Candidate LyC Emitters

2.3.1 F275W Sample

We started with all zg50 < 26 galaxies from the 140 arcmin? GOODS-N observations
of Giavalisco et al. (2004) obtained with HST’s Advanced Camera for Surveys (ACS).
At z ~ 3, the ACS F850LP filter probes the rest-frame FUV at ~2300 A, providing a
good selection of likely star-forming galaxies at these redshifts. We then restricted to the
68 arcmin? area where there is F275W coverage with rms errors fainter than 27 mag. There
are 5712 sources with zgs59 < 26 in this area. In the left panel of Figure 2.1, we plot redshift
versus F435W (B) magnitude for this area. The spectroscopic identifications are 98%
complete to B = 24.5, 95% in B = 24 — 24.5, and 82% in B = 24.5 — 25.

We next measured the F275W magnitudes within 1”7 diameter apertures at the

positions of each zgsy < 26 source using a customized IDL routine and subtracting the
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Figure 2.1 : Spectroscopic redshift vs. F435W (B) magnitude (left) and F275W
magnitude (right) for the 68 arcmin? area covered by the HDUV GOODS-N F275W image.
Sources with no X-ray counterpart are denoted by black squares, while sources with an X-
ray detection are denoted by red squares, and those with quasar X-ray luminosities are
enclosed in purple open squares. The spectroscopic identifications only start to become
significantly incomplete (82% identified) at B magnitudes of 24.5 — 25. In the right panel,
the thick purple line marks the redshift above which the F275W filter is sampling solely
below the Lyman continuum break (z = 2.36). The purple hatched region shows the redshift
range where the break falls within the filter bandpass. The spectroscopic identifications
only start to become significantly incomplete (68% identified) at F275W magnitudes of
25.5 — 26.

background using the median in a 3—6"” annulus. Magnitude errors were measured from the
associated rms noise files. We hereafter consider the 1063 sources with F275W magnitudes
brighter than 26 (40 ) as our UV sample.

In the right panel of Figure 2.1, we show redshift versus F275W magnitude for this
sample. Our spectroscopic identifications are 99% complete to F275W = 25.5, 98% in
F275W = 25 — 25.5 (seven objects missing or unidentified), and 77% complete in F275W
= 25.5 — 26.

Only five sources in the right panel of Figure 2.1 lie above the z ~ 2.4 threshold
(thick purple line) where the F275W flux consists solely of LyC photons (assuming no
contamination from foreground sources). One of these sources is an X-ray AGN, and

another is an X-ray quasar.
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Table 2.1 : SUMMARY OF SiX CANDIDATE LYC EMITTERS

IDe R.A. Dec. 2o ZCrism Ly F275W F435W,p F606Wap  f2,
GN-UVC-1'2  189.095581 +62.257492  2.583! 2,597 3.44 x 10% 23.14 20.50 20.49  0.087
GN-UVC-2!  189.179535 +62.185806  3.2367  3.299 5.66 x 102 25.53 24.54 23.40
GN-UVC-3'2 189.275543 +62.250462 3.239011  — — 25.60 25.21 24.46 —
GN-UVC-4!  189.148758 +62.271030 2.984011 — 25.71 25.05 24.58 —
GN-UVC-5!  189.296936 +62.270989 3.5460111 — 25.96 25.77 25.44 —
GN-UVC-62  189.201889 +62.266682  2.439'1 — — 26.53 24.93 24.74  0.193

NOTE— “Superscripts indicate if a candidate was selected by (1) its F275W magnitude, (2) its
F275W-F435W color, or both.
bSpectroscopic redshifts from (I) this work; (IT) Reddy et al. (2006); and (III) U et al. (2015).
“Determined from G280 grism data from HST/WFC3 (GO12479, PI: Hu) for GN-UVC-1, and
from G141 grism data from the 3D-HST survey (Momcheva et al. 2016) for GN-UVC-2.

9Ratio of F275W flux to F606W flux (rest-frame ~ 675 A to 1500 A; see Section 2.4).

2.3.2 Color-Selected Sample

Alternatively, we can utilize a color selection to search for candidate ionizing sources.
In order to have a substantially complete spectroscopic sample, we start with sources with
B < 25 (see Figure 2.1). We then use V' — zg50 < 1 to select galaxies with relatively flat
UV continua (i.e., likely star-forming galaxies) at high redshifts. We plot F275W—F435W
versus redshift in Figure 2.2 for the sources that meet these criteria. We indicate with
purple hatching the redshift range where the F275W filter straddles the Lyman break. The
typical color becomes noticeably redder around z ~ 2 as the LyC break moves into this
window, with most objects at z 2 2 having so little F275W flux that we can measure only
lower limits on the color. We find three z > 2.36 sources that have measured F275W-
F435W colors at the > 20 level. We show these with error bars and enclosed in green
circles in Figure 2.2. Two of these color-selected sources also fall into our F275W-selected
sample (see Section 2.3.1) and appear in Figure 2.1 (one is the X-ray quasar), while the

third is detected at the 2.90 level in F275W.
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Figure 2.2 : Observed F275W—F435W vs. redshift for B < 25 galaxies with flat rest-
frame UV continua (i.e., selected using V' — zg5o < 1). Sources with no X-ray counterpart
are denoted by black squares, while sources with an X-ray detection are denoted by red
squares, and those with quasar X-ray luminosities are enclosed in purple open squares.
Sources with lower limits on F275W—F435W are plotted at their 20 values with blue
upward pointing arrows. The purple hatched region marks the redshift range where the
F275W filter straddles the Lyman break. The three sources enclosed in green open circles
have measured F275W —F435W colors at > 20 significance and are shown with error bars
that reflect the 1o uncertainties in the F275W magnitudes.

2.3.3 Six Candidate LyC Emitters

In Table 2.1, we list the basic properties of our six candidate LyC emitters, including
ID number, decimal coordinates, ground-based spectroscopic and (when available) HST
grism redshifts, X-ray luminosities, F275W, B, and V magnitudes, and ionization fraction
fion (see Section 2.4). We show in Figure 2.4 both the F275W thumbnail (left) and
three-color thumbnail (right; red = F160W, green = F606W, blue = F435W) images of
each source. In the following subsections, we briefly discuss for each of the six sources

individually our efforts to try and confirm the LyC emission from the z ~ 3 sources.
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Figure 2.4 : F275W thumbnails (left) and three-color images (red = F160W, green =
F606W, and blue = F435W) of our six candidate LyC emitters. Blue contours show F275W
emission for sources detected at or above the 4o level in the HDUV F275W imaging. (Note
that GN-UVC-6 is detected at the 2.90 level in F275W and was selected based on its
relatively blue F275W-F435W color; see Section 2.3.) Images are 6” on a side. North is up
and East is to the left. The sources appear slightly below center in y to allow for the labels
at the top.

2.3.3.1 GN-UVC-1

The broad-line quasar GN-UVC-1 at z = 2.583 with an F275W magnitude of 23.14
is easily the brightest of our six candidate LyC emitters. The smaller F275W source to its
lower right (see Figure 2.4) is likely a star-forming galaxy at low redshift. GN-UVC-1 is
one of two objects in our candidate sample (the other being GN-UVC-3) that was selected
both by its F275W flux alone and by its relatively blue F275W-F435W color (= 2.6 mag).
As shown in Figure 2.5, the HST /WFC3 G280 grism spectrum of GN-UVC-1 (GO12479,

PI: Hu) directly confirms its identification as a high-redshift LyC emitter.
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Figure 2.5 : G280 grism spectrum from HST/WFC3 for GN-UVC-1. The blue curve
shows the relative response of the F275W filter shifted into the rest frame of GN-UVC-1,
and the pink vertical line marks the LyC edge.

2.3.3.2 GN-UVC-2

GN-UVC-2 illustrates particularly well the difficulties of trying to confirm LyC
emission from high-redshift galaxies. There are two positions in the F275W image (see
Figure 2.4) that show significant UV flux: one coinciding with a somewhat extended star-
forming galaxy/possible weak AGN (Lx ~ 6 x 10%? erg s7!) roughly at image center,
and one coinciding with a neighboring source about 1” away. In Figure 2.6, we show our
DEIMOS spectrum with a total exposure time of ~6 hours. In the individual exposures, we
used a 1” wide slit and slit position angles ranging from 41° to 59°. We visually identify two
redshift systems in the spectrum. Absorption features from the extended, central z = 3.236
source (Lo, CIV1550, and AIIII1670, marked in blue on the spectrum) are clearly present,
but so are emission lines ([OI1]3727, HB and [OI11]4959,5007) from a z = 0.512 foreground

source (marked in red). We note that at the position angles of the individual spectra, the
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Figure 2.6 : Our DEIMOS spectrum of GN-UVC-2. In addition to absorption features
from a z = 3.236 galaxy (marked in blue), emission lines from a foreground galaxy at z =
0.512 (marked in red) are clearly present.

neighboring source is located just outside the slit. Thus, it is unlikely that it could be
the source of the emission lines, since the lines would have to be extraordinarily strong
to overflow into the slit at these position angles. Moreover, the emission lines seen in the
individual spectra are invariant from exposure to exposure, despite changes in position
angle. This suggests that the low-redshift emission lines come from a source superposed
more or less directly on top of the z = 3.236 galaxy, calling into question the origin of the
measured F275W flux.

In Figure 2.7(a), we show the F275W (blue curve) and F160W (red curve) continuum
light profiles as they would appear in a 1”7 wide slit at a position angle of 116° that
covers both the central and neighboring sources (the relative normalization of the profiles
is arbitrary). There is significant UV continuum flux at both positions.

We next obtained an additional 1 hour DEIMOS spectrum (1” wide slit and 076



28

OQ [T T | 800
| (@) UV continuum 1

600 - 1 600}

400 | 1 400}

200 | 1 200}

_200 L, Lovvviiin | Lovoi i Lovvv i Loviii i 1 _200 I

Arcsecond Arcsecond

Figure 2.7 : (a) The F275W (blue curve) and F160W (red curve) light profiles as they
would appear in a 1” wide slit at a position angle of 116° that crosses both the LBG and
the neighboring source in the GN-UVC-2 image (upper-right thumbnail in Figure 2.4). The
relative normalization of the two profiles in this panel is arbitrary. (b) The light profile of the
z = 0.512 [OIII] A5007 A line (blue curve) and the continuum measured both 300 A redward
and blueward of the line (red curves) as seen in a 1 hour Keck/DEIMOS spectrum taken
at a position angle of 116°. The (0”6 seeing smooths the profile considerably relative to
the HST continuum data, but the [OIII] profile lies above the continuum throughout the
profile and is clearly present at the positions of both the LBG and the neighboring source.

seeing) at this position angle. If we examine the [OIII] A5007 light profile from this new
spectrum (Figure 2.7(b)), we see that there is [OIII] emission (blue curve) at both positions.
The [OIII] profile is somewhat smoothed relative to the HST continuum data in Figure
2.7(a) due to the seeing. However, at the positions of both the central and neighboring
sources, it is significantly brighter than the continuum measured both 300 A redward and
blueward of the line center (red curves). This confirms that the neighboring source is also
at z ~ 0.5.

We consequently interpret the low-redshift emission lines as coming from a z ~ 0.5
galaxy with two spatially separated star-forming components (i.e., similar to the chain
galaxies of Cowie et al. (1995) and references therein), one of which lies directly along

the line of sight to the high-redshift Lyman-break galaxy (LBG). Thus, the bulk of the
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Figure 2.8 : Our DEIMOS spectrum of GN-UVC-3, which shows features from sources
at z = 3.239 (blue) and z = 0.56 (red).

measured F275W flux probably comes from the low-redshift galaxy, meaning GN-UVC-2
should not be used when constraining the ionizing background at z ~ 3. We exclude it

from our analysis in Section 2.4.

2.3.3.3 GN-UVC-3

We show in Figure 2.8 our DEIMOS spectrum of GN-UVC-3. As with GN-UVC-2,
spectral features from a z = 3.239 source (Lya emission and CIV1550 absorption marked in
blue) and from a foreground z = 0.56 source ([OI1]3727, Hj3, and [OI11]4959,5007 emission
marked in red) are visually identified. The high-redshift system was previously identified
by Reddy et al. (2006). The low-redshift interloper is almost certainly the source of the

F275W flux. Thus, we also exclude GN-UVC-3 from our analysis in Section 2.4.
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Figure 2.9 : Our DEIMOS spectrum of GN-UVC-4, which shows features from sources
at z = 2.984 (blue) and z = 0.76 (red).

2.3.3.4 GN-UVC-4

GN-UVC-4 is peculiar, because its BVH thumbnail in Figure 2.4 shows at least
two differently-colored components (a redder source at image center and an elongated,
clumpy, blue source extending northward). However, the UV emission corresponds only
to the central redder source. Our DEIMOS spectrum confirms the source as a projection
of two emission line galaxies at very different redshifts (see Figure 2.9). The high-redshift
identification at z = 2.984 is based on Lya and CIV1550 emission and confirms the redshift
obtained by Reddy et al. (2006). The low-redshift identification at z = 0.760 is based on
[O11)3727, Hp3, and [OI11]4959,5007 emission. We conclude that the UV emission probably
comes from the low-redshift galaxy. Thus, we exclude GN-UVC-4 from our analysis in

Section 2.4.



31

2.3.3.5 GN-UVC-5

The F275W detection of GN-UVC-5 is quite surprising, because by z = 3.546, the
F275W bandpass probes rest-frame wavelengths well below the LyC break (at ~590 A),
where we expect virtually no transmission of ionizing radiation from the galaxy due to
attenuation by the IGM (e.g., Inoue et al. 2014). U et al. (2015) label this object as
having a very secure redshift identification (quality code ‘A’), while photometric redshift
estimates given in the 3D-HST catalog (Momcheva et al. 2016) put GN-UVC-5 (their GN-
26359) at zpnet = 0.74. These conflicting redshift estimates, together with the apparently
singular nature in F275W of GN-UVC-5 (see Figure 2.4), suggest that this source may
be yet another chance projection of two galaxies at vastly different redshifts. Indeed,
our DEIMOS spectrum shows weak Ly« emission and CIV1550 in absorption (see Figure
2.10), confirming the redshift of U et al. (2015), while also showing [OI1]3727, Hf, and
[OI11}4959,5007 emission from a low-redshift galaxy at z = 0.789. Since the UV emission
probably comes from the low-redshift galaxy, we exclude GN-UVC-5 from our analysis in

Section 2.4.

2.3.3.6 GN-UVC-6

Of our six candidate LyC emitters, this is the sole object selected only based on
its relatively blue F275W-F435W color (=~ 1.6 mag, bluer even than the bright quasar
GN-UVC-1), though we note that it is detected at the 2.90 level in F275W. We find a
possible far-infrared counterpart to this source in the GOODS-Herschel catalog of Elbaz
et al. (2011) (separation < 0.5”). This may indicate the presence of an AGN, though with
only one detection from Herschel (in the PACS 160 pm band) and negligible X-ray flux,
this is somewhat tentative. The complicated morphology and multiple BVH colors seen

in GN-UVC-6’s three-color thumbnail (see Figure 2.4) suggests there may be superposed
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Figure 2.10 : Our DEIMOS spectrum of GN-UVC-5, which shows features from sources
at z = 3.546 (blue) and z = 0.789 (red).

sources that could lie at different redshifts. However, the photometric redshift of z = 2.38
from Rafferty et al. (2011) is in good agreement with the spectroscopic redshift of z = 2.439
from Reddy et al. (2006), which argues against contamination from foreground objects. We
recently obtained a DEIMOS spectrum of this source and confirm that there are no features
in the 4500 — 10,000 A range that would indicate the presence of a superposed foreground
object. We conclude that GN-UVC-6 remains a good candidate LyC emitter and can be

used to obtain limits on the contribution of galaxies to the ionizing background at z ~ 3.

2.4 Contributions to the Ionizing Flux

Determining the absolute escape fraction for each of our candidate LyC emitters is
challenging, if not impossible, without knowledge of each source’s intrinsic spectral energy
distribution (SED) and degree of reddening. Instead, we compute the ionization fraction

from fion = fryc/fisoo; that is, the ratio of the flux at the rest-frame LyC wavelength
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(~675 A at z = 3) to the flux at rest-frame 1500 A, ignoring the small differential K-
correction as a function of redshift. We use the F606W flux as a rough estimate of the
rest-frame 1500 A flux, assuming a flat f,, SED. We note that this approximation is most
accurate for sources very near z = 3. We give our measured ionization fractions in the last
column of Table 2.1 for the two sources that do not have clear spectroscopic evidence for

contamination by foreground galaxies.

2.4.1 Quasar UV Emissivity

GN-UVC-1 is brighter than any other candidate in our sample by approximately
two magnitudes. Since it is also the only quasar, we consider its contribution to the
ionizing background separately from our other candidates. We measured its flux density
at 912 A directly from its UV grism spectrum after renormalizing the spectrum to match
the total flux detected in the F275W imaging data. We then converted this to an ionizing
volume emissivity, €912, defined as the luminosity density per unit frequency divided by the
comoving volume over the redshift range z = 2.439 — 3.546 (the lowest and highest redshifts
of our candidates). We hereafter quote measurements and uncertainties of €915 in units of
10%* erg s~ Hz~! Mpc—3. For the single source in our “quasar sample”, the Poisson noise
dominates; from Gehrels (1986), the 68% confidence range for one object is 0.173 to 3.300.

We find a quasar UV emissivity, €g124, of 8.337,.

2.4.2 Non-quasar UV Emissivity

With four of five non-quasar candidates showing clear contamination from foreground
objects, our “star-forming galaxy” sample considered here consists of GN-UVC-6 only.
We estimated an ionizing emissivity €g2, for this likely star-forming galaxy/possible low-

luminosity AGN by assuming that GN-UVC-6’s F275W flux is entirely at the filter’s
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Figure 2.11 : lonizing volume emissivity at z = 3 estimated from the quasar GN-UVC-1
(gold star) and compared to literature results for quasar/AGN contributions to the ionizing
background at similar redshifts. Red, green, and black symbols show data from CBT09,
Parsa et al. (2018), and Micheva et al. (2016), respectively, and the red, purple, and grey
curves are from CBT09, Haardt & Madau (2012), and Meiksin (2005), respectively. The
bronze circle shows the ionizing emissivity from star-forming galaxies and low-luminosity
AGNs identified in this work (e.g., GN-UVC-6). Horizontal error bars on our data points
reflect the range of redshifts in our candidate sample; the symbols have been splayed around

the mean redshift of 3 for clarity. Cyan triangles show the observed ionizing emissivity from
Becker & Bolton (2013).

effective wavelength of ~ 2704 A, or rest-frame ~ 786 A. To allow for a simpler and
more direct comparison with literature results, which mostly consider the ionizing volume
emissivity at or near the LyC edge, we scaled the measured flux density to that at
912 A following the results of Lusso et al. (2015). They used a sample of 53 quasars
at z ~ 2.4 to construct a stacked UV spectrum between 600 and 2500 A (rest frame),
correcting for both intergalactic Lyman forest and Lyman continuum absorption, and found

a X < 912 A continuum slope of a,, = —1.70. We used this power law slope to do our scaling.
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We find that GN-UVC-6 contributes €915, = 0.225:72 to the ionizing background at z ~ 3,

where the total error is again dominated by the Poisson noise (in the 68% confidence range).

2.4.3 Comparisons with the Literature

In Figure 2.11, we put our measurements in the context of other z ~ 3 measurements
from the literature. The level of ionizing volume emissivity that we estimated from our
single quasar (gold star) is a factor ~38 larger than our €g2, (bronze circle). Though our
small sample size makes quantitative comparisons difficult, our €g;5, is consistent, within
the very large uncertainties, with the contribution measured by CBT09 from their much
larger sample of broad-line AGNs (their Equation 1; red curve and points in Figure 2.11).
It is also roughly consistent with quasar ionizing emissivity results from Meiksin (2005)
(grey curve) and Haardt & Madau (2012) (purple curve).

Becker & Bolton (2013) used Ly« forest observations to infer the total ionizing
background from 2 < z < 5. They obtained a nominal €915 = 8.15 at z = 3.2, again
a factor of ~ 38 larger than our upper-limit estimate of €912, but consistent with our
measured contribution from quasars. This suggests that quasars alone contribute virtually
all of the metagalactic ionizing background at these redshifts. However, we caution that
GN-UVC-1-like quasars are likely quite rare. The presence of such a LyC-luminous source
in the relatively small comoving volume studied here is probably serendipitous, and a
wider survey area (such as that used in CBT09) is needed to mitigate the effects of cosmic
variance.

Meanwhile, for galaxies and/or low-luminosity AGNs like GN-UVC-6 to contribute
significantly to the UV background, numerous fainter contributions would be required. We
note, for example, that even with the high rate of contamination by foreground galaxies,

the right panel of Figure 2.1 only starts to become significantly populated at z = 2.4 for
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apparent magnitudes approaching our cutoff of F275W = 26.

We may also think about the limits of our sample selection in terms of the UV
continuum absolute magnitudes My, usually measured at 1500 or 1600 A when deriving
rest-frame UV luminosity functions (LFs) at various redshifts. Again using the observed
F606W magnitudes of our candidate sources as an estimate of the rest-frame 1500 A flux,
we find that our z ~ 3 candidate LyC emitters probe as faint as Myy &~ -22.3. This is
~ 1.5 magnitudes brighter than the characteristic luminosities of the z ~ 7 rest-frame UV
LFs derived in, e.g., Bouwens et al. (2015) (M50, = -20.87) or Livermore et al. (2017)
(Mi500 = -20.80). If our candidate LyC sources are taken to be analogs to the high-redshift
galaxies that are responsible for reionization, these sources would thus still lie firmly on
the bright end of the z ~ 7 UV LF. Further, even though the very deep HST imaging used
to construct these high-redshift UV LFs have detection limits as faint as My, ~ —14.5,
even this is unable to detect the ultra-faint galaxies that appear to be required to complete
hydrogen reionization by z ~ 6 (e.g., Finkelstein et al. 2015; Livermore et al. 2017). A more
accurate census of z ~ 3 analogs to the very-high-redshift sources that drove reionization
will require deeper F275W imaging and corresponding spectroscopic follow-up, though at

such faint magnitudes, redshift identifications are quite difficult.

2.5 Summary

We have presented a search for candidate LyC emitters at z ~ 3 in the GOODS-North
field using deep HST/WFC3 F275W imaging data and highly complete Keck/DEIMOS
spectroscopic follow-up. We found five candidate ionizing sources brighter than F275W
= 26, plus one additional source with blue F275W—F435W colors selected from a B < 25
sample with colors V' — zg50 < 1. One candidate (GN-UVC-1) is a z ~ 2.5 quasar which, at

F275W ~ 23.1, is exceptionally bright at rest-frame wavelengths blueward of the Lyman
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limit. UV grism spectroscopy from HST/WFC3 confirms the presence of significant LyC
flux. Four candidates each appear to be contaminated by a foreground z ~ 0.5 — 0.7 galaxy
based on deep optical spectroscopy.

The contribution of the quasar GN-UVC-1 to the ionizing background at z ~ 3 totally
dominates over the contributions from candidate LyC-emitting galaxies and faint AGNs
(that is, GN-UVC-6, the sole non-quasar candidate source with no obvious contamination).
Modulo potential currently-undetected contamination by lower redshift sources and the
effects of cosmic variance, together they could account for the total ionizing background
at z ~ 3. However, for galaxies and low-luminosity AGNs alone to account for all (or even
a non-negligible portion of) the total ionizing background at z ~ 3, significant additional
contributions from fainter sources would be needed. This will require deeper and wider

area surveys to probe.
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Chapter 3

Candidate z ~ 2.5 Lyman Continuum Sources

in the GOODS Fields
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Abstract

We use the wealth of deep archival optical spectroscopy on the GOODS-South field from
Keck, the VLT, and other facilities to select candidate high-redshift Lyman continuum
(LyC) leakers in the Hubble Deep UV Legacy Survey (HDUV) dataset. We select sources
at 2.35 < z < 3.05, where the HST /WFC3 F275W filter probes only the redshifted LyC.
We find five moderately F275W-bright sources (four detected at 2 3o significance) in
this redshift range. However, two of these show evidence in their optical spectra for
contamination by foreground galaxies along the line-of-sight. We then perform an F275W
error-weighted sum of the fluxes of all 129 galaxies at 2.35 < z < 3.05 in both the GOODS-
N and GOODS-S HDUYV areas to estimate the total ionizing flux. The result is dominated
by just five candidate F275W-bright LyC sources. Lastly, we examine the contributions
to the metagalactic ionizing background, finding that, at the sensitivity of the HDUV
F275W data and allowing for the effects of LyC transmission in the intergalactic medium
(IGM), star-forming galaxies can match the UV flux required to maintain an ionized IGM

at z ~ 2.5.
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3.1 Introduction

For the past few decades, one of the most active areas of research in observational
astronomy has been the identification of sources that contribute to the metagalactic ionizing
background. This has been particularly important for building a cohesive picture of
reionization — an important epoch in the history of the Universe in which the first galaxies
formed and the bulk of hydrogen in the intergalactic medium (IGM) transitioned from
neutral to ionized (e.g., Bouwens et al. 2006, 2012, 2015; Ouchi et al. 2009; Robertson et
al. 2015). Massive stars and quasars/active galactic nuclei (AGN) both produce ionizing
photons, though their relative importance to the global ionizing background appears to
evolve over time. Most evidence currently favors a scenario in which dwarf star-forming
galaxies (SFGs) are the primary driver of hydrogen reionization (Riccoti & Shull 2000;
Bouwens et al. 2006; Fontanot et al. 2007, 2014; Robertson et al. 2010, 2015; Japelj et
al. 2017), while AGN contributions to the ionizing background are small until z ~ 2 — 3
(Barger et al. 2003; Bolton et al. 2005; Cowie, Barger, & Trouille 2009; Cristiani et al. 2016;
Smith et al. 2020). However, because these scenarios typically rely on an extrapolation of
observed galaxy counts to faint absolute magnitudes unobtainable even in the deepest HST
imaging, some authors have argued that quasars/AGN could produce a non-negligible or
even dominant fraction of UV photons during the era of reionization (e.g., Fontanot et al.
2012; Madau & Haardt 2015). Of course, arguments for or against this alternate scenario
depend critically on the assumed number density of AGN at high redshift, which is still a
subject of significant debate (see, e.g., Giallongo et al. 2019; Cowie et al. 2020; Grazian et
al. 2020; and Shin et al. 2020 for some recent analyses).

Another major uncertainty in determining the relative importance of SFGs and AGN
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to reionization is constraining the escape fraction f.,., defined as the fraction of all Lyman
continuum (LyC, rest frame A\ < 912 A) photons that manage to escape their galaxy of
origin to interact with the IGM. Most theoretical and semi-analytical models of reionization
require an average f... for SFGs of about 10% or greater, if SFGs are to be the primary
driver of reionization (e.g., Bolton & Haehnelt 2007; Vanzella et al. 2012a; Feng et al.
2016; Price et al. 2016; Kimm et al. 2017; see, however, Faucher-Giguere et al. 2008 and
Matthee et al. 2017), though at the highest redshifts, f.s. remains largely unconstrained
by observations. For sources at z 2 4, the rising density of intervening neutral hydrogen
absorption systems leads to much lower transmissivity of the IGM to LyC photons (Madau
1995; Songaila 2004; Inoue et al. 2014). This effectively prohibits direct detections of
LyC emission (and hence estimates of fes.) along most sightlines at redshifts where such
measurements are most needed, though some exceptions have been reported in recent years
(e.g., the z = 4 source Ion3 in Vanzella et al. 2018 and the z = 3.8 source lon! in Ji et
al. 2020). Thus, observations focused on analogous objects at slightly lower redshifts are
often used to constrain the ionization history of the Universe.

Literature reports of individual or stacked LyC detections suggest that most galaxies
have small values of f.s., at most ~ 1 — 3% (e.g., Leitherer et al. 1995; Steidel et al. 2001;
Grimes et al. 2009; Cowie et al. 2010; Leitet et al. 2013; Rutkowski et al. 2016), and that
the typical escape fraction increases with redshift (e.g., Mitra et al. 2013; Fontanot et al.
2014; Faisst 2016; Khaire et al. 2016; Japelj et al. 2017). The latter observation is based on
a growing number of LyC detections at z ~ 2 — 3 (e.g., Vanzella et al. 2010b, 2012b, 2018;
Mostardi et al. 2015; Grazian et al. 2016; Shapley et al. 2016; Jones et al. 2018; Steidel et
al. 2018; Fletcher et al. 2019; Rivera-Thorsen et al. 2019; Saha et al. 2020), though it is
now well known that direct LyC searches can be affected by contamination from foreground

galaxies (e.g., the projections from Vanzella et al. 2010a or the reexamination of sources



50

first reported in Shapley et al. 2006 by Siana et al. 2015). Stacking analyses also tend to
give a relatively weak average LyC signal at these redshifts (e.g., Siana et al. 2010; Grazian
et al. 2017; Rutkowski et al. 2017; Marchi et al. 2018; Naidu et al. 2018; Fletcher et al.
2019; see, however, Steidel et al. 2018).

However, some studies have suggested that particular subgroups of galaxies are more
likely to have significant LyC escape. For example, moderately large Lya equivalent width
in emission (e.g., Micheva et al. 2017; Marchi et al. 2018; Steidel et al. 2018; Fletcher et
al. 2019) or multiply-peaked Lye line profiles (Verhamme et al. 2017; Vanzella et al. 2020)
appear to be signposts of nonzero f.,.; see, however, the confirmed LyC leaker Ion1, which
shows Lya in absorption only (Ji et al. 2020). A high flux ratio of [OIII]AN4959, 5007 to
[OII]AA3727, 3729 (032) has also recently been proposed as an optical marker of LyC escape
(e.g., Nakajima & Ouchi 2014; Izotov et al. 2016a,b, 2018; Steidel et al. 2018; Fletcher et
al. 2019; Tang et al. 2019). However, this connection remains tenuous, with several studies
reporting that large 032 by itself is insufficient to guarantee significant LyC escape (e.g.,
Reddy et al. 2016b; Izotov et al. 2017; Rutkowski et al. 2017; Naidu et al. 2018; Barrow et
al. 2020).

Legacy fields like the GOODS-North and South (Giavalisco et al. 2004) tend to
be especially attractive targets for LyC leaker searches, due to the abundance of deep
multiwavelength imaging and thorough spectroscopic coverage. In particular, the advent
of the Hubble Deep UV (HDUV) Legacy Survey (Oesch et al. 2018) has now made it possible
to perform direct photometric searches for LyC leakers at high redshift. Using the HDUV’s
deep HST /WFC3 imaging in the F275W and F336W bands, Naidu et al. (2017) identified
six candidate LyC sources in the GOODS fields at z ~ 2, all with f... = 13%. However, at
the redshifts probed by Naidu et al. (2017), the Lyman break sits squarely in the middle

of the F275W bandpass. Since both ionizing and non-ionizing photons contribute to each
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object’s F275W photometry, a number of modeling assumptions are needed to sift out the
contribution of just the LyC to the F275W flux.

However, if one were to push to slightly higher redshifts, say z 2 2.4, as we did in the
GOODS-N in Jones et al. (2018, hereafter J18), then the F275W filter becomes sensitive to
LyC photons only. In that work, we identified a raw total of six sources with spectroscopic
redshifts z 2 2.4 that remained bright in F275W. However, four of these were then shown
via optical spectroscopy to be line-of-sight blends of low- and high-redshift galaxies.

In this paper, we turn our attention to the GOODS-S, using the wealth of optical /IR
spectroscopy in this field in concert with deep F275W imaging from the HDUV survey, to
search for individual candidate LyC-leaking galaxies at z > 2.35. We place constraints on
the mean LyC signal at this redshift using an averaging analysis and on the contributions
to the overall ionizing luminosity density from SFGs. In Section 3.2, we describe the
data we used to select and characterize potential high-redshift LyC leakers, including
optical /IR redshift catalogs and spectra, and UV, X-ray, and optical imaging. We present
our search for individual candidate LyC leakers in Section 3.3 and discuss the properties
of our candidate sources, along with evidence for or against contamination by foreground
galaxies for each. In Section 3.4, we perform an averaging analysis of all z = 2.35 — 3.05
sources with F275W coverage in the GOODS-N, in the GOODS-S, and in the two fields
combined, from which we measure their total F275W contributions. In Section 3.5, we stack
the F275W and F336W images for each GOODS field and for the two fields combined—first
for z = 2.35 — 3.05, and then for three redshift bins for the combined images to look for
differences that might arise due to “dilution” from Lyman absorption along the line-of-
sight, which increases with redshift. In Section 3.6, we estimate the metagalactic ionizing
background at 2.35 < z < 3.05 and compare to the flux required to maintain an ionized

IGM at these redshifts. Finally, we summarize our findings in Section 3.7.
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We assume Q; = 0.3, Qy = 0.7, and Hy = 70 km s~! Mpc~! throughout this work.
All magnitudes are given in the AB system; magnitude zero-points for the HDUV F275W

and F336W observations are given in Oesch et al. (2018).

3.2 Data

3.2.1 F275W Imaging

The HDUV survey (GO13872; Oesch et al. 2018) is a 132-orbit WFC3 imaging
program centered on the GOODS-North and South fields. Designed to capitalize on existing
WFC3/UVIS imaging from the CANDELS (Grogin et al. 2011; Koekemoer et al. 2011)
and UVUDF (Teplitz et al. 2013; Rafelski et al. 2015) programs, the HDUV survey imaged
both of the GOODS fields in the F275W and F336W filters around or within the existing
CANDELS and UVUDF footprints.

We explored the HDUV GOODS-N dataset in J18. Here we focus on the HDUV
GOODS-S dataset, which includes one science image per filter and corresponding maps
of the per-pixel rms, all drizzled to a 60 mas pixel resolution. The final HDUV images
incorporate data from the UVUDF survey, which substantially deepens this region of the
field. We do not include data from the region of the CDF-S field observed by the Early
Release Science (ERS; Windhorst et al. 2011). This area is almost a magnitude shallower
in F275W than the regions that we use, and it contains significantly more artifacts; thus,
we are unable to construct a high-significance < 26 magnitude sample for that region.

When measuring our F275W fluxes (see Section 3.3.1), we smoothed the F275W
and F336W images using the scipy.ndimage.gaussian filter function with a standard
deviation of 2 to minimize the impact of residual noise on our measurements, though as we

will show, these residuals still contribute significantly to our flux uncertainties.
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3.2.2 Optical/NIR Spectroscopy

Secure spectroscopic redshifts are required for reliable identification of LyC-leaking
candidates, as photometric redshift estimates and by-eye inspections are frequently con-
taminated by galaxies along the line-of-sight (e.g., Vanzella et al. 2010a; Siana et al. 2015;
J18). We therefore narrow our search only to those galaxies with robust spectroscopic red-
shifts between 2.35 and 3.05. At the lower redshift bound, the Lyman limit sits at 3055.2
A, at which point the total throughput of the F275W filter has declined to 2.3% on the
red side. Adopting a slightly stricter redshift minimum of z = 2.37, at which point the
Lyman limit sits at 3073.4 for a total F275W throughput of 1%, does not remove any of our
candidates, nor does it substantially change the results of our stacking analyses in Section
3.4.

Similarly, the upper redshift bound relates to the wavelength at which the F336W
filter probes only the redshifted LyC. Although we considered F275W-bright candidates
with redshifts up to z = 3.55 in the GOODS-N in J18, in this work we use z = 3.05 as the
upper redshift bound in both the GOODS-N and GOODS-S subsamples for consistency. In
principle, ionizing sources at z > 3.05 could also be detected in F336W using the methods
described below, though the rapidly increasing opacity of the IGM to LyC photons at
z = 3 —4 would make such a search somewhat more difficult (e.g., Inoue et al. 2014). Since
the LyC is redshifted fully into the F275W bandpass at 2.35 < z < 3.05, the deep and
relatively wide F275W coverage provided by the HDUV survey enables us to search for
potential sources of ionizing radiation at high redshift.

We consulted spectroscopic catalogs from the literature (Popesso et al. 2009; Balestra
et al. 2010; Cowie et al. 2012; Kurk et al. 2013; Morris et al. 2015; Bacon et al. 2017; Inami

et al. 2017; Pentericci et al. 2018; Barger et al. 2019; Urrutia et al. 2019), along with
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unpublished spectra that we have obtained with Keck/DEIMOS, to identify sources in the
GOODS-S in the redshift range of interest. We limited ourselves to objects with redshifts
marked as high-quality /confidence by the respective authors. For example, we only included
spectroscopic redshifts from the MUSE-Deep and MUSE-Wide surveys that are flagged as
confidence level 3, which represent unambiguous, multiple-line detections (for MUSE-Deep;
Bacon et al. 2017 and Inami et al. 2017) or identifications with “very high certainty” (for
MUSE-Wide; Urrutia et al. 2019).

Our final list of candidates (see Section 3.3.1) has spectroscopic redshifts from the

MUSE-Deep program and from the catalogs of Balestra et al. (2010) and Kurk et al. (2013).

3.2.3 X-ray Imaging

To identify X-ray counterparts to our F275W sample (see Section 3.3.1) and to
weed out probable AGN, we used X-ray data and catalogs from the 7 Ms Chandra X-ray
Observatory exposure of the Chandra Deep Field-South (Luo et al. 2017), which reaches
a limiting flux of fos_okev ~ 6.4 x 107® erg cm™2 s7! near the image center. There are
95 F275W sources with X-ray counterparts within a 1”5 search radius. We computed the

rest-frame 2 — 8 keV luminosities, Ly, of these counterparts from the 0.5 — 2 keV fluxes

with an assumed I' = 1.8 and no absorption correction using

1+z -2 B
Ly = 4rnd? f0_5_2kev( 0 ) erg s 1. (3.1)

Of the sources with X-ray counterparts, four have Ly > 10*? erg s~!, which classifies
them as AGN. One of these is a BALQSO. However, none of our candidate high-redshift

LyC-leaking sample (defined below) have X-ray counterparts.
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Figure 3.1 : Top: Spectroscopic redshift vs. HST /ACS F435W magnitude for all galaxies
in the 43.5 arcmin? footprint of the HDUV GOODS-S with F850LP < 26, which defines
our parent sample. Bottom: Spectroscopic redshift vs. HST/WFC3 F275W magnitude
for our primary UV sample of 1115 sources in the GOODS-S with F275W magnitudes <
26 and total errors fainter than 27.19, corresponding to a 3o detection. Red circles mark
sources with an X-ray counterpart in the Chandra Deep Field South 7 Ms catalog. The
purple shaded region shows the redshift interval where the F275W bandpass straddles the
Lyman limit. The four > 30 LyC-leaking candidates lie above this region.

3.3 Search for Individual z ~ 3 Candidate LyC Leakers in the
GOODS-S

J18 describes our search for LyC-leaking candidates in the HDUV GOODS-N field.
In the GOODS-S, we begin with all F850LP < 26 galaxies that are covered by the
43.5 arcmin? footprint of the HDUV observations. This area lies entirely within the
GOODS-S observations of Giavalisco et al. (2004) obtained with HST’s Advanced Camera
for Surveys (ACS). At z ~ 2.5, the ACS F850LP filter probes the rest-frame FUV at ~2500
A, providing a reasonable selection of star-forming galaxies at these redshifts. In the top
panel of Figure 3.1, we plot redshift versus F435W magnitude for this area. Spectroscopic
identifications are 97% complete below F435W = 24, 85% from F435W = 24—24.5, and

63% from F435W = 24.5—25.
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3.3.1 F275W Measurements in the GOODS-S

Using the Python Source Extraction and Photometry (SEP) library! (Barbary 2016),
which is based on the SExtractor program of Bertin & Arnouts (1996), we measured F275W
fluxes in 2” and 4” diameter apertures at the position of each F850LP < 26 source with UV
coverage. We also estimated the local median background at each source position in a 4 — 8"
diameter annulus and subtracted this from the aperture fluxes. Comparing background-
subtracted small- and large-aperture magnitudes (for extended objects with 21 < F275W
< 25, to avoid saturated or low S/N sources) reveals a median offset of -0.18 mag, which
we added back to the 2” magnitudes as an aperture correction.

We initially measured magnitude errors in 2”7 apertures from the associated rms noise
files, with the same -0.18 mag aperture correction applied. However, this resulted in
the selection of objects that, though they are detected nominally at moderate (> 30)
significance in F275W, appeared to be pure noise upon visual inspection.

To estimate the effect of residual noise in the science maps on our flux measurements,
we performed the same aperture photometry methods described above at ~10,000 random
positions across the HDUV field in both the F275W science and rms images, with the same
smoothing applied for consistency with our source flux measurements. If we were to use
only the rms image to determine uncertainties, we would underestimate the true noise by
a factor of 2. This translates to an offset of -0.376 mag, which we added to our initial
magnitude errors.

Our primary UV sample consists of 1115 sources with F275W magnitudes brighter
than 26 and total errors fainter than 27.19, corresponding to a > 3¢ detection. In the

bottom panel of Figure 3.1, we show redshift versus F275W magnitude for this sample.

Thttps://github.com/kbarbary /sep
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Spectroscopic identifications are nearly fully complete to F275W = 24.5 (with only two
sources out of 248 missing or unidentified), 92% complete from F275W = 24.5 — 25, and
57% complete from F275W = 25 —26. The rapid drop-off in spectroscopic completeness at
fainter UV magnitudes is a major motivation for our F275W = 26 cutoff, even though one
might expect the number of candidate z ~ 2.5 — 3 LyC leakers to increase at very faint UV
magnitudes. We have four LyC-leaking candidates in the redshift range 2.35 < z < 3.05
from this selection.

Requiring a > 30 detection in F275W at the depth of the HDUV imaging will
necessarily miss UV-fainter sources that otherwise may merit further consideration as LyC-
leaking candidates. We therefore used the following color selection as a secondary way of
selecting potential LyC leakers. We required (1) F435W < 25; (2) F606W — F850LP < 1
mag; and (3) F275W signal-to-noise ratio (SNR) > 2. The first condition ensures that this
color-selected sample remains fairly spectroscopically complete, while the other conditions
select sources with at least marginal F275W detections and relatively flat rest-frame, non-
ionizing UV continua. As shown in Figure 3.2, this selection yields four candidates above
our minimum redshift threshold, three of which were already selected directly using our
> 30 criterion. The remaining source (enclosed in the green circle in Figure 3.2) is detected
at 2.60 in F275W.

In summary, we have identified five candidate high-redshift LyC leakers in the redshift
range 2.35 < z < 3.05 in the GOODS-S, four of which are detected at > 3o significance in
F275W. With a total of 46 sources with UV coverage and secure redshifts in the redshift
range, this leads to a ~ 10.9% raw success rate in identifying candidate LyC-leaking
galaxies. However, after removing two candidates contaminated by foreground galaxies

(see Section 3.3.2), this success rate drops to ~ 6.5%.
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Figure 3.2 : F275W — F435W color vs. spectroscopic redshift for sources with relatively
flat rest-frame UV continua. Red circles mark sources with an X-ray counterpart in the
Chandra Deep Field South 7 Ms catalog. Sources with lower limits on F275W — F435W
are plotted at their 20 values with blue arrows. The open green circle marks the single
2.35 < z < 3.05 source detected at > 20 significance in F275W that was not already
selected with our > 3o significance criterion. The purple hatched region shows the redshift
interval where the F275W bandpass straddles the Lyman limit.

3.3.2 Five Candidate LyC Leakers in the GOODS-S

In Table 3.1, we list the basic properties of our five candidate LyC leakers in the
GOODS-S. This includes an ID number, identical to those given in Table 3 of Guo et al.
(2013); decimal coordinates; a spectroscopic redshift from ground-based observations; the
F275W magnitude and error (including the -0.18 mag aperture correction and -0.376 mag
noise correction); F435W magnitude; and F606W — F850LP color. In Figure 3.3, we show
both a three-color thumbnail (left; red = F160W, green = F850LP, blue = F435W) and
the F275W thumbnail (right) of each source.

Although we selected our candidates to have high-quality spectroscopic redshifts from
2.35 < z < 3.05, the optical spectra for two sources (objects 9890 and 20277 in Table 3.1)
show evidence of an intermediate redshift galaxy along the line-of-sight to the high-redshift

galaxy. In source 9890, this is betrayed by the presence of an [OIII]AAN4959,5007/Hf3
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Figure 3.3 : Three-color images (left; red = F160W, green = F850LP, and blue = F435W)
and F275W thumbnails (right) of our five candidate LyC leakers. Cyan contours show
regions where the F275W per-pixel SNR exceeds 5o, and the white dashed circle shows the
2" diameter aperture used in measuring the magnitudes. Images are 6” on a side; North
is up and East is to the left. For each source, the redshift (F275W SNR) is given at the
bottom of the left (right) image. Sources 9890 and 20277 were found to be contaminated
by low-redshift interlopers.

complex at z = 0.784. In source 20277, we see a strong [OIIJAA3727,3729 doublet at
z = 1.094. At these intermediate redshifts, the F275W filter probes the rest-frame FUV
at ~ 1300 — 1500 A, well above the Lyman limit. The UV fluxes for these two sources
are almost certainly dominated by the foreground galaxies and hence cannot be used to

measure the ionizing flux output at z ~ 2.5.
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Table 3.1 : SUMMARY OF CANDIDATE LYC LEAKERS

ID® R.A. Dec. .. F275W (Error) F435W F606W — F850LP
9890'  53.096661 -27.772339 2483 2550 (27.21)  24.68 0.57
202312 53.157532 -27.798981 2.678  25.67 (27.54)  25.49 0.33
20277 53.157845 -27.814756 2.573  25.93 (27.30)  24.40 0.39
246393  53.188301 -27.829344 2571  26.00 (27.22)  24.58 0.21
13620'  53.118439 -27.805323 2.627 26.18 (27.24)  24.59 0.16

NOTE—*Object IDs are the same as in Table 3 of Guo et al. (2013). Sources with ID numbers
in bold were later confirmed to be contaminated by foreground
galaxies upon inspecting their spectra.
bSpectroscopic redshifts from (1) GMASS (Kurk et al. 2013), (2) MUSE-Deep (Bacon et al.
2017; Inami et al. 2017), or (3) Balestra et al. 2010.

We note that these contaminated galaxies, particularly object 9890, reinforce the need
for deep optical and NIR spectroscopy to confirm the nature of any proposed LyC leakers.
In the case of object 9890, the photometric redshift without HDUV data (2,p0: = 0.698;
Momcheva et al. 2016) is more consistent with the spectroscopic redshift of the foreground,
low-redshift galaxy. Yet once the HDUV data are included, the photometric redshift better
matches the spectroscopic redshift of the background galaxy (z,net = 2.36; Oesch et al.
2018), meaning a selection based only on photometric redshifts would falsely label this
source as a LyC leaker.

We now briefly discuss our remaining three candidate LyC leakers in the GOODS-
S and the foreground contamination rate in our overall candidate sample. First, three
distinct components are seen in the three-color thumbnail for source 20231 (upper-right of
Figure 3.3): a generally red galaxy with two clumps, both of which are at almost-identical
spectroscopic redshifts (R. Bacon, private communication), though it is unclear whether
they constitute a single galaxy or an interacting pair. In any case, the F275W flux is not
coincident with the blue clump to the southeast, but instead with the relatively red knot

of emission near the image center.
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Second, in source 24639 (middle-right of Figure 3.3), the F275W emission is offset
from the position of the non-ionizing flux from this galaxy by ~ 0’8, which corresponds to
about 6.4 proper kpc at z = 2.571. Though regions of LyC escape may not always be fully
coincident with the bulk of the stellar emission, the lack of non-ionizing flux at the position
of the F275W emission in this source is unusual. We do not remove this object from the
list of LyC candidates, but in subsequent sections we note the effects of excluding it from
our calculations.

Third, there is a similar off-center clump of F275W emission to the east of source
13629. However, unlike the case for source 24639, object 13629 also shows hints of F275W
emission coincident with the position of the non-ionizing flux from this galaxy.

To estimate the expected level of foreground contamination, we ran Monte Carlo
simulations to randomize the positions of all galaxies in the HDUV GOODS-S field,
regardless of redshift identification or F275W magnitude. This assumes a spatially uniform
foreground F275W population with a surface density of around 486,900 deg™2 (the number
of galaxies within the HDUV GOODS-S footprint divided by its 43.5 arcmin? area), similar
to the assumptions in Vanzella et al. (2010a). For a sample size of 5, at least one galaxy
is contaminated in 27% of our 500 simulations, with a mean of 0.3 & 0.6 contamination
events. This is consistent with expectations from a simple binomial probability distribution,
in which the probability of any single contamination event is proportional to the source
surface density and the aperture size (Nestor et al. 2013). For the surface density given
above and an aperture of radius 1”, an average of 0.48 + 0.66 contamination events are
expected in a sample of size 5.

Finally, we must also be concerned about the limitations of our sample selection
in that we are only using sources with known spectroscopic redshifts. As we have argued

above, it is dangerous to use photometric redshifts, which may be biased against continuum
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leakers, and where sources with incorrect high redshifts may also result in incorrect high
fluxes. However, we have inspected the 185 SFGs that would be placed in the z = 2.35 —
3.05 redshift range by the Straatman et al. (2016) catalog of photometric redshifts in the
field and do not have spectroscopic redshifts. These have only two 30 F275W detections
and no significant total signal (—0.25 4+ 0.58 pJy).

Although the apparent offsets between the ionizing and non-ionizing radiation in some
of these sources (particularly object 24639) are peculiar, we retain all of these objects as
candidate LyC leakers. We emphasize that an absence of evidence for contamination by
foreground galaxies does not equate to positive evidence that such foreground contaminants
are absent. For this reason and out of an abundance of caution, we assert that our three

remaining sources in the GOODS-S should only be considered LyC-leaking candidates.

3.4 Mean ionizing emission from an averaging analysis using both

GOODS fields

In addition to searches for individual LyC leakers, the depth and breadth of UV
coverage offered by the HDUV data enable a robust measurement of the “typical” ionizing
flux output of z ~ 2.5 galaxies via averaging.

We select all 2.35 < z < 3.05 galaxies with high-quality spectra that lie within
the F275W footprint of the HDUV survey in both GOODS fields. For each field and
band subsample, we applied the same photometric procedure that we used in our search
for individual candidate LyC leakers in Section 3.3.1 in order to determine the flux and
error for all the sources, including those not detected individually. In Figure 3.4, we show
F275W flux versus F850LP magnitude for our F275W subsamples in the GOODS-S and
the GOODS-N.

We next excluded sources with X-ray counterparts and sources whose spectra clearly
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include emission features from a line-of-sight foreground contaminant. The X-ray non-
detection criterion precludes any major contributions from AGNs to our stacks. For the
GOODS-S, we use the 7 Ms Chandra Deep Field-South catalog (Luo et al. 2017; see
Section 3.2.3). For the GOODS-N, we use the 2 Ms Chandra Deep Field-North catalog
(Alexander et al. 2003; Xue et al. 2016). We also searched for any objects with very nearby
(< 2") projected neighbors that might affect our aperture flux measurements, but we did
not find any. Our upper redshift bound is approximately the redshift at which the F336W
filter begins to probe only rest-frame wavelengths < 912 A.

We then computed the error-weighted mean flux of all the sources in each subsample
and multiplied that value by the number of sources in the subsample. Because the flux
errors for our sources are very similar to one another, this is quite similar to computing an
unweighted sum. In the GOODS-S, this selection yielded 38 sources. In the GOODS-N,
where the areal coverage in F275W is wider than in F336W, this yielded 91 sources with
F275W coverage and 69 sources with coverage in both bands. In Table 3.2, we summarize
the measured properties for the individual and combined GOODS fields.

In the GOODS-S, the overwhelming majority of the total contribution at F275W
(0.46 pJy of 0.51 puJy) comes from the three candidate LyC leakers listed in Table 3.1. If
we remove individual candidates from the stack (specifically, source 24639, which appears
to have no non-ionizing emission coincident with its F275W detection), the total F275W
flux drops to 0.42 pJy, of which 0.32 pJy is attributable to the remaining two candidates.
Removing all three candidates from the stack reduces the error-weighted mean to 0.002 +
0.006 pJy, giving a total contribution of only 0.070 4+ 0.21 uJy.

In order to check the background, we randomized the positions of the GOODS-S
subsample and measured the magnitudes at these positions. We then processed the sample

in the same way as the real sample, i.e., by eliminating low redshift sources, X-ray sources,
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Figure 3.4 : F275W flux vs. F850LP magnitude for all 2.35 < z < 3.05 galaxies with high-
quality spectra that lie within the F275W footprint of the HDUV survey in the GOODS-S
(top) and GOODS-N (bottom). Sources with X-ray counterparts are marked in green, while
> 30 detections, both positive and negative, are marked in either red or blue (the latter is
used to indicate sources contaminated by foreground galaxies). Note that GN-UVC-6 is a
2.90 source and hence not marked in red in the lower panel. GN-UVC-1, the GOODS-N
quasar shown in the lower panel, is marked in green with an upward pointing arrow, since
its measured flux is much higher than the y-axis limit.

Table 3.2 : PROPERTIES OF THE ERROR-WEIGHTED SUMMED FLUXES
Field F275W (SNR) F336W (SNR)
(1Jy) (uJy)
GOODS-S 0.51 (2.3) 2.83 (21)
GOODS-N  0.52 (1.5) 6.74 (23)
Both 1.00 (2.5) 9.10 (30)
NOTE—The area covered in the GOODS-N in F336W is smaller than that in F275W.

or very nearby bright neighbors. We measured 120 random samples and found a mean
background of 0.070 + 0.023 pJy, which is negligible compared with the measured value in
the real sample. 15% of the random samples had mean backgrounds that exceeded the total
contribution of the real sample, which may suggest that we are slightly underestimating
the true noise. However, it should be emphasized that we did not carefully curate the
random samples in the same way that we did the real sample, and, thus, we may have a

higher degree of unrecognized foreground contamination, which could result in an overly
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large dispersion.

Despite the greater number of sources in the GOODS-N, the total contribution at
F275W is similarly small at just 0.52 pJy. As with the GOODS-S, a large fraction of
the total contribution comes from just a small number of sources; here ~ 40% (0.21 pJy)
is attributable to just two sources. These are GN-UVC-6, a color-selected LyC-leaking
candidate at z = 2.439 that we discussed in J18 (a 2.90 detection in F275W), and a
z = 2.98 galaxy with an F275W magnitude of ~26.21 (an ~ 3o detection). The latter
object was not discussed in J18 because we considered only high-redshift objects detected
at > 4o significance in constructing our F275W sample, and the source also did not turn
up in our color-selected sample, which probed to lower significance. In any case, this leaves
~ 0.3 puJy of F275W unaccounted for, which must come from the remaining 89 sources.

Finally, if we combine the two fields, we calculate a total contribution of 1.00 +
0.41 pJy at F275W, of which about 0.67 pJy is directly attributable to the five LyC-
leaking candidates discussed above (3 in the GOODS-S and 2 in the GOODS-N). Removing
an individual candidate from this calculation (specifically source 24639, for the reasons
mentioned in Section 3.3.2) does not substantially change this result: the remaining 128
galaxies combined contribute 0.87 4+ 0.39 uJy, of which 0.53 is directly attributable to the
remaining candidates. Given the error on the total contribution, both cases are consistent
with the remainder of our sample contributing little or nothing to the overall ionizing flux

output at z ~ 2.5.

3.5 An Image stacking visualization in both GOODS fields

For visualization purposes, in Figure 3.5, we show stacked images in each band for
the sample in each GOODS field, as well as for both fields combined. Bright points more

than 1”7 away from the image center (for example, the bright spot to the upper right in the
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Zmean = 2.63 Zmean = 2.69 Zmean = 2.67

Figure 3.5 : F275W (top) and F336W (bottom) stacks of spectroscopically identified
sources between 2.35 < z < 3.05 with UV coverage from the HDUV survey. Images from
left to right show stacks from the GOODS-S, the GOODS-N, and both fields combined.
Images are 6” on a side and stretched to the same pixel values for each band (except for the
F336W image of the combined GOODS fields, which saturates at the color scale used for
the individual fields). North is up and East is to the left. The differing number of sources
in the GOODS-N stacks (middle column) are due to wider areal coverage of the field in
F275W than in F336W.

first row of Figure 3.5) are likely foreground galaxies with significant F275W flux, though
these do not affect our measurements at z > 2.35. Most of our candidate LyC leakers
across both fields lie at z ~ 2.4 — 2.7, just above our redshift threshold of 2.35. At higher
redshifts, it is increasingly likely that a Lyman limit system along some line-of-sight will
wipe out any emergent ionizing flux, leading to a greater number of non-detections (see
Section 3.6). Because of this, it is possible that including sources at the higher-redshift
end of the range we probe here in the stacks could “dilute” some underlying average signal

from sources at the lower-redshift end.
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To test this, we broke apart our stacks for the combined GOODS fields into three
redshift bins, each with equal numbers of galaxies, and performed the same analysis. At
F275W, we found nondetections in all three redshift bins. This suggests that the “dilution”
does not affect our ability to detect possible LyC-leaking galaxies at the depth of the HDUV
F275W data. Meanwhile, the stacked detection in F336W remains fairly strong in all three
redshift bins, dropping from SNR = 21.6 in the lowest-redshift bin to SNR = 5.7 in the
highest, where most of the band now probes the rest-frame Lyman continuum.

In summary, we are left with (1) a handful of candidate LyC-leaking galaxies that
appear to be individually detected at moderate significance (at the 2 3o level), and (2)
a general population of galaxies that are essentially invisible at LyC wavelengths, even in
stacked images. This has some parallels to the results of the LACES program (Fletcher et
al. 2019), which used deep WFC3/UVIS imaging in F336W of the SSA22 field to search
for z ~ 3.1 LyC leakers that are also Ly« emitters and Lyman break galaxies. While they
successfully detect significant LyC flux in ~ 20% of their targets, the majority of their
sources (42 of 54) are faint in F336W (SNR < 4). Stacking these non-detections yielded
no net signal, with an upper limit of F336W = 31.8 (30 in a 0.12"aperture). This led
the authors to conclude that detection of LyC emission in their sample is dichotomous,
occurring either fairly strongly in individual sources or not at all.

However, we note two important differences in methodology that distinguish this work
from Fletcher et al. (2019). First, their high success rate in identifying LyC leakers (for
comparison, we have a ~ 6.5% success rate in the GOODS-S—that is, three candidates
out of 46 total sources with robust redshifts in the z = 2.35 — 3.05 range and with UV
coverage) can be attributed largely to (1) the depth of their F336W exposures compared
to the typical depth of an HDUV pointing (~30 mag at 30 in a (12 diameter aperture in

LACES vs. ~27.5 mag at 5o in a 074 diameter aperture in HDUV), and (2) the higher
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Figure 3.6 : F275W flux vs. redshift for the 129 galaxies with high-quality spectroscopic
redshifts and F275W coverage in both GOODS fields. The quasar in the GOODS-N (GN-
UVC-1 from J18) is marked in green with an upward pointing arrow, since its measured flux
is much higher than the y-axis limit. The red and blue squares are all the > 30 detections,
positive or negative, with the blue denoting contamination by foreground galaxies. Note
that GN-UVC-6 is a 2.90 source and hence not marked in red. Thus, there are five
> 30 LyC-leaking galaxy candidates in the redshift range 2.35 < z < 3.05. The thick
black curve shows the transmission over this redshift range (right-hand y-axis scale), which
drops rapidly as one moves to higher redshifts. The purple curve shows the F275W filter
transmission at the LyC edge as a function of redshift. The y-axis units are arbitrary.
Above z = 2.35, we will only have LyC photons within the filter.

throughput in F336W compared to F275W, which partially offsets the rising opacity of the
IGM to LyC photons at z > 3. Second, their HST /WFC3 followup was highly targeted,
focusing on a set of sources that were already known to have high Lya equivalent widths
and large O32—both of which may correlate with LyC escape (Nakajima & Ouchi 2014;
Izotov et al. 2016a,b, 2018; Micheva et al. 2017; Marchi et al. 2018; Steidel et al. 2018).
In contrast, the sample presented here is virtually blind to such selection effects, since we
require only that a source be reasonably bright in F275W and that it have a spectroscopic

redshift.



69

3.6 Contributions to the Metagalactic Ionizing Background

Determining the absolute escape fraction for each of our candidate LyC leakers is
challenging, if not impossible, without reliable knowledge of each source’s intrinsic spectral
energy distribution (SED) and degree of reddening. Instead, we consider the extent to
which our candidate sample contributes to the metagalactic ionizing background. To do
so, we combine the GOODS-N and the GOODS-S data. Excluding the spectroscopically
contaminated sources, we have a total of 129 SFGs together with 9 AGNs based on the X-
ray properties. We have identified six of these as candidate LyC leakers. These consist of a
single quasar (the LyC-luminous source GN-UVC-1 from J18) and the five SFGs described
in Section 3.4. GN-UVC-1 dominates the flux in the two fields with a F275W flux of 2 uJy,
roughly twice the contribution of all of the SFGs even when including the candidate LyC
leakers (1.00 & 0.41 pJy). The remaining AGNs contribute only an insignificant total of
0.096 pJy. Because of the sparseness of the luminous AGNs, the fields are too small to
make an accurate estimate of the AGN contributions, and we focus solely on the SFGs.

We converted each SFG’s F275W flux density to an ionizing volume emissivity, €go,
defined as the luminosity density at 900 A per unit frequency, divided by the comoving
survey volume based on (1) the total survey area in F275W (131 arcmin?) and (2) the
redshift bounds 2.35 < z < 3.05. We simplified our calculations by assuming that the
entirety of each SFG’s F275W flux falls at the filter’s effective wavelength of ~ 2714 A, or
rest-frame ~750 A. We further assumed that the emergent SEDs of these galaxies are flat
in frequency space (i.e., fy & A’ with # = —2) both blueward and redward of 912 A, albeit
with different amplitudes on each side of the Lyman limit. While a shallower spectral slope
at Arest < 912 A may be more plausible, the assumption of a spectrally flat LyC allows us

to use our measured flux densities “as-is”, without the need for scaling to 900 A, which
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would only increase our calculated values of €gg9. This assumption thus allows us to remain
as conservative as possible when estimating the ionizing emissivities.

Intergalactic transmission losses are substantial for the higher redshift galaxies seen in
the F275W band, and these losses need to be taken into account in computing the ionizing
emissivity. Below the LyC wavelength, the opacity is dominated by sources with N(HI)
column densities near the Lyman limit (log N(HI) = 17.2 cm™?). Because the number of
absorbing systems is small, there is a wide variation in the mean flux in the F275W filter,
after intergalactic absorption, relative to the galaxy flux at rest-frame 900 A (e.g., Inoue
et al. 2014 and references therein). The transmission also drops rapidly with increasing
galaxy redshift as the intergalactic path length increases.

In order to compute the transmission correction, we ran Monte Carlo simulations,
assuming the number of N(HI) systems per unit N(HI) is a power law with index —1.7,
and the number of Lyman limit systems with 7 > 1 per unit dz is given by the analytic
form 2.8 x ((1 + 2)/4.5)"9 of Songaila & Cowie (2010). In Figure 3.6, we show the mean
flux in the F275W filter relative to the galaxy flux at rest-frame 900 A versus redshift,
which drops from 0.37 at z = 2.35 to 0.065 at z = 3. Because of this rapid drop in
the mean transmission, we have chosen to divide the sample into two redshift intervals in
computing the corrected emissivity. We find a logarithmic value for eggg of 25.0 4+ 0.3 erg
s71 Hz7! Mpc™ in the z = 2.35 — 2.7 interval. Removing source 24639 from our calculation
in the lower-redshift interval decreases the value of log(€egog) by about 0.15 dex.

The bulk of our ionizing flux (67%) comes from the five SFGs, with the remaining
galaxies contributing only a small fraction. This is consistent with the results of Smith
et al. (2018, 2020), who do not detect significant LyC emission in their own stacking
analyses. This bimodality may be caused by favorable lines-of-sight through the ISM of

the host galaxy (e.g., Cen & Kimm 2015) and/or the IGM rather than by the intrinsic



71

N N N N
L [ (6] (6}
o (S}

log &9p0 (erg s7! Hz! Mpc‘3)
N
w

N
w

REDSHIFT

Figure 3.7 : Ionizing volume emissivity at z = 2.35 — 2.7 and 2z = 2.7 — 3.05 estimated
from our 5 LyC-leaking candidates together with our stacking analysis of the remaining
z = 2.35—3.05 galaxies in the combined HDUV-GOODS fields (filled gold stars). Horizontal
error bars on our data points indicate the redshift range. To compare with literature
observations of the ionizing emissivity from AGN, we show data points from Cowie, Barger,
& Trouille (2009) and Micheva et al. (2017) (red triangles and black squares, respectively)
and best-fit models from Cowie, Barger, & Trouille (2009) and Haardt & Madau (2012)
(red and blue curves, respectively). For the contribution from SFGs, we show the data
point from Steidel et al. (2018) (open green diamond). Cyan circles show the total inferred
metagalactic ionizing luminosity density from Becker & Bolton (2013).

galaxy properties, with the small number of candidate LyC leakers corresponding to lines-
of-sight with low IGM absorption. Even at z = 2.35, 14% of the lines-of-sight have < 10%
transmission in the F275W filter, and only 30% of the lines-of-sight have transmission above
50%, while at z = 2.7, 48% of the lines-of-sight have < 10% transmission in the F275W
filter, and only 5% of the lines-of-sight have transmission above 50%. This is consistent
with the redshift distribution of the candidate LyC leakers (Figure 3.6), four of which lie
in the lower-redshift interval (z = 2.35 — 2.7).

In Figure 3.7, we summarize the results of our calculations and put them into context
using other z ~ 3 measurements of the ionizing background from the literature. The level

of ionizing volume emissivity that we estimate from the SFGs is roughly consistent with
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other recent estimates, such as that of Steidel et al. (2018) at slightly higher redshifts. It
is above the AGN ionizing output measured by Cowie, Barger, & Trouille (2009), Haardt
& Madau (2012), and Micheva et al. (2017) in large samples of quasars and broad-line
AGNs at similar redshifts. Becker & Bolton (2013) used Ly« forest observations to infer
the total ionizing background from 2 < z < 5. At z = 3.2, they estimated a nominal
log(€gno) = 24.9 erg s~! Hz~! Mpc~3, which is comparable to our estimates of €ggo for the
SFG ionizing background at these redshifts. However, we emphasize that there may be
further contamination in our sample by intervening sources that we have not identified.

Hence, the present values should be considered as upper limits.

3.7 Summary

We have presented a search for candidate LyC leakers at z ~ 2.5 — 3 in the GOODS-
S field using a combination of deep HST/WFC3 F275W imaging data from the HDUV
survey (Oesch et al. 2018) and extensive optical /NIR spectroscopy. We found four candidate
ionizing sources brighter than F275W = 26, plus one additional source just below this cutoff
with very blue rest-frame UV colors. However, two of these five sources are contaminated
by foreground lower redshift galaxies, as seen in their optical spectra, leaving only three
possible candidate LyC leakers.

We performed an averaging analysis of all the sources with spectroscopic redshifts
2.35 < z < 3.05 in the HDUV areas in both the GOODS-S and GOODS-N and found that
the total ionizing output of galaxies at these redshifts is dominated by just five individual
candidate LyC leakers. These include the three GOODS-S sources described above, and
two sources in the GOODS-N (one of which was presented in J18). Allowing for the
very substantial effects of intergalactic absorption, we found that the volume ionizing flux

roughly matches that required to ionize the IGM at these redshifts (Becker & Bolton 2013)



73

and is consistent with other recent estimates.
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Chapter 4

Introduction to the (Sub)-Millimeter

High-Redshift Universe

4.1 Phenomenology of Submillimeter Galaxies

Since the launch of the COBFE satellite in the 1990s, astronomers have determined
that the universe shines as brightly in the far-infrared (FIR) as it does in the UV and optical
(Puget et al. 1996; Fixsen et al. 1998; Dole et al. 2006; Cowley et al. 2019). In the decades
since, many studies (beginning with the first 850 pum observations with the Submillimeter
Common-User Bolometer Array (SCUBA) on the 15 m James Clerk Maxwell Telescope
(JCMT)) have shown that the vast majority of this cosmic infrared background can be
attributed to resolved sources now referred to as submillimeter (submm) galaxies or SMGs.
(See, e.g., Smail et al. 1997; Barger et al. 1998; Hughes et al. 1998, and Eales et al. 1999
for some of the first reports on SMGs, and Chen et al. 2013 and Odegard et al. 2019
and references therein for in-depth discussions relating SMG number counts to the cosmic
infrared background).

As the name may imply, the bolometric luminosity of SMGs is dominated by emission
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Figure 4.1 : Left: The star formation rate density per comoving volume for SCUBA-2
SMGs with SFR > 500M, yr~!. The data are binned into redshift intervals A z = 1 wide,
with the 68% confidence range shown as the hatched region. The blue curve shows the
total (UV+IR) SFR density as a function of redshift from Madau & Dickinson (2014) after
conversion to a Kroupa IMF'; the red curve shows the same, multiplied by 0.4 to match the
amplitude of the data points. Right: Number of sources per log(SFR) bin per comoving
volume, split by redshift. Although the normalization is highest at z ~ 2 — 3 (magenta
points), these data suggest a roughly constant proportion of ultra-luminous SMGs to more
moderate ones out to at least z ~ 5. Figure reproduced from Cowie et al. (2017).

at FIR through millimeter wavelengths. Like their low-redshift cousins, the ultra- and
hyperluminous infrared galaxies (ULIRGs and HyLIRGS), SMGs are heavily enshrouded
in dust (with optical extinctions Ay ~ 2 — 5), which obscures and absorbs much of the
ultraviolet flux in these galaxies and re-radiates it into the FIR. It is thought that this
dust emission is powered mostly by massive, UV-bright stars, though some SMGs may
also host an obscured AGN, which can contribute to the UV-FIR energy balance (e.g.,
Haziminaoglou et al. 2010; Gall et al. 2011; Wang et al. 2013a; Barger et al. 2019).

The inferred FIR luminosities imply prodigious rates of star formation in SMGs, often
in excess of 500 Mg, yr~! and as high as ~ 6000 M, yr~!, assuming a Salpeter (1955) initial
mass function (Barger et al. 2014). As such, they are responsible for a large fraction of
the cosmic star formation rate density (SFRD) at z > 2, where they are most common

(Chapman et al. 2005; Simpson et al. 2014; Neri et al. 2020). Depending on the sample and
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redshift range, literature reports suggest that between ~20 and 50% of the SFRD at z > 2
is powered by SMGs (e.g., Le Floc’h et al. 2005; Barger et al. 2014; Madau & Dickinson
2014; Cowie et al. 2017; Dudzeviciute et al. 2020); see also the left panel of Figure 4.1,
which has been reproduced from Cowie et al. (2017).

Finally, SMGs are thought to be likely progenitors of modern, massive ellipticals and
of compact quiescent galaxies at intermediate redshifts, which appear to have built up their
stellar masses at early times and over short durations (e.g., Thomas et al. 2010; Carilli &
Walter 2013; Simpson et al. 2014; Toft et al. 2014). As sites of intense star formation,
merger activity (e.g., Toft et al. 2014), and possible accretion of cold gas (e.g., Tadaki
et al. 2018), several lines of evidence point to SMGs also being tracers of massive halos
in the high-redshift universe (e.g., Chen et al. 2016; Dudzeviciute et al. 2020; Long et al.
2020). This last point motivates the research presented in the next chapter, in which I
report the discovery of a new, SMG-rich protocluster of galaxies. A full description of the

phenomenology of SMGs is given in Casey et al. (2014).

4.2 Observational Utility of Submillimeter Galaxies at High Red-
shift

While difficult to observe at all but the lowest redshifts at UV and optical wavelengths
due to their extremely dusty nature, SMGs are quite easy to observe at (sub)millimeter
wavelengths out to very high redshifts due to a peculiarity in the shape of their FIR SEDs.
In brief, dust emission in SMGs is well-described by a modified blackbody, S « (1—e~7)B,,
where B, is the Planck function. Here, the differential opacity of dust as a function of
frequency 7 o< v? (Draine 2006) imposes a steeper-than-normal dependence of source flux

on v (hence the moniker of a “modified” blackbody); values of 5 between 1.5 and 2.5 are

typical in studies of ULIRGs and SMGs (e.g., Dunne & Eales 2001). A peak rest-frame
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Figure 4.2 : An SED of the merging galaxy system Arp220, a ULIRG and prototype
for SED modeling of many other dusty starbursts in the literature, reproduced from
Contini (2013); see Contini (2013) for references for the plotted multiwavelength flux values.
Dust emission (the red, dot-dashed modified blackbody curve) dominates the bolometric
light output of the system, outshining the old and young stars, active galactic nuclei,
and synchrotron components (black solid, cyan, blue dashed, and black dotted curves,
respectively).

wavelength of ~ 100 um is typical and frequently assumed, but will vary from galaxy to
galaxy as a function of dust temperature. At wavelengths substantially longer than the
peak (where a simplification of the Planck law to the Rayleigh-Jeans law is appropriate),
the above relation simplifies further to S oc 972,

Because (sub)millimeter observational windows effectively “climb” the Rayleigh-Jeans
tail of the blackbody as the source redshift increases, the steep dependence of source
flux on frequency in this wavelength regime is key to the observability of SMGs out to
very high redshifts. As an example, for the 850 pum atmospheric window observable by
JCMT /SCUBA-2, observations of a ULIRG-like galaxy at z = 3 will be sensitive to emission
much nearer in wavelength to the redshifted peak of the modified blackbody compared to
a ULIRG of the same dust temperature and FIR luminosity at z = 0. This can be inferred

from the shape of the Arp220 SED shown in Figure 4.2 by comparing flux densities at 345
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GHz (z = 0) and 1.4 THz (z = 3).

For an appropriate value of 3, this shift in the probed rest-frame wavelength range
essentially offsets the dimming effect of the much higher distance to the z = 3 galaxy,
leading to a roughly constant observed flux density Sgso. This is known as the negative
K-correction, where flux is added back to an observational window due to the source’s SED
shape at certain wavelengths. Most other wavelength regimes (optical, NIR, radio) have
a spectral slope 3 that is flat or negative, leading to an additional loss of flux due to the
shape of the SED (a positive K-correction). In principle, the very negative K-correction at
(sub)millimeter wavelengths means that sufficiently deep observations at 0.8 — 3 pum should

be able to detect SMGs out to z = 8 or greater — if any exist at such early times.

4.3 Challenges of Observing Submillimeter Galaxies

The physical characterization of SMGs is confounded by two factors: difficulty in
determining spectroscopic redshifts, and difficulty in determining optical and near-infrared
(NIR) counterparts. First, SMGs tend to lie at z > 1.5 (e.g., Chapman et al. 2005),
where the brightest optical lines are shifted into the JH K bands or beyond. Coupled with
the high dust extinction in these galaxies, optical/NIR spectroscopy of individual SMGs
becomes relatively expensive; see, however, the stacking analyses of Swinbank et al. (2004)
and Casey et al. (2017).

Second, at millimeter wavelengths, diffraction-limited images from single-dish tele-
scopes suffer from poor resolution — e.g., beam FWHMSs of 7.5 and 14" at 450 and 850 pum
with SCUBA-2 on the JCMT; 19.2” at 870 ym with LABOCA on the Atacama Pathfinder
Experiment; and 17.6, 23.9, and 35.2” in the 250, 350, and 500 um bands on Herschel Space
Observatory’s Spectral and Photometric Imaging Receiver (SPIRE). Such large beam sizes

have several effects on the ability of astronomers to accurately profile SMGs with single-
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Figure 4.3 : An illustration of the redshift-determining power of NOEMA across
1.5 < z < 9. Each pair of light or dark grey regions (centered at 87.7, 95.5, and 146.7
GHz) represents the 7.744 GHz-wide upper and lower sidebands of a single spectral tuning.
Red and blue patches show redshift intervals where moderate- to high-J CO lines or [C1]
lines are observable within the tunings. The upper panel shows the redshift intervals in
which zero (red), one (yellow), or two or more (green and dark green) CO and [Ci] lines
would be detectable using this combination of spectroscopic observations. Above z = 3,
this combination of tunings all but ensures an unambiguous redshift determination.

dish data alone. First, beams with FWHM 2 10" often encompass many optical and NIR-
detected objects, making reliable identification of multiwavelength counterparts inherently
difficult. Additionally, single-dish observations have no way of determining whether a given
source is a single galaxy or a tight grouping (real or projected) of several weaker submm
objects; higher-resolution followup observations routinely show that a substantial fraction
(~ 10 — 40%) of single-dish sources are actually blends of multiple galaxies (e.g., Barger
et al. 2012; Chen et al. 2013; Hodge et al. 2013). Finally, a large angular resolution also

imposes a wavelength- and instrument-dependent confusion limit (Condon 1974), which
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effectively sets a flux limit below which individual sources cannot be resolved even with
arbitrarily long exposures on the same field. This poses a problem for the precise deter-
mination of the number density of submm-faint galaxies and hence an accurate census of
the fraction of cosmic star formation and background infrared light that is attributable to
such sources.

Many of the resolution and confusion issues outlined above can be mitigated with the
use of (sub)millimeter-wavelength interferometry, which (depending on the observatory,
wavelength, and instrument configuration) can yield spatial resolutions of 1” or better and
spectral coverage over wide swathes of frequency space. I show in Figure 4.3 an example
of the redshift-identifying power of millimeter spectroscopy with the NOrthern Extended
Millimeter Array (NOEMA). Beyond z ~ 2, many strong transitions from several atomic
and molecular species (e.g., [C1], [O1], CO, or HyO; Spilker et al. 2014) are redshifted from
the FIR to the millimeter regime, making them readily observable with NOEMA and similar
observatories (e.g., ALMA or the Submillimeter Array (SMA)). Careful choice of spectral
tunings can all but guarantee a robust redshift identification, without the added challenge
of the extincting effects of dust. In the next chapter, I will report redshift measurements
for three of the brightest SMGs in the greater GOODS-North field (Giavalisco et al. 2004)
using NOEMA. Two of the galaxies lie at z ~ 3.14, and a brief analysis of the spatial
distribution of all galaxies in the GOODS-N at this redshift shows that the SMGs signpost
a new and relatively late-forming protocluster of galaxies.
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Abstract

We report spectroscopic redshift measurements for three bright submillimeter galaxies
(SMGs) near the GOODS-N field, each with SCUBA-2 850 pm fluxes > 10 mJy, using the
Northern Extended Millimeter Array (NOEMA). Our molecular linescan observations of

2 area outside of the HST coverage of the

these sources, which occupy an ~ 7 arcmin
field, reveal that two lie at z ~ 3.14. In the remaining object, we detect line emission
consistent with CO(7-6), [C 1], and HyO at z = 4.42. The far-infrared spectral energy
distributions of these galaxies, constrained by SCUBA-2, NOEMA, and Herschel/SPIRE,

Lin the z = 4.42 galaxy and

indicate instantaneous star formation rates ~ 4000 Mg yr—
~ 2500 Mg, yr~! in the two z ~ 3.14 galaxies. Based on the sources’ CO line luminosities,
we estimate Mgas ~ 10 M, and find gas depletion timescales of Taepl ~ D0 Myr, consistent
with findings in other high-redshift SMGs. Finally, we show that the two z ~ 3.14 sources,

which alone occupy a volume ~ 10 Mpc?, very likely mark the location of a protocluster of

bright SMGs and less dusty optical sources.
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5.1 Introduction

Submillimeter galaxies (SMGs) are home to some of the most extreme regions of star
formation in the Universe. These highly dust-obscured sources, with far-infrared (FIR)
luminosities Lz in excess of 10'2 Lg, have star formation rates (SFRs) of hundreds to
thousands of My, yr~! and typically lie at redshifts z = 2 — 3 (e.g., Chapman et al. 2005;
Simpson et al. 2014; Neri et al. 2020), though a significant tail in their redshift distribution
has been found out to z > 6 (e.g., Daddi et al. 2009a,b; Riechers et al. 2020). SMGs are
major contributors to the SFR density of the early Universe, accounting for as much as half
of all star formation at z > 1 (e.g., Cowie et al. 2017; Dudzeviciute et al. 2020). The rapid
buildup of stellar mass that results from their prodigious SFRs also suggests that SMGs
are likely progenitors of compact quiescent galaxies at moderate redshifts and of massive
ellipticals locally (e.g., Simpson et al. 2014; Toft et al. 2014).

In addition to being an important phase in massive galaxy evolution, dusty starbursts
may also trace the most massive dark matter halos in the early Universe (e.g., Chen et al.
2016; Dudzeviciute et al. 2020; Long et al. 2020). In the last ten years, a growing number
of z > 2 overdensities and protoclusters of galaxies have been discovered through an excess
of SMGs and luminous active galactic nuclei (AGNs), each containing several (sometimes
> 10) such sources (e.g., Chapman et al. 2009; Daddi et al. 2009a,b; Capak et al. 2011,
Walter et al. 2012; Casey et al. 2015; Miller et al. 2018; Oteo et al. 2018; Gémez-Guijarro
et al. 2019; Hill et al. 2020; Long et al. 2020; Riechers et al. 2020; Zhou et al. 2020).

However, the relatively short duration (< 100 Myr, e.g., Carilli & Walter 2013) of a
dusty starburst phase means that such structures may pose challenges to our understanding

of galaxy evolution. Perhaps activation of the SMG phase is somehow correlated over the
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volume of a protocluster, though it is unclear how the canonical mechanisms for triggering
a starburst in SMGs—gas-rich mergers (e.g., Toft et al. 2014) or the smooth accretion of
gas from the surrounding medium (e.g., Tadaki et al. 2018)—could synchronize over large
distances and short timescales. Alternatively, the gas depletion timescales Tgep in these
environments may be significantly longer than previously thought, up to ~1 Gyr in duration
(e.g., Casey 2016, and references therein). However, this conflicts with observations that
suggest the most massive ellipticals in low-redshift clusters formed most of their stellar
mass in short (< 1 Gyr) bursts at high redshift (Thomas et al. 2010). Long 74ep would also
imply impossibly massive end-product galaxies, if an SMG were to sustain its 2 500 M,
yr~! SFR for 1 Gyr.

In any case, the existence of SMG-rich structures in the early Universe provides
new and interesting constraints on the growth of individual massive galaxies and the
assemblage of large-scale structures. Moreover, the diversity of observed properties of
distant protoclusters (e.g., Casey 2016, and references therein) illustrates the need for a
statistical sample of such structures if we are to make robust inferences about the growth
of galaxy clusters and of massive galaxies across cosmic time.

In the first paper of their SUPER GOODS series, Cowie et al. (2017) presented a
deep 450 pm and 850 pum survey of the region around the GOODS-N field using SCUBA-2
on the 15 m James Clerk Maxwell Telescope (JCMT), along with interferometric followup
of most of the more luminous SMGs with the Submillimeter Array (SMA). (Note that
observations of the field have continued since that published work, and we use the latest
images when quoting SCUBA-2 flux densities below.)

Of the six SCUBA-2 sources in the field with 850 pym fluxes greater than ~10 mJy,
four reside in a small (~ 7 arcmin?) region to the northwest of the field center, just outside

the HST /ACS and WFC3 footprints of the GOODS (Giavalisco et al. 2004) and CANDELS
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(Grogin et al. 2011; Koekemoer et al. 2011) surveys; see the upper-right panel of Figure
5.1. This includes one of the brightest SCUBA-2 850 pm sources in the entire extended
GOODS-N with an 850 pum flux density of 18.7 mJy; cf. GN20 (Pope et al. 2005) at
16.3 mJy.

The three brightest SMGs in this grouping appear to be single sources at the resolution
of the SMA observations, with the fourth only recently observed (M. Rosenthal et al., in
preparation). More than being projected neighbors, their similar 20 cm flux densities, K
magnitudes, and photometric redshifts zpp, ~ 3 (Yang et al. 2014; Hsu et al. 2019) suggest
they may also lie at similar redshifts and may even belong to a single, massively star-
forming structure. Two more moderately-bright SCUBA-2 sources, each with Sg5o >8 mJy
and 2zpne ~ 3, also lie in this region.

In this work, we present the first results of a spectroscopic campaign with the IRAM
Northern Extended Millimeter Array (NOEMA) to detect CO line emission towards SMGs
in this northwest offshoot of the GOODS-N. From these data, we determined spectroscopic
redshifts of the three brightest sources and confirmed that two are at nearly identical
redshifts. In Section 5.2, we describe our NOEMA observations and data reduction, along
with public multiwavelength imaging for our field. We present the redshifts and observed
continuum and line properties of our sources in Section 5.3. In Section 5.4, we discuss the
nature of these sources as well as their physical properties derived from our NOEMA data
and from optical-through-mm spectral energy distribution (SED) fitting. We also discuss
the evidence for these sources signposting a galaxy overdensity, concluding that they very
likely belong to a protocluster that is relatively rich in SMGs. Finally, we give a brief
summary in Section 5.5. Throughout this work we use a ACDM cosmology with Hy = 70.5

km s7!, Q, = 0.27, and Q4 = 0.73.
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5.2 Data
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Figure 5.1 : Top left: SCUBA-2 850 pum image of the extended GOODS-N. Displayed
fluxes include a multiplicative factor of 1.1 to correct for the SCUBA-2 PSF. The blue
contour shows the CANDELS HST/WFC3 F160W footprint. Top right: A zoom-in to the
portion of the field that contains our target galaxies (marked by the white box in the top
left panel). Our 3 target galaxies are circled in solid white. An additional 3 galaxies with
Sgs0 > 8 mJy, which may also belong to the z ~ 3.1 protocluster, are circled in solid green.
Bottom: CFHT/WIRCam K,-band images at the positions of GN-CL-1, GN-CL-2, and
GN-CL-3. Each panel is 12" on a side. Pink crosshairs mark the coordinates of the nearest
K -band counterparts to each source (if any) in the catalog of Hsu et al. (2019). Contours
show the 3, 7, 12, 18, and 250 levels of the CO(7-6) emission line in GN-CL-1 and CO(5-4)
in GN-CL-2 and GN-CL-3. In the bottom-right corner of each panel, we show the beam
profiles for the CO maps as yellow ellipses.

5.2.1 NOEMA Observations

We targeted the three brightest SCUBA-2 sources in the northwest offshoot of the
GOODS-N using the NOEMA interferometer in the compact D configuration (project ID
WI19DG; PI: Jones). We used two spectral tunings each in the PolyFiz 2 mm and 3 mm

bands, which cover the frequency ranges 78.384-109.116 GHz and 131.384-162.116 GHz.
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GN-CL-1 and 2 were observed only in the 2 mm band, as 3 mm observations towards these
sources had already been carried out in 2019 August; to our knowledge, these data have
not yet been published. GN-CL-3 was observed with all four spectral setups. Observations
were carried out in track-sharing mode in good weather conditions over the course of 2020
April 10-16, with average atmospheric phase stability of ~ 10-30% degrees rms and typical
precipitable water vapor levels of 1-4 mm. Tracks executed on 2020 April 10 used nine
antennas, while all others used ten. In all observations, the quasar 10304611 was used
as the phase and amplitude calibrator. Observations carried out on 2020 April 10 used
08514202 as the flux calibrator, while all others used LkHa101. Calibration and imaging
of the uv data were carried out in GILDAS. We estimate that the absolute flux calibration
is accurate at the ~15% level. Images were produced using natural weighting, with typical
synthesized beam sizes of 77 x 4”7 (3" x 2!5) at 3 (2) mm (see bottom panels in Figure 5.1).

Identification of lines in each tuning and sideband, as well as separation of line- and
continuum-only information, were carried out using an iterative process. First, cleaned

I channel widths to better identify potential

spectral cubes were binned to ~75 km s~
emission and absorption features. Strong emission features were identified by eye and
then masked with the UV_FILTER task in GILDAS/MAPPING using a ~800-1000 km s™!
wide window around the frequency of the line peak. This somewhat aggressive method
of line-masking ensures that our continuum measurements remain uncontaminated by
strong emission features at the cost of slightly underestimating the continuum flux density.
The remaining channels were then collapsed to form our continuum-only images. RMS
noise values in a given window were essentially uniform for all sources observed in that
window, ranging from 16-19.8 pJy in the 3 mm band and 23.2-30.1 pJy in the 2 mm

band. Continuum-subtracted spectral cubes were created with the UV_BASE task in

GILDAS/MAPPING using the same windows as described previously to mask out strong
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lines.

5.2.2 Multiwavelength Data

Because HST data are not available for our sources, we instead used the compilation
of deep ultraviolet (UV), optical, and near-infrared (NIR) photometry of the extended
GOODS-N from Hsu et al. (2019) and references therein to constrain the stellar properties
of our sources. Specifically, for our SED fits (see Section 5.4.1), we used Subaru/Suprime-
Cam BVRIz data from Capak et al. (2004); CFHT/WIRCam JHK, data from Wang et
al. (2010) and Hsu et al. (2019); and Spitzer /IRAC 3.6 pm and 4.5 pm data from Ashby
et al. (2013). Two of our three sources (GN-CL-2 and 3) have counterparts in the Hsu et
al. (2019) catalog within 1” of the SMA 870 pum centroid, and we used their photometry
directly for these sources. GN-CL-1 is very near a bright (H = 7.8) star and thus no nearby
optical-NIR counterpart is listed in the Hsu et al. (2019) catalog. Instead, we performed our
own aperture photometry on the JHK; data from Wang et al. (2010) and Hsu et al. (2019) at
the SMA position of GN-CL-1. In each band, we measured fluxes in a 2” diameter aperture
and a local median “background” (which largely comes from the saturated foreground star)
in a 2.4”"-6" diameter annulus, both centered on the SMA position of GN-CL-1. We use
the median background values to correct our fluxes for spillover light from the star.

At long wavelengths, we use data from the GOODS-Herschel program of Elbaz et al.
(2011) to measure SPIRE 250 pm, 350 pm, and 500 pm fluxes for our sources. Finally, we
use the Very Large Array (VLA) 20 cm observations of Morrison et al. (2010) to search for

radio counterparts, though the radio fluxes are not included in our SED fits.
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Figure 5.2 : Full millimeter spectra of our three bright SCUBA-2 sources. The source
name and band are labeled in the top left corner of each panel. Continuum-subtracted
spectra were extracted from the spaxel with the brightest continuum emission. The
triangles denote the frequencies of common molecular and atomic emission and absorption
lines in the spectral ranges of our observations. Given the rms noise in these spectra, we can
only securely identify the CO, HyO, and [C 1] emission lines listed in Table 5.2. However,
for completeness, we also label several weaker transitions that are known to exist in these
ranges. Red triangles show commonly observed transitions in SMGs from Spilker et al.
(2014). Because that work does not extend to the highest rest-frame frequencies at which
we observed GN-CL-1, we mark transitions from the NRAQO’s Splatalogue database as blue
triangles on its spectrum.
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5.3 Results

For GN-CL-1 and GN-CL-2, we extract four continuum flux densities in windows
centered at 135.3, 142.8, 150.7, and 158.2 GHz. For GN-CL-3, we extract four at the above
frequencies and another four in windows centered at 82.3, 89.8, 97.7, and 105.2 GHz. All
of our sources are securely detected in continuum (at the 2 4o level) in all sidebands of all
tunings in which they were observed, though for brevity, we report only the 158.2 GHz flux
densities in Table 5.1, as this sideband is devoid of obvious line emission or absorption in
all of our sources and thus provides a clean continuum measurement. As may be expected
from their relative 850 pm fluxes, the 158.2 GHz flux densities of GN-CL-2 and 3 are similar
at around 0.9 mJy, while that of GN-CL-1 is brighter; we give exact values in Table 5.1.

We show the full NOEMA spectra of each of our sources in Figure 5.2, and mark
common molecular and atomic transitions in these bands. We do not detect most of the

weaker emission features, but GN-CL-1, 2, and 3 all have at least one millimeter emission

Table 5.1 : CONTINUUM PROPERTIES OF NOEMA TARGETS
Name R.A.@ Dec.@ Sg50umb S158.2GHz
[mJy] [mJy]
GN-CL-1 188.96404 62.36311 18.7+0.5 2.404+0.03
GN-CL-2 188.98283 62.37750 11.24+0.5 0.87£0.03
GN-CL-3 188.94433 62.33703 11.54+0.6 0.90£0.03

NOTE—®Source positions are from the SMA observations of Cowie et al. (2017) (columns 8 and

9 of their Table 5).
®The 850 pm fluxes are from the latest SCUBA-2 images.
“This sideband is devoid of obvious spectral features in all of our sources, providing a clean
continuum measurement. The flux uncertainties are from the 2D Gaussian fits to the continuum

images and do not include systematic uncertainties, such as from absolute flux calibration,

which may be ~15%.
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Table 5.2 : LINE PROPERTIES OF NOEMA TARGETS

Name Line Vobs z IZ0) AUFWHM Speak
[GHz] [GHz] [km s7!] [mJy beam™?]

GN-CL-1 CO(7-6) 148.76  4.422 806.65 513449 3.1£0.3
[C I}(3P273P1) 149.24 4.423 809.34 362463 2.0£0.3
HyO(211—202) 138.72 4.421 752.03 430+85 1.240.2

GN-CL-2 CO(54) 138.92 3.148 576.27 369+23 4.3+0.2
GN-CL-3 CO(54) 139.46 3.132 576.27 500441 3.0£0.2
CO(3-2) 83.71 3.131 345.80 459440 2.0+0.2

line detected at >5o. We show the spectra from the spaxel with the brightest line emission
in Figure 5.3. Below we discuss the continuum flux densities, line properties, and redshifts
of the sources individually.

GN-CL-1: This source is extremely well-detected in continuum, with flux densities
rising from 1.3 + 0.03 mJy (S/N ~43) in the 135.3 GHz window to 2.4+0.03 mJy (S/N
~80) in the 158.2 GHz window. We detect two strong emission features towards this source
at 148.762 and 149.243 GHz and a weaker emission feature at 138.721 GHz, consistent with
the frequency ratios of CO(7-6), [C 1](*Py—3Py), and HoO(211-2¢2) at z ~ 4.42. We fit the
CO(7-6) and [C 1](3Py—3Py) lines simultaneously with two Gaussians, without fixing their
line ratios, widths, or frequencies relative to one another, and we fit a single Gaussian to
the HyO feature. The three lines have peak flux densities of 3.1+0.3, 2.0+£0.3, and 1.2+0.2
mJy beam™! for CO(7-6), [C 1](3Py—3P;), and HyO(211202), respectively, with line widths
ranging from ~360 to 510 km s~!. As we discuss below, this redshift identification shows
that GN-CL-1 is not physically associated with either of the remaining two sources.

GN-CL-2: The second brightest SCUBA-2 source in our sample has NOEMA
continuum flux densities ranging from 0.41+0.02 mJy in the 135.3 GHz window to
0.87£0.03 mJy in the 158.2 GHz window. We detect a single strong emission line towards

GN-CL-2 at 138.917 GHz, with a peak flux density of 4.340.2 mJy beam~! and a FWHM
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Figure 5.3 : Continuum-subtracted CO or HyO emission from our three bright SCUBA-2
sources, zoomed in from the full spectra shown in Figure 5.2. Spectra are extracted from
the spaxel with the brightest continuum emission. Red lines show Gaussian fits to the data,
with the transition labeled in red below the line. The fitted peak flux densities, FHWM
velocities, and peak frequencies are listed in Table 5.2.
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Figure 5.4 : Portion of the Keck/MOSFIRE K-band spectrum of optical source 77630 in
the catalog of Hsu et al. (2019), the most likely optical-NIR counterpart to GN-CL-2. The
data have been median filtered using a window that is 5 wavelength bins wide. We mark
the observed positions of the redshifted [O111] doublet and Hf at z = 3.15.

of ~ 370 km s~!. For this redshift range, based on the most common millimeter transitions
in high-redshift SMGs (e.g., Spilker et al. 2014), a line of this strength is most likely to
be CO with J,, =4, 5, 6, or 7 at z = 2.32, 3.15, 3.98, or 4.81, respectively, [C 1](1-0) at
z = 2.54, or HyO(211202) at z = 4.41.

Our near-continuous coverage from 131.4-162.1 GHz allows us to rule out most of
these redshift identifications by the non-detection of other strong lines at the expected
frequencies. If the feature at 138.917 GHz were CO(4-3) at z = 2.32, for example, we
would expect to detect [C1](1-0) at vons ~ 148.2 GHz, but no significant line emission is
seen there. Redshifts of z = 3.98, 4.41, and 4.81 are similarly ruled out by the absence of
strong (= 1 mJy beam™') HoO(21; — 202), CO(7-6), and [C1](®*P2—3P;) emission at their
respective expected frequencies.

This leaves CO(5-4) at z = 3.15 and [C1](1-0) at z = 2.54 as the only viable

redshift identifications from the NOEMA data alone. Follow-up Keck/MOSFIRE K-band



103

spectroscopy from M. Rosenthal et al., in preparation, of this source’s nearest optical-NIR
counterpart (source 77630 in Hsu et al. 2019, with K = 22.7 and a separation of (/709 from
the SMA position of GN-CL-2) finds a redshift of z = 3.15 based on the [O111] doublet and
HpS (see Figure 5.4). This confirms the higher redshift identification.

GN-CL-3: GN-CL-3 was the only source we observed in both the 2 mm and 3 mm
bands. The nearest optical-NIR counterpart to this SMG (separation of (07473 from its
SMA position) is source 85384 in Hsu et al. (2019). Its millimeter continuum flux densities
rise smoothly from 82.5+16 pJy in the 82.3 GHz window to 0.940.03 mJy in the 158.2 GHz
window. We detect strong emission features at 83.706 GHz and 139.458 GHz, consistent
with the frequency ratio of CO(3-2) and CO(5-4) at z =~ 3.13. Separate Gaussian fits
to each of these lines yield peak flux densities of 2.0 £ 0.2 and 3.0 & 0.2 mJy beam™!,
respectively, with FWHM = 480 km s~!. GN-CL-2 and GN-CL-3 are therefore confirmed
to lie a mere Az ~ 0.02 apart in redshift, with a projected separation of 1.2 Mpc and a 3D
separation of 2.7 proper (14.6 comoving) Mpe, if the difference in recession velocities is due
only to the Hubble flow. A sphere of diameter equal to the proper distance between these
two galaxies would have a volume of, at most, ~10 Mpc?. However, as we discuss in the next
section, these galaxies very likely belong to a larger overdensity of rare, submillimeter-bright
galaxies. If the difference in their redshifts is due to peculiar velocities within a common
structure, then the separations quoted above would be overestimates.

Finally, we note that GN-CL-3 appears to have a projected companion about 5” to the
southeast. This neighboring source is extremely faint in continuum, with a < 20 detection
in the ~ 2 mm data and completely invisible in the lower-resolution 3 mm data. However,
its presence is revealed by a single strong emission feature (peak flux density ~ 2.5 mJy)
at 149.3 GHz. No line emission from an SMG at z = 3.13 is expected at this frequency,

which suggests that the companion is not associated with GN-CL-3. The line emission is
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spatially coincident with an optically-bright z = 0.543 radio source (Barger et al. 2014),

which suggests this line may be CO(2-1).
5.4 Discussion

5.4.1 Star Formation Rates, Masses, and Dust Temperatures

The rich photometric data from the rest-frame optical to the radio allow us to
constrain the physical properties of these galaxies with SED fitting. We use the Code
Investigating GALaxy Emissions (CIGALE, Noll et al. 2009), which calculates SEDs using
an energy balance principle, where the energy absorbed by dust in the UV to NIR equals
that re-radiated in the MIR to FIR. We use the updated PYTHON version of the code, which
has been shown to produce comparable results for high-redshift starbursts to other SED
fitting codes (Boquien et al. 2019), to constrain the SFRs, stellar masses, dust masses, and
dust temperatures of the three SMGs.

We used Bruzual & Charlot (2003) stellar population libraries with a Chabrier (2003)
initial mass function (IMF) for the full range of available metallicities. Stellar spectra
are attenuated using a modified Charlot & Fall (2000) dust law with fixed power law
indices digp = —0.7 and dpc = —1.3 and a separation age between old and young stellar
populations of 10 Myr. We use the dust emission models from Draine et al. (2014), with
an input minimum radiation field of 1.0 < U,y < 50.0' and an input mass fraction
of 0.005 < v < 0.05 irradiated by U > Up,. We fix the radiation field power law
slope a = 2.0, and we fit for polycyclic aromatic hydrocarbon (PAH) mass fractions
0.47% < gpan < 3.90%. The mean intensity (U) is used to derive a characteristic dust

temperature, Ty char = 18 K x (UYYS (Draine et al. 2014), which we report in Table 5.3.

LU has units of 1 Habing = 1.6 x 1072 erg cm™2 s~}
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Table 5.3 : DERIVED PROPERTIES OF CANDIDATE PROTOCLUSTER MEMBERS
GN-CL-1 GN-CL-2  GN-CL-3
SFR® [Mg yr™'] 3900 £ 580 25304130 2990 + 770
SFRg0° Mg yr‘l} 1070 300 630 £ 30 390 4+ 140
M, [101° M| 10.7+ 3.1 5.84+0.3 45+1.2

sSFR [Gyr—] 37+ 12 4443 67 & 25
Mg [10° M) 45404 22402 204+0.1
Tycnar [K] 334408 349405 348406
My 10" M] 20405 13402  1.240.2°
Taept [My1] 52415 5149 41 4 13¢
Mo/ Mg 45 4 12 59+ 11 61 4 12

NoTE—“Instantaneous SFR from CIGALE. This row is used to calculate sSFR and 7gep.
100 Myr-averaged SFR from CIGALE.
°GN-CL-3 values use Mg,s from CO(5-4), but these are consistent within error with values from

CO(3-2) (see Section 5.4.2).

The properties estimated by CIGALE, especially the SFR, are strongly dependent on
the input star formation history (SFH). Given these galaxies have FIR fluxes indicative
of ongoing starbursts, we model the SFH as having formed 50-99% of stars by mass in a
short, ongoing, flat burst of age < 100 Myr, and the remainder of stars in an exponentially
declining SFH of age 0.25-1.5 Gyr, with e-folding time 250 Myr < T < 6 Gyr. CIGALE
returns a maximum likelihood instantaneous SFR for each galaxy, as well as SFRs averaged
over the preivous 10 and 100 Myr. Different methods of SFR estimation in the literature
report either averaged or instantaneous SFRs, so we report both the instantaneous and
100 Myr-averaged SFR for each galaxy in Table 5.3. We use the instantaneous SFRs to
compute gas depletion times (see Section 5.4.2). The 100 Myr-averaged SFR is appropriate
for comparisons with SFRs output from codes such as MAGPHYS (da Cunha et al. 2015)

We ran CIGALE on FIR to millimeter photometry from Herschel/SPIRE, SCUBA-2,
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Figure 5.5 : Best-fit SEDs from CIGALE for each SMG. The black curve shows the total
SED, while the red and yellow curves show the relative contributions to the SED of the
dust and the attenuated stellar emission, respectively. The purple and red dots show the
measured and fit fluxes, respectively.

and NOEMA along with observed-frame optical to NIR photometry from Hsu et al. (2019)

(for GN-CL-2 and 3) or our own JHKs aperture photometry (for GN-CL-1). In addition

to the cataloged measurement uncertainties, we included a 10% systematic uncertainty on

the absolute photometry/flux calibration in our input flux errors. We fixed the redshifts at

the spectroscopic redshift of each source; that is, zgpe. = 4.42 for GN-CL-1 and zgpe. = 3.14

for GN-CL-2 and GN-CL-3. We show the best-fit SEDs for the three SMGs in Figure 5.5.

Based on its best-fitting SED, GN-CL-1 has an 8-1000 pgm luminosity Lig =~



107

1.1 x 10" L), making it a high-redshift hyper-luminous infrared galaxy (HyLIRG). Its
instantaneous SFR = 39004580 M) yr~! is one of the largest in the field. With ~ 10" M,
of stars already in place by z = 4.42, this source is the likely progenitor of a massive elliptical
at z = 0. GN-CL-2 and GN-CL-3 are also massive star-forming galaxies, with 8-1000 pm
luminosity L ~ 5 x 10" L), comparable to nearby ultraluminous infrared galaxies, and
instantaneous SFR & 2500 M, yr~'. The similarities between GN-CL-2 and GN-CL-3, as
well as the difference in their values compared with GN-CL-1, are consistent with rough

expectations from the 850 pym flux densities.

5.4.2 Gas Mass and Depletion Timescale

Molecular hydrogen’s low emissivity makes it hard to detect even in nearby galaxies,
so the luminosity of the CO(1-0) emission line is often used as a proxy for the mass of
molecular hydrogen, My,. We follow the methodology of Bothwell et al. (2013) to convert
our higher J CO transitions to CO(1-0), and subsequently into a molecular gas mass for
each galaxy, Mgqs.

We compute the line luminosity Ly, using the standard relation from Solomon &

Vanden Bout (2005):

o = 3.25 X 10" x ScoAVY 2D (1 + 2)7?, (5.1)

obs

where L is the line luminosity with units K km s~ pc?, ScoAV is the integrated line
luminosity in Jy km s, v, is the observed line frequency in GHz, and Dy, is the luminosity
distance in Mpc. We take SAV to be the area underneath the Gaussian fits to each detected
CO line and convert our measured luminosities from higher J lines to CO(1-0) using Table
4 of Bothwell et al. (2013). Errors on L, are dominated by errors on SAV and on the
J-conversion factors 776,10, 754710, and r32/10. We assume an L/cou—o) to My, conversion

factor & = 1 Mg (K km s™! pc?)~'. Finally, we multiply a correction of Mg,y = 1.36 My,
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to account for the addition of helium.
For a given SFR and M,,s, the depletion timescale is approximately given by

. Mgas
Tdepl = SFR,

(5.2)

We list the gas masses and depletion times for our galaxies in Table 5.3. For GN-CL-
3, which has both CO(5-4) and CO(3-2) detections, we show values for CO(5-4) for
consistency with GN-CL-2, but the values derived from both lines are consistent within
errors’. The depletion times of ~50 Myr are consistent with values for other high-redshift
SMGs based on high-J,, CO lines (e.g., Casey 2016). Based on the calculations in Casey
(2016), we would not be likely to observe two SMGs in the same structure with such short
depletion times, though we note that values of 74ep are dependent on the SFR measurement

methods used, and, by extension, the assumed SFH, IMF, and conversion factor, a.

5.4.3 (Sub)Millimeter Evidence of a Protocluster

As mentioned previously, the three SMGs we targeted with NOEMA are part of a
larger grouping of seven bright SCUBA-2 sources to the northwest of the HST coverage
of the GOODS-N. One is confirmed by our NOEMA observations to lie at high redshift
(z = 4.42), while another (source 7 in Figure 5.1) has a U-band counterpart and
Zphot = 1.58, making it unlikely to belong to the same z ~ 3.14 halo as GN-CL-2 and
GN-CL-3. The remaining three sources (4, 5, and 6 in Figure 5.1) have SCUBA-2 850 pm
fluxes of 9.8 mJy, 8.6 mJy, and 8.2 mJy, respectively. NOEMA redshift scans of these
additional sources, which will determine whether they are part of the same system as GN-
CL-2 and GN-CL-3, will be carried out in 2021. In the meantime, we can use the known

number counts of bright SMGs to estimate the probability that these sources belong to a

ZSpecifically, Mgas = (12.3 + 2.3) x 1010 Mg and 7gept = 41 £ 13 Myr for CO(5-4), and Mg,y =

(12.8 +2.7) x 10! Mg and 7gep = 43 + 14 Myr for CO(3-2).
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larger structure or protocluster.
The S2COSMOS survey of Simpson et al. (2019) presents number counts of SCUBA-2
850 pum sources in the COSMOS field over 2.6 deg?, with a typical 1o noise level of 1.2

Lin the central region of the field. Their incompleteness-corrected cumulative

mJy beam™
number counts (their Table 2) suggest that one can expect 61.9772 sources per deg?
(0.01715:005 arcmin™2) at a flux density Sgso > 7.7 mJy. However, there are seven Sgso > 8
mJy galaxies in the northwest offshoot of the GOODS-N that occupy an area only ~ 4.6 x4.1

2 in size, for a cumulative source density of N(Sgs0 > 8 mJy) = 0.371 arcmin—2. If

arcmin
we assume that the positions of bright SMGs are completely random on the plane of the sky
and uncorrelated in redshift space, then the number counts in Simpson et al. (2019) suggest
that we should expect an average of just 0.321 sources with Sgsp > 8 in a given 4.6 x 4.1

2

arcmin® area, a factor of 21.8 lower than what is observed in our field. Even removing

2 area) yields a projected

sources 1 and 7 (for a total of 5 galaxies across a 4 x 4 arcmin
overdensity 14 times higher than what would be expected if the remaining sources were not
part of a single structure.

Alternatively, let us assume that whether or not a bright SMG is seen in a unit area is
a Poissonian process so that we can use small number statistics (Gehrels 1986) to determine
the raw likelihood of seeing multiple randomly-distributed Sgs9 > 8 mJy sources in an 18.9
arcmin? box. Specifically, if we treat GN-CL-2 and GN-CL-3 as a single system due to

their nearly-identical redshifts, then we may compute the chances of observing 2 < N < 6

projected systems via P(N;0.321) = %, where A = 0.321 is the mean expected number

2 area. As may be expected, the probability of such a

of sources in a 4.6 x 4.1 arcmin
projection drops rapidly with increasing N, falling from 3.7% at N = 2 to 1.1 x 1074% at
N =6. For N =5 (6), only ~2500 (160) such projections are expected to be seen across

the entire sky.
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Figure 5.6 : Projected 2D density of all sources in the extended GOODS-N with
3.1 < Zphot < 3.2 in Hsu et al. (2019) (left) and those in the interval 2.9 < z,p, < 3.3
that meet the LBG criteria of Capak et al. (2004) (right). In both panels, a Gaussian
kernel density estimate has been applied, and each cell is 2 x 2 arcmin®. Contours on the
left (right) panel indicate regions where the source density is 30, 40, and 50 (20 and 30)
higher than the mean in the CANDELS portion of the field. Filled stars show the positions
of SMGs observed as part of this work (blue if they are spectroscopically confirmed to lie
at z ~ 3.14, and brown otherwise). Blue open stars show the positions of other Sgsg > 8
mJy SMGs in the region that do not yet have spectroscopic confirmation but may belong
to the overdensity. The brown open star is an SMG with a bright U-band counterpart
and zppee = 1.58. Upward- and downward-pointing open triangles, respectively, mark the
positions of the GN20 overdensity (Pope et al. 2005; Daddi et al. 2009a) and the z = 1.99
SMG-rich protocluster of Chapman et al. (2009).

However, we know from the combination of our NOEMA observations and the UV
through radio photometry of Hsu et al. (2019) that sources 1 and 7 are, indeed, a chance
projection with one another and with sources 2 and 3. In other words, all three systems are
independent “events” such that N is at least 3. If even one of the remaining three bright
SMGs is also a chance projection with these systems, then we begin to move into a regime
of such extraordinarily low probability that it defies our assumption of independent and

physically unassociated systems.
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5.4.4 Optical Evidence of a Protocluster

The region we consider in this work is well outside the HST coverage of the GOODS-
N. Thus, spectroscopic followup is extremely incomplete, even for relatively bright objects,
compared to the GOODS/CANDELS portion of the field. Within a 5 radius of the mean
position of all seven bright SMGs, there are 316 (2949) sources with R magnitudes brighter
than 22 (25), of which only 3 (8) objects have a published spectroscopic redshift in the
multiband catalog of Hsu et al. (2019), with none at z > 2.

In M. Rosenthal et al., in preparation, we will use our Keck/MOSFIRE spectroscopy
of optical-NIR sources in the northwest region of the GOODS-N, together with our existing
and upcoming NOEMA data, to characterize the z & 3.14 protocluster. For now, we use the
multiband catalog of Hsu et al. (2019) to see whether evidence of an optical overdensity is
present based on photometric redshifts only. We restrict to objects with Kron R magnitudes
brighter than 25 and R magnitude errors fainter than 26.75, corresponding to a > 50
detection. We further restrict to regions where the per-pixel J-band flux uncertainties are
less than twice the median rms in the central part of the field. This results in the loss of
139 arcmin? of the JH K, survey area but also removes the bulk of spurious or extremely
noisy sources near the edge of the field. Over the redshift interval 3.1 < 2,0 < 3.2, we find
a mean density of 0.58 galaxies per arcmin?. However, when we perform a similar analysis
in an area of radius 4’ centered on the bright SMG overdensity, we find a mean density

2. The total number of objects in the overdense region is 45

of 0.89 galaxies per arcmin
compared with an expected value of 29.
We next compare the distribution of the number of sources in 1’ square cells in the

full field with that in an 8 square area centered on the SMGs (64 cells). A one-tailed

Mann-Whitney test of these two samples yields a p value of 0.0014, which implies that
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they are not drawn from the same distribution and that the optical-NIR overdensity is
statistically significant.

For visualization purposes, we show in the top panel of Figure 5.6 a 2D histogram of
the source density in this narrow photometric redshift interval. This density map has been
“smoothed” using a Gaussian kernel density estimate with 2 x 2’ bins. We note a clear
maximum in the density of optical sources that is coincident with the grouping of bright
SMGs.

As an additional check, we examine the spatial distribution of candidate Lyman
Break Galaxies (LBGs) across the extended GOODS-N in the bottom panel of Figure 5.6.
We use the color criteria of Capak et al. (2004) to select LBGs in the redshift interval
2.9 < Zphot < 3.3. While the photometric redshift interval is too broad to constrain the
number of LBGs that may belong to a single, coherent structure at z =~ 3.14, we nevertheless
note that the maximum density of LBGs is again coincident with the (projected) overdensity
of bright SMGs (see the bottom panel of Figure 5.6).

Finally, we note that the ~ 0207 x 0°07 angular extent of our extremely bright SMG
overdensity is intermediate in size compared to other high-redshift, SMG-rich protoclusters
in the literature. For example, this structure is quite compact compared to the z = 1.99
structure in the GOODS-N (Chapman et al. 2009, 0217 x 0217), the SSA22 protocluster at
z = 3.1 (Steidel et al. 1998, 0233 x 0250), and the z = 5.18 HDF850.1 overdensity (Walter
et al. 2012, 0°10 x 0°13). However, it is more extended than the GN20 overdensity (Pope
et al. 2005; Daddi et al. 2009a,b, 0201 x 0°01) and the Distant Red Core (Oteo et al. 2018;
Ivison et al. 2020, 0°02 x 0°02), both at z ~ 4. We defer a fuller discussion of the total

SFR, stellar mass, halo mass, and physical extent to M. Rosenthal et al., in preparation.
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5.5 Summary

We report the results of a millimeter spectroscopic campaign with NOEMA to
measure redshifts for three of the 850 pm-brightest SMGs in the extended GOODS-N, which
lie in a close (projected) grouping. We determined unambiguous spectroscopic redshifts for
two of our three targets using the NOEMA data alone (GN-CL-1 at z = 4.42 and GN-
CL-3 at z = 3.13) and for the remaining target using both NOEMA and Keck/MOSFIRE
spectroscopy (GN-CL-2 at z = 3.15). With nearly identical redshifts, GN-CL-2 and 3 are
likely part of a single system and may signpost an overdensity of galaxies at z &~ 3.14. More
importantly, there are three more bright, neighboring SMGs which, based on number counts
and simple probability estimates, are extremely likely to belong to the same structure,
constituting a protocluster of short-lived SMGs in the high-redshift Universe. Finally, our
best-fit SEDs suggest that GN-CL-1, one of the brightest SCUBA-2 850 pm sources in
the extended GOODS-N field, is an extremely FIR-luminous, high-redshift dusty starburst

with ~ 10" Mg, already formed when the Universe was only 1.4 Gyr old.
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discussions on the reduction and processing of NOEMA observations.
Facilities: Subaru (Suprime-Cam), JCMT (SCUBA-2), SMA, NOEMA, Herschel,

JVLA

Software: astropy (Astropy Collaboration et al. 2018)
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A Statement of Work

Here are briefly outlined the contributions of all listed authors for this publication,

in order of their listing in the journal article.

e Logan H. Jones: Led data reduction, redshift identification, and submillimeter

clustering analysis; primary contributor to the writing of this manuscript.

e Michael J. Rosenthal: Fitted emission lines and SEDs of target sources; significant

contributor to the writing of this manuscript.

e Amy J. Barger: Performed statistical test of, and provided brief text on, the optical

clustering; suggested tests of the methodology; proofreading and revisions.

e Lennox L. Cowie: Led reduction of Keck/MOSFIRE data that confirmed the

redshift of GN-CL-2; suggested tests of the methodology; proofreading and revisions.
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Chapter 6

Summary and Future Prospects

Understanding the interplay between star formation, environment, and the enrichment of
the interstellar medium with dust and metal-rich gas is fundamental to a modern picture
of galaxy evolution. The buildup of enriched gas affects the ionizing luminosity of massive
stars, the efficiency with which ionizing photons escape their home galaxy to interact with
the IGM, and the ability of gas to cool and form new stars — all relevant to determining when
cosmic reionization unfolded and how the first galaxies came to be. Later, as dark matter
halos continue to collapse and cosmic star formation intensity increases, the growth of large
structures may be signposted by the presence of massive (and massively star-forming) dust-
obscured galaxies. As first stated in the abstract of this dissertation, the research presented
in this dissertation has aimed to help answer two questions on the formation and evolution
of the dustiest galaxies on the one hand and the most dust-free on the other. These are:
1) What are the intermediate- to high-redshift analogs to the sources that reionized the
universe at very early times?; and 2) As a function of redshift and/or environment, how

common are massively star-forming, dust-obscured galaxies?
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6.1 Direct and Indirect Searches for Sources of Ionization

In Chapters 2 and 3, I presented the results of two searches for candidate sources
of LyC radiation from galaxies in the redshift range z = 2.5 — 3. These works focused
primarily on the direct photometric detection of ionizing photons from individual sources.
Compared to indirect searches of LyC emitters (via high-ionization nebular lines and
other tracers of hard radiation fields), such an approach is relatively uncommon due to
a scarcity of sufficiently-deep observations in the appropriate photometric band, a lack
of reliable spectroscopic redshifts, or both. These works circumvent both of these issues
by synthesizing deep F275W imaging from the Hubble Deep UV Legacy Survey of the
GOODS fields (Oesch et al. 2018) with the extremely complete spectroscopic catalogs on
those regions. Key findings from these works, and their implications for the future of the

field, include the following:

e Of the 11 candidate sources of LyC emission we identified across each of the GOODS
fields at z > 2.35, only five have no clear evidence in their optical spectra for
contamination by foreground galaxies. Of these, one is an X-ray-bright AGN
(discussed below) and four are star-forming galaxies. In J2la, we also note the
presence of an additional star-forming LyC candidate in the GOODS-North (which
did not meet the more stringent detection criteria we used in J18), for a total of five

such sources.

e An averaging analysis of all galaxies with spectroscopic redshifts between 2.35 and
3.05 in the GOODS fields reveals that the total F275W signal in this sample is
dominated by the five LyC-emitting candidates mentioned above. This mirrors the
results of Fletcher et al. (2019), who found in an independent sample that detections

of LyC photons happen either quite strongly in individual sources or not at all, even
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in deep stacks.

e After correcting for the opacity of the IGM to LyC photons, the sum of the five
star-forming candidates’ F275W flux output matches, within errors, the inferred
energy density of the extreme-UV background at z ~ 2.5. This implies that galaxies
alone could maintain an ionized IGM at these redshifts, in contrast to some recent
measurements which suggest a dominant contribution by AGN. However, we caution
that the measured ionizing emissivity of star-forming galaxies may increase with the
inclusion of even fainter F275W sources, or decrease with a confirmation of foreground

contamination in our candidate LyC emitters (via, perhaps, NIR spectroscopy).

e We confirmed in J18 the existence of a LyC-luminous AGN, which we have labelled
GN-UVC-1. It appears to be the only one of its kind in the GOODS fields at
z ~ 2.5. However, detailed modeling by Smith et al. (2020) suggests that its accretion
properties and UV-through-optical SED are typical of AGN at similar redshifts.
This object may provide a unique sandbox in which the astronomy community can
thoroughly test models for the production and escape of ionizing photons from AGN

near the peak epoch of their activity.

Finally, I want to summarize the state of a separate project that, while not sufficiently
complete to present as part of this dissertation, will provide an independent method for
searching for analogs to reionization-era galaxies. The basis for this work is the Hawaii
EROsita Ecliptic-pole Survey (HEROES; PI G. Hasinger), a large imaging program of the
North Ecliptic Pole field (NEP). HEROES consists of ~ 40 —50 deg? of imaging from Hyper
SuprimeCam (HSC) on the 8 m Subaru Telescope on Mauna Kea in the grizY broadbands
plus two narrowbands (NBs), centered on the 8160 and 9210 A atmospheric windows.

Additional imaging in the U and J bands from the Canada-France-Hawaii telescope covers
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a subset of this area.

One of the primary science drivers of HEROES, especially the inclusion of the NB
imaging, was to identify and spectroscopically confirm a relatively large population of
candidate ultra-luminous Lyman-« emitters at z = 5.7 and 6.6 (Songaila et al. 2018; Taylor
et al. 2020, 2021) via a flux density excess in an NB relative to its nearest underlying
broadband. Of course, any nebular line that is sufficiently luminous may cause such
an excess if the source lies in one of several narrow redshift intervals. The NB filter
at 9210 A, for example, is sensitive to high equivalent-width Ha emission at z ~ 0.4,
the O[11]+HpS complex at z ~ 0.84 — 0.89, and O[] at z ~ 1.47. Intermediate-redshift
ELGs are the most common sources of contamination for Lyman-a surveys, but provide
interesting science cases in their own right. Some such cases include characterization of
extremely low-metallicity galaxies, which are excellent analogs to reionization-era galaxies;
constraining the existence of a gas-phase metallicity floor, which would encode information
about the enrichment of the IGM across time; and the evolution of optical line luminosity
functions across redshift space (e.g., Sobral et al. 2015).

I used the HEROES imaging set to select photometric NB-excess galaxy candidates
with unusual broadband — narrowband colors, with a slight emphasis on the higher-redshift
band (e.g., 2’— NB921 > 1; the criteria for the NB816-selected sample is similar). After
additional filtering to remove sources whose NB photometry is contaminated by cosmic rays
and other artifacts, we are left with a sample of ~10,000 sources with NB921 < 23.5 mag
and signal-to-noise ratio > 5 in NB921. I then followed up a subset of bright (< 22 mag)
candidate sources with the multi-object spectrometer Hydra on the 3.5 m WIYN telescope.
Sources with unusual broadband colors (e.g., a boost in 2’ relative to the neighboring i and
Y bands) are used to fill out unused fibers in our Hydra configurations. To date, I have

obtained spectroscopic redshifts for approximately 300 NB sources in the greater NEP with
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Figure 6.1 : A WIYN/Hydra spectrum of an ELG at z = 0.63. The dashed green and
red curves show the relative response of the Subaru/HSC i and 2’ filters, while the dotted
blue and orange curves show the response of the NB816 and NB921 filters. The [O111]
doublet and strong Balmer lines out to at least He are clearly visible; higher-order Balmer
lines are labeled in the inset image. The flux density in the narrowband is dominated by
[O111]A5007, leading to an apparent excess relative to the much broader ¢ band.

Hydra; these tend to be the brightest NB sources, since poor weather and seeing generally
wash out the more numerous faint (NB921 > 21.5) emitters even with our integration times
of 2.5 — 3 hours. An example WIYN/Hydra spectrum of a bright NB816 source is shown
in Figure 6.1.

A journal article describing the spectroscopic observations and source catalog is in
preparation, but additional analysis is needed before publication. Likely next steps include
a comparison of the emission line equivalent width as derived from the spectra vs. from
the photometry. If the two measurements are in reasonable agreement, this will allow
me to estimate line equivalent widths for all NB-excess sources in the HEROES dataset,
instead of only those with spectroscopic followup. The above step will increase the usable
sample size by at least an order of magnitude, enabling statistical measures of emission line

luminosity distributions for each of our subsamples (specifically, Ho emitters at z ~ 0.4
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and O[11]4+H/S emitters at z &~ 0.85). This, in turn, will yield a robust constraint on the
star formation rate per unit volume from NB-selected ELGs near the peak of cosmic star

formation activity.

6.2 A Protocluster of Rare Galaxies at z = 3.14

In Chapter 5, I presented the discovery of a new overdensity of galaxies on the
outskirts of the well-studied GOODS-N field. This region is signposted by a (projected)
grouping of seven extremely bright (Sgso > 8 mJy) submillimeter galaxies on scales of ~a
few arcminutes, with inferred star formation rates in excess of 1000 My, yr~! each. Given the
uncertainty of how SMGs “turn on” nearly simultaneously in dense environments, and given
their nature as sites of very rapid stellar mass growth, an accurate characterization of these
sources, their origins, and their ultimate fates demands reliable redshift identifications.

Followup of the three brightest SMGs in the GOODS-N outskirt region with NOEMA
confirms that at least two lie at nearly identical redshifts. Meanwhile, a comparison of the
spatial distribution of galaxies with photometric redshifts z,,, ~ 3.14 near the projected
SMG overdensity vs. the central region of the GOODS-N betrays the presence of an
overdensity of UV-selected galaxies at the same position. This is confirmed quantitatively
through the use of a one-tailed Mann-Whitney test (p = 0.0014) on the density distribution
of galaxies in these two regions. All of these lines of evidence point to the presence of a
previously unknown protocluster at z ~ 3.14 that is relatively rich in rare galaxies. While
we have carried out a few nights of optical-NIR spectroscopy on this region with Keck/LRIS
and Keck/MOSFIRE, a more accurate census of UV-selected galaxies that belong to the
protocluster will require additional observations. (I note that the redshift of the structure
is highly appropriate for Lyman-a emitter searches, making it an attractive and effective

option.)
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The manuscript on which Chapter 5 is based was primarily a discovery work, with
a full characterization of the protocluster and its members deferred to future papers
(M. Rosenthal et al., in prep.) after the collection of additional data. However, in the
following, I summarize the key findings from this initial analysis and possible next steps

for understanding the role of environment on the life and death of an SMG.

e Our NOEMA observations determined unambiguous spectroscopic redshifts for two
of the three SMGs we targeted; the remaining source’s redshift was later confirmed by
NIR spectroscopy with Keck/MOSFIRE. The SMG GN-CL-1, the brightest SCUBA-
2 source in the greater GOODS-N field, is revealed to be a HyLIRG-like galaxy at
z = 4.42, with an SED-derived instantaneous SFR of ~3900 My yr~!. GN-CL-1
may also be quite massive, with an inferred stellar mass of order 10'* M, already in
place when the universe was a mere 1.4 Gyr old. A more detailed photometric,
spectroscopic, and morphological characterization of this object may be fruitful
for understanding the extremes of extragalactic star formation and massive galaxy

evolution at early times.

e The remaining two SMGs lie at very similar redshifts, with GN-CL-2 at z = 3.148 and
GN-CL-3 at z = 3.132. If their 3D separation is due purely to the Hubble flow, this
would imply a separation of 2.7 proper or 14.6 comoving Mpc. The full physical size
and kinematics of the overdensity are yet to be determined. However, our MOSFIRE
observations of galaxies with z,n, ~ 3 in the protocluster field suggests an angular
extent of at least ~ 0207 x 0207, intermediate in size to otherwise similar structures

that have been reported in the literature (see the summary and analysis by Casey

2016).

e Additional NOEMA observations of three other Sgsg > 8 mJy SCUBA-2 sources in



126

the protocluster field have been carried out and reduced since the submission of J21b
to the Astrophysical Journal. These data will be published in M. Rosenthal et al., in
prep. Two sources have one strong millimeter emission line apiece. While a unique
redshift identification cannot be made for either SMG, the observed frequencies of
the lines rule out the possibility that either belongs to the z ~ 3.14 structure. The
remaining SCUBA-2 source is actually a pair of SMGs, which were only resolvable
with the use of interferometry; its nature as a multiple source is confirmed through
SMA observations at higher frequencies and comparable spatial resolution. Both
components are at the redshift of the protocluster, z ~ 3.14, but slightly offset from
one another in velocity. Their ~4” angular separation implies that they lie a mere
~30 kpc apart. Unlike the two protocluster members reported in J21b, which are
single sources at the resolution of the NOEMA and SMA data, these galaxies may be

in the early to middle stages of a merger.

e In summary, this newly-confirmed protocluster contains three luminous SMG systems
and an unknown number of optically-selected galaxies and fainter SMGs, all near the
apparent peak epoch of SMG activity in the universe. As noted in Chapters 4 and 5,
several triggering and quenching mechanisms have been put forward as the processes
that govern the lifetime of an SMG and the growth of massive galaxies (e.g., merger
activity (Toft et al. 2014) or accretion of fresh gas (Tadaki et al. 2018)). The relative
abundance of dusty starbursts in this field will help astronomers differentiate the
relative importance of each of these processes. Future analyses of the SMGs and their
possible triggering and quenching mechanisms might include comparisons of their gas

depletion timescales, outflow rates, or their stellar and gas/dust morphologies.
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