UCLA

UCLA Electronic Theses and Dissertations

Title
The Role of Star-forming Galaxies in Cosmic Reionization

Permalink
https://escholarship.org/uc/item/88b1i5jxX

Author
Rehagen, Robin Eileen Mostardi

Publication Date
2015

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/88b1j5jx
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

The Role of Star-forming Galaxies in Cosmic
Reionization

A dissertation submitted in partial satisfaction
of the requirements for the degree
Doctor of Philosophy in Astronomy

by

Robin Eileen Mostardi Rehagen

2015



(© Copyright by
Robin Eileen Mostardi Rehagen
2015



ABSTRACT OF THE DISSERTATION

The Role of Star-forming Galaxies in Cosmic
Reionization

by

Robin Eileen Mostardi Rehagen
Doctor of Philosophy in Astronomy
University of California, Los Angeles, 2015
Professor Alice Eve Shapley, Chair

One of the foremost goals in the study of cosmological reionization is understanding the
nature of the sources of the ionizing photons. The search for leaking ionizing radiation from
high-redshift star-forming galaxies has resulted in dozens of promising candidates, yet few
confirmed detections. In this thesis, I present results from a survey for z ~ 2.85 ionizing
Lyman-Continuum (LyC) emission in the HS1549+41933 field and place constraints on the
amount of ionizing radiation escaping from star-forming galaxies. Using a custom narrow-
band filter (NB3420) tuned to wavelengths just below the Lyman limit at z > 2.82, I probe
the LyC spectral region of 49 Lyman break galaxies (LBGs) and 91 Lya-emitters (LAEs)
spectroscopically confirmed at z > 2.82. I also present high-resolution, UssgVisosJ125 H160
follow-up H ST observations of 16 z ~ 3 candidate LyC emitters identified with the NB3420
filter. With these follow-up data, I obtain high spatial-resolution photometric redshifts of all
subarcsecond components of the high-redshift galaxies in order to eliminate foreground con-
tamination and identify robust candidates for leaking LyC emission. I find only one object
with a robust LyC detection that is not due to foreground contamination. A comparison with
representative samples of LBGs indicates that the most exceptional aspect of the stellar pop-
ulation fit to this object is its young age (< 50Myr). I obtain a contamination-free estimate
for the comoving specific ionizing emissivity at z = 2.85, indicating (with large uncertainties)
that star-forming galaxies provide roughly the same contribution as QSOs to the ionizing

background at this redshift. The results of my thesis work show that foreground contamina-
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tion prevents ground-based LyC studies from obtaining a full understanding of LyC emission
from z ~ 3 star-forming galaxies. Future progress in direct LyC searches is contingent upon
the elimination foreground contaminants through high spatial-resolution observations, and
upon acquisition of sufficiently deep LyC imaging to probe ionizing radiation in galaxies at

the faint end of the luminosity function.
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CHAPTER 1

Introduction

Cosmology is the study of the evolution of the universe from the Big Bang until the present
day. After the Big Bang, which occurred 13.8 billion years ago, the history of the universe
has been characterized by several distinct epochs. The earliest of these is known as the
inflationary epoch, a short period in which the universe underwent exponential expansion.
The universe continued to expand after the inflationary epoch, although at a slower rate,
and this expansion continues to the present day. The expansion caused the universe to cool,
culminating in the creation of the first atoms (380,000 years after the Big Bang; z ~ 1100%;
Bennett et al., 2003), which began a period of time known as the Dark Ages. Eventually,
the first stars and galaxies began to form (100 — 300 million years after the Big Bang;
z ~ 15 — 30; Loeb & Barkana, 2001), and the universe began to resemble the one we know

today.

The formation of stars and galaxies had an important effect on the surrounding universe.
The clouds and filaments of primordial gas from which galaxies formed, and which still link
galaxies together in a cosmic web, are known as the intergalactic medium (IGM). Initially,
just after the first stars and galaxies began to form, the IGM was composed of neutral
atoms of hydrogen and helium gas. However, the extreme UV light emitted by the first
stars eventually began to escape from galaxies into the IGM, stripping the neutral atoms

in the IGM of their electrons and beginning a process known as reionization. Hydrogen

'Here, z refers to cosmological redshift, which can be thought of as a proxy to time. As light travels
through the expanding universe from one point to another, its wavelength gets longer (redshifted) with the
expansion of the universe itself. Thus, light that has been traveling for the longest time has the greatest
redshift, and comes from the oldest sources. The present day corresponds to a redshift of z = 0. Redshift
is directly linked to the relative size of the universe at any given time (also known as the scale factor, a),
by the expression a(t) = 1/(1 + z). It can also be easily calculated observationally from the expression
z = Aobserved/>\e7nitted - L



reionization is hypothesized to have occurred after the formation of the first stars, sometime
between 300 million and one billion years after the Big Bang (6 < z < 14; Fan et al., 2006a).
Once completed, reionization left the IGM full of ionized hydrogen gas, with a remaining
fraction of neutral gas of only one in three thousand atoms at z ~ 6 (fz; = 107>®; Fan et al.,
2006b), which has dropped to one in one hundred thousand atoms today (fz; = 107°; Fan
et al., 2006a). Any astronomer wishing to study the UV properties of extragalactic sources
must observe these sources through the clouds of hydrogen gas in the IGM, and absorption of
light from even the small fraction of neutral hydrogen left in the IGM becomes significant for
galaxies at z > 1. It is thus essential to understand how reionization progressed throughout
time and how the ionization state of the IGM changes as a function of redshift. And to
complete the story, we must understand the nature of the sources emitting the ionizing,

far-UV light responsible for reionization.

1.1 Searches for the Sources Responsible for Reionization

There are several possible sources for the ionizing photons involved in reionization. Any
photon with a wavelength less than 912A (the Lyman limit) can ionize a hydrogen atom.
Such wavelengths correspond to photon energies of 13.6 eV and higher: the ionization energy
of hydrogen. These far-UV photons, also called Lyman continuum (LyC) photons, are only
created by extremely hot sources. The two sources believed to contribute the most to
reionization are quasars (accreting supermassive black holes at the centers of galaxies, also
known as QSOs) and massive stars (Loeb & Barkana, 2001). Quasars peak in number density
around z ~ 2 — 3 (Hopkins et al., 2007), and may produce a significant output of ionizing
photons at lower redshifts. However, the low abundance of quasars at the higher redshifts at
which reionization occurred indicates that another source must be responsible for the bulk
of the ionizing photons early on. Thus, massive stars in the first galaxies represent the most
likely source of the first ionizing photons. Theoretical models present the first generation
of stars (metal-free Population III stars; Schaerer, 2002) as very massive, hot, short-lived

entities that emit copious amount of ionizing radiation. After these massive stars die out



and enrich the surrounding gas with heavier atoms than hydrogen and helium, the following
generations of stars develop with more standard stellar populations. Only the hottest and
most massive of these subsequent generations of stars (namely, O and B stars) are capable

of emitting significant ionizing radiation.

In order to test the theory of reionization as having progressed due to ionizing emission
from hot stars, studies in the past 15 years have attempted to locate star-forming galaxies
with leaking ionizing radiation and measure their ionizing properties. However, the process
of identifying galaxies with leaking LyC emission has proven difficult. Even a small fraction
of neutral hydrogen in the IGM between Earth and the galaxy of interest (one atom in
ten thousand; Fan et al., 2006a) will result in complete absorption of any LyC photons
escaping the galaxy. It is thus impossible to observe actual LyC photons during the epoch
of reionization itself, as the hydrogen neutral fraction in the IGM is too high. We therefore

< 4), where the IGM is more

~

must search for LyC-emitting galaxies at lower redshifts (z
transparent. Although the IGM is the most transparent to LyC photons in the local universe
and at z < 2, searches for LyC emission from galaxies in this redshift range have yielded few
detections (Grimes et al., 2007, 2009; Cowie et al., 2009; Bridge et al., 2010; Siana et al.,
2007, 2010; Leitet et al., 2011, 2013; Borthakur et al., 2014). Studies at higher redshift
(z ~ 3 —4), however, have apparently been more successful, yielding dozens of candidate
LyC-emitting galaxies (Steidel et al., 2001; Shapley et al., 2006; Iwata et al., 2009; Nestor
et al., 2011, 2013; Siana et al., 2015; Vanzella et al., 2010a, 2012, 2015). Although none of
these z = 3 — 4 LyC-emitting galaxies were directly involved in reionization, which occurred
earlier (6 < z < 14), all LyC studies at z < 4 aim to both understand the general processes
governing LyC photon escape from galaxies, and find ways to generalize the low-redshift

results to the higher redshifts of cosmological reionization.

In this thesis, I present a detailed study of LyC emission in z ~ 2.85 star-forming galaxies
in the HS1549+1933 field. The primary goal of this work is to locate and confirm individual
high-redshift galaxies with leaking LyC emission. Definitive confirmation of leaking LyC-
emitters is complicated by the issue of contamination from foreground galaxies, and to
date only a handful of the high-redshift galaxies with putative LyC detections have, upon

3



further inspection, shown no evidence for foreground contamination (e.g., Vanzella et al.,
2015; Nestor et al., 2013; Siana et al., 2015). A second important goal of this work is to
analyze the multiwavelength properties of confirmed LyC leakers. We employ broadband
photometry to help characterize the stellar populations of LyC leakers, UV spectroscopy
to shed light on their ISM kinematics, and high-resolution HST" imaging to enable us to
study the morphologies of LyC leakers at different wavelengths. This data will inform our
understanding of how ionizing photons escape from galaxies, and may provide us with ways
to identify galaxies with leaking LyC emission during the higher redshifts of reionization,

where direct observation of ionizing photons is impossible.

1.2 Identifying Star-forming Galaxies at High Redshift

In order to measure LyC emission from high-redshift galaxies, it is first necessary to locate
large samples of star-forming galaxies at high redshift. The sample of galaxies presented in
this thesis were identified via two different selection techniques for high-redshift galaxies: the
Lyman break selection method and narrowband selection of Lyman alpha (Lyc«) emission,

which we discuss below.

Galaxies selected through the Lyman break technique are known as Lyman-break galaxies
(LBGs). As a population, LBGs are star-forming galaxies with a large population of massive
stars that provide a high rest-frame UV flux, with small to moderate amounts of dust
extinction, and many of which are experiencing large-scale outflows due to their vigorous
star-formation rates (Shapley et al., 2003). The Lyman break itself is a dip in the spectrum
of a galaxy caused by the absorption of UV starlight in the LyC region of the spectrum. This
absorption is due to neutral hydrogen atoms, both from the interstellar medium (ISM) of
the galaxy itself and from the IGM between the galaxy and the observer. LBGs are selected
based on their photometric colors from 3 broadband filters: two filters probing the slope of
the rest-frame non-ionizing UV continuum, and a third filter probing flux in the LyC region
in order to gauge the strength of the Lyman break. In one of the pioneering works that

identified high-redshift galaxies using this method, Steidel et al. (1996) used the Hubble
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Deep Field to identify 8 LBGs in the redshift range of 3 — 3.5. The color criteria employed

to select for LBGs were

F300W — F450W > 1.2 + (F450W — R),

which is equivalent to requiring that the break across the bluer passbands be greater than
3 times the break across the redder passbands, indicating the presence of a Lyman break in
the spectrum. In the last 15 years, the number of galaxies identified by the Lyman break
technique has grown from eight to thousands, and this technique has proven useful over a
broad redshift range. By varying the central wavelengths of the filters used for the color
selection and color criteria employed, galaxies have been found at a range of redshifts from
1.4 < z < 8 (see, e.g., Adelberger et al., 2004; Steidel et al., 2003, 2004; Ouchi et al., 2004;
Oesch et al., 2010). The sample of z ~ 2.85 UV-selected galaxy surveys discussed in this
thesis were identified in the LBG surveys of Steidel et al. (2003, 2004, 2011).

A second method of locating high-redshift star-forming galaxies is through narrowband
imaging of high-equivalent-width emission lines. This technique involves the creation of a
narrowband filter designed to match the wavelength of a particular emission line at a given
redshift. It has been used mainly to select galaxies based on their Lyman alpha emission
line strength, and galaxies identified in this way are known as Lya-Emitters (LAEs). In
detail, the selection of LAEs requires both imaging in a narrowband filter centered on the
Lya emission line, as well as a broadband filter that probes the level of continuum emission
around the Lya line. LAEs are flagged as objects with red broadband minus narrowband
colors, indicating a large ratio between the flux in the emission line and the flux density of
the surrounding continuum. For example, in Steidel et al. (2000), LAEs were selected as
objects with a color excess of GV — NB = 0.7. LAEs have been identified across a broad
range of redshifts, from z = 2.4 to z = 6.5 (e.g., Cowie & Hu, 1998; Rhoads et al., 2000;
Gronwall et al., 2007; Ouchi et al., 2008; Nilsson et al., 2010).

While both of these selection techniques provide astronomers with methods of locating

star-forming galaxies, LBGs and LAEs sample different populations of star-forming galaxies.
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LBGs have a typical number density of 1 — 2 galaxies per square arcminute (Steidel et al.,
1999, 2004), while Gronwall et al. (2007) have shown that, at magnitudes of R < 25.5, LAEs
are roughly 3 times rarer than LBGs of similar magnitudes. As a population, LBGs have
bright continuum magnitudes and a variety of emission line strengths, while LAEs have high-
equivalent width Lya emission and a variety of continuum magnitudes. The most massive
LAEs are found to have stellar masses of ~ 3 x 10°M, (Gawiser et al., 2007), while the
typical LBG stellar mass is two orders of magnitude larger (~ 3 x 10" M, Shapley et al.,
2001; Adelberger et al., 2005). Because LAEs are selected by their emission line properties
only, they often have intrinsically faint continuum magnitudes. It is therefore an ongoing
challenge to model the stellar populations of LAEs and understand their relationship to
LBGs and other populations of star-forming galaxies (see, e.g., Gawiser et al., 2007; Guaita

et al., 2011).

1.3 Roadmap

In Chapter 2 of this thesis, I present deep LyC imaging of the HS1549 field, probing the
ionizing properties of 49 LBGs and 91 LAEs spectroscopically confirmed at z ~ 2.85. 1
analyze the ionizing to non-ionizing UV flux-density ratios, Ly« equivalent widths, and rest-
frame near-infrared colors of galaxies with putative LyC detections. I present simulations
modeling the effects of foreground contaminants, and derive estimates of the average LyC
escape fraction and comoving LyC emissivity at z = 2.85. This work has been published in

the Astrophysical Journal (Mostardi et al., 2013).

In Chapter 3 of this thesis I present high-resolution, multiwavelength follow-up HST
imaging of 16 candidate LyC emitters from Chapter 2. 1 obtain high spatial-resolution
photometric redshifts for all subarcsecond components of each high-redshift galaxy in order
to eliminate foreground contamination, resulting in a single robust detection of LyC emission
in the LBG MD5. I examine the stellar population fit of this object with respect to those of
typical star-forming galaxies, and conclude that the young age of its stellar population may

be responsible for its observed LyC emission. I analyze the LyC emission properties of MD5,

6



and derive a revised value for the LyC emissivity at z = 2.85, based on the contaminant-free
sample. This work will soon be submitted to the Astrophysical Journal, and will appear as

Mostardi et al. (2015).

In Chapter 4, I provide some concluding thoughts on this project.



CHAPTER 2

Narrowband Lyman-Continuum Imaging of Galaxies at

z ~ 2.85

2.1 Introduction

One of the foremost goals in the study of cosmological reionization is determining the sources
of the ionizing photons. Quasars (QSOs), while able to maintain an ionized universe from
z ~ 0 —2 (Cowie et al., 2009), rapidly fall in number density at redshifts greater than z ~ 2
(Hopkins et al., 2007). Recent studies of the faint-end slope of the QSO luminosity function
indicate that while the QSO contribution to the overall ionizing budget at z > 4 may not be
negligible, QSOs alone are still unable to sufficiently account for all of the ionizing radiation
during the epoch of reionization (Fontanot et al., 2012; Glikman et al., 2011; Siana et al.,
2008). It is generally assumed that star-forming galaxies fill in the remainder of the gap in
the ionizing budget. Therefore, studying the ionizing Lyman-continuum (LyC) properties of
high-redshift star-forming galaxies can provide vital information about the evolution of the
intergalactic medium (IGM). Because the IGM at z > 6 is opaque to LyC photons, we cannot
directly observe the ionizing radiation at the redshifts corresponding to reionization. In order
to directly measure the ionizing radiation escaping galaxies and study the galactic properties
that give rise to significant LyC escape fractions, we must locate and study lower-redshift

analogs to the star-forming galaxies that reionized the universe.

There have been several recent studies of LyC emission at both low and intermediate
redshifts. To probe 0 < z < 2, space-based far-UV observing facilities such as HST /STIS,
GALEX, and FUSE have searched for LyC radiation from star-forming galaxies (Leitherer
et al., 1995; Malkan et al., 2003; Siana et al., 2007, 2010; Grimes et al., 2007, 2009; Cowie

8



et al., 2009; Bridge et al., 2010) only to obtain null results (but see, e.g., Leitet et al., 2013).
At z ~ 3, ground-based optical studies have shown that roughly 10% of star-forming galaxies
have a moderately high escape fraction of ionizing radiation (fes. > 0.2; Shapley et al., 2006;
Iwata et al., 2009; Nestor et al., 2011, 2013). At even higher redshift (z ~ 4), Vanzella
et al. (2012) find only one LyC-emitter out of 102 LBGs, although this small number of
LyC detections might reasonably be attributed to the rapidly increasing IGM opacity rather
than to processes internal to galaxies. Siana et al. (2010) investigate the conspicuous lack
of LyC-emitting galaxies at low redshift, where LyC transmission through the IGM is high.
Given the similar stellar populations for UV-luminous galaxies at z ~ 1.3 and z ~ 3, Siana
et al. (2010) infer that LyC production does not change with redshift but the mechanism

governing LyC escape must vary.

One key observational method used to measure LyC flux is deep imaging through a
narrowband filter tuned to wavelengths just bluewards of the Lyman limit. Narrowband
imaging provides a very effective way to simultaneously probe the LyC of large samples of
galaxies at the same redshift. We have designed a narrowband imaging program to study
the LyC properties of galaxies in the HS1549+1919 field. This field was observed as part of
a larger survey of UV-selected star-forming galaxies at z ~ 2 — 3 (Steidel et al., 2003, 2004,
2011; Reddy et al., 2008) and contains a galaxy protocluster with a redshift-space overdensity
of 0y ~ 5 at z = 2.85 £ 0.03 (Figure 2.1). The “spike” redshift coincides with that of a
hyperluminous QSO (Trainor & Steidel, 2012). More than 350 UV-selected galaxies have
been identified in the HS1549 field, ~ 160 of which have been spectroscopically confirmed
at 1.5 < z < 3.5. Additionally, narrowband imaging with a 4670A filter tuned to the
wavelength of Lya at the redshift spike has revealed ~300 potential Lya Emitters (LAEs)
and several Lya “blobs” (Steidel et al., 2000, 2011). Such a large sample of star-forming
galaxies at approximately the same redshift greatly facilitates the systematic narrowband

imaging search for leaking LyC emission.

Our work in the HS1549 field parallels that of Nestor et al. (2011, 2013) and Iwata et al.
(2009), who investigated another high-redshift protocluster (SSA22a; z = 3.09). Several
questions emerged from these initial narrowband LyC studies, including the nature of galaxies
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with large offsets (occasionally reaching several kpc) between the centroids of their non-
ionizing UV-continuum and LyC emission. While significant offsets have been predicted
in some simulations modeling the escape of ionizing photons (e.g., Gnedin et al., 2008), in
practice it is difficult to determine whether the observed offsets provide information about
the interstellar medium of a LyC-leaking galaxy, or are simply the result of a foreground
contaminant (Vanzella et al., 2010b, 2012). Another key result presented in the SSA22a
studies is the high apparent ratio of escaping ionizing to non-ionizing UV radiation measured
for several LAEs. For some objects, this ratio exceeded unity (Nestor et al., 2011; Inoue
et al., 2011). If such measurements are free of foreground contamination, they are at odds
with standard models for the intrinsic spectral energy distribution of star-forming galaxies
(Bruzual & Charlot, 2003). Consequently, as discussed by Vanzella et al. (2012), the most
critical goal for LyC studies is to minimize the possibility that candidate LyC-leaking galaxies
are contaminated by low-redshift interlopers. While previous z ~ 3 LyC studies have been
plagued by small samples and lack of spectroscopic redshifts, in this work we present a
sample of 131 spectroscopically confirmed galaxies (49 LBGs and 91 LAEs, 9 of which are
constituents of both samples). While our seeing-limited, ground-based imaging makes it
difficult to distinguish individual cases of foreground contamination, we have performed
simulations to model the amount of expected contamination in our samples as a whole (as

in Nestor et al., 2011, 2013).

In this work, we build upon previous high-redshift LyC studies by considering a large
spectroscopic sample of galaxies in an independent field from the SSA22a observations. We
present imaging for 12 new z ~ 2.85 galaxies with putative LyC detections and correct
for foreground contamination and IGM absorption. For our LBG and LAE samples, we
calculate the escape fraction of ionizing photons both in an absolute sense and relative to the
escape fraction of non-ionizing UV photons. We also explore the differential multiwavelength
properties of objects with and without leaking LyC radiation with regard to their Lya
equivalent widths, rest-frame near-infrared photometry, and stellar populations. The paper is
organized as follows. In Section 2.2, we describe our observations, data reduction, and galaxy

sample. In Section 2.3, we present the LyC and broadband photometric measurements and
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Figure 2.1 Redshift histogram of galaxies in the HS1549 field. The yellow curve represents the
overall redshift selection function of the LBG survey (Steidel et al., 2003, 2004), normalized to the
observed number of galaxies in HS1549. The overdensity of objects at z = 2.85 is indicated by the
dashed line, representing the redshift of the HS1549 protocluster.
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Figure 2.2 Narrowband filter transmission curves overlaid on a composite LBG spectrum (Shapley
et al., 2006) redshifted to z = 2.85. The NB3420 filter (shown in blue) is located just bluewards of
the Lyman limit at z = 2.85, and probes LyC emission for galaxies at z > 2.82. The V filter (shown
in green) probes the non-ionizing UV continuum (rest-frame ~ 1400A) of galaxies at z ~ 2.85. We
note that the V image was taken with the d500 dichroic, which blocks light bluewards of 50004,
slightly truncating the transmission curve shown in this figure. The NB4670 filter (shown in red)
is centered on the Lya emission line for objects at z ~ 2.85 and was used along with the V' band to
select the sample of LAEs. Dashed lines indicate the locations of the Lyman limit and Ly« feature
at z = 2.85.
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error analysis. Section 2.4 contains a discussion of the complexities involved in identifying
foreground contaminants and our methods for correcting measured LyC magnitudes for
both foreground contamination and IGM absorption. In Section 2.5, we discuss the colors of
individual LyC-detected objects, the average properties of the LBG and LAE samples, and
the implied LyC escape fraction and comoving emissivity. We present the multiwavelength
properties of our targets in Section 2.6 and summarize our results in Section 2.7. Throughout
the paper we employ the AB magnitude system and assume a cosmology with €2, = 0.3,

Qp = 0.7, and Hy = 70 km s~ Mpc™t. At z = 2.85, 1”corresponds to 7.8 proper kpc.

2.2 Observations and Data Reduction

2.2.1 Photometric Observations

For observations of LyC emission, we used a custom narrowband filter manufactured by Barr
Associates with central wavelength 3420A and FWHM 105A. This filter (hereafter referred
to as NB3420) is designed to probe the LyC region blueward of 912A for galaxies at z > 2.82
such that no contaminating flux (< 0.4%) from the galaxy’s non-ionizing UV continuum is
transmitted. The filter lies well within one LyC mean free path for galaxies at z = 2.85,
minimizing the effect of intervening Lyman Limit systems and allowing for a more direct
probe of the LyC absorption properties internal to galaxies. At a redshift of 2.85, current
estimates place the LyC mean free path at ~ 100 proper Mpc (Rudie et al., 2013; Faucher-
Giguere et al., 2008; Songaila & Cowie, 2010) which corresponds to a rest-frame wavelength
interval of ~ 830 — 912A. At z = 2.85, the range of rest-frame wavelengths probed by the
NB3420 filter is 872 — 904A. Figure 2.2 shows the wavelengths probed by the NB3420 filter
with respect to a typical LBG spectrum at z = 2.85, along with the locations of the NB4670
and V filters relevant to the identification of LAEs and the photometry of the non-ionizing

UV spectral region.

Our imaging was centered on the HS1549 field, at (a, §) = (15:51:53.7, +19:10:42.3).
Observations were taken through the NB3420 filter using the blue side of the Low Resolution
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Imaging Spectrometer (LRIS, Oke et al., 1995; Steidel et al., 2004) on the Keck I telescope.
During observing runs on 23 — 24 June 2009, 11 — 12 July 2010, and 9 August 2010, we
acquired a total of 19.2 hours of data comprising thirty-seven 1800 second exposures, one
1500 second exposure, and one 900 second exposure. We dithered the telescope between
exposures to minimize the effects of bad pixels and to cover the gap between the two LRIS-B
CCDs. Because these two 2K x 4K detectors have slightly different quantum efficiencies
below 4000A, we obtained half of the exposures at a sky position angle of 0° and half at 180°
in order to even out systematics between the two chips. Conditions were photometric during
all observing runs, and the effective seeing FWHM in the final stacked NB3420 image is 077

with a 1o surface brightness limit of 29.4 mag/arcsec®.!

Additional data in the HS1549 field includes broadband ground-based optical (U, G, V,
R) and near-IR (J, K) imaging, Spitzer IRAC and MIPS (24um) photometry, along with
HST/WFC3 F160W and FA75W imaging and morphologies for a small portion of the field.
At z = 2.85, the ground-based V and R images both probe the non-ionizing UV continuum in
the vincinity of 1500A and do not suffer from contamination by the Ly emission line or Ly
forest line blanketing. Given the significant redshift spike in the HS1549 field, narrowband
4670A imaging (NB4670; Aepp = 4667A, FWHM = 88A) probing Lya at z = 2.85 was also
obtained. We used the combination of NB4670 and broadband V imaging to select LAEs near
the redshift of the HS1549 protocluster (Steidel et al., 2011) and the NB4670—V continuum
subtracted image to examine the morphology of the Lya emission. Replacing the V —band
image with G also yields information about LAEs?, so we experimented with selecting LAEs
using NB4670—G colors and examined the Lya morphology in the NB4670—G image as
well. Table 2.1 gives a summary of the imaging in the HS1549 field most relevant to the LyC
observations. Detailed photometry and error analysis are performed on the NB3420, V', and

R images, as described in Section 2.3.

!The surface brightness limit quoted is a rough estimation made by evaluating sky counts in 1”70 apertures
placed randomly on blank areas of the image. We conduct a more detailed study of the NB3420 image
properties and our photometric accuracy using Monte Carlo simulations, as described in Section 2.3.2

2While the G-band image is contaminated by emission from the Ly« feature, the V' —band image is offset
from Ly« in wavelength and thus may include a color term if the continuum is not flat in f,,.
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Table 2.1.  Keck/LRIS Imaging Observations

Filter® Acf¢  Seeing FWHM  Exposure
(A) (") (s)

NB3420 3420 0.7 69000
NB4670 4670 0.7 18000
V 5506 1.0 10800
R 6830 1.3 4800

#The NB3420 and NB4670 imaging were taken
on LRIS-B, while the V' and R imaging were
taken on LRIS-R. Additionally, the V —band

transmission is slightly affected by the use of the
d500 dichroic.

2.2.2 NB3420 Imaging Reduction

We used standard IRAF image reduction procedures to reduce individual narrowband expo-
sures and create the final NB3420 stacked image. For each exposure, we divided the image
by a flatfield constructed from images of the twilight sky, subtracted the background, and
masked out cosmic rays and satellite trails. In order to stack the 39 NB3420 frames, we
registered >500 objects in the NB3420 frames with their counterparts in the astrometrically
corrected R-band image and resampled the pixels to the R-band plate scale of 072119/pixel.
Accurate image registration is necessary for creating a spatial map of the relative positions
and morphology of escaping LyC and non-ionizing UV continuum radiation and identifying

likely low-redshift contaminants.

In the process of combining the individual exposures, which ranged in airmass from 1.00
to 1.71, we scaled the flux in each frame such that each exposure was effectively observed at
the minimum airmass. Narrowband images were calibrated onto the AB magnitude system
using observations of spectrophotometric standard stars from the list of Massey et al. (1988).
These AB magnitudes were also corrected for a Galactic extinction of E(B — V') = 0.045,

based on IRAS 100um cirrus emission maps from Schlegel et al. (1998) and the extinction
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law from O’Donnell (1994). The final stacked image has an area of 35.5 arcmin?.

2.2.3 Spectroscopic Observations, Data Reduction, and Analysis

Previous spectroscopy has already been performed in the HS1549 field, resulting in spec-
troscopic redshifts for a significant number of LBGs and LAEs (Section 2.2.4). In order to
augment the existing spectroscopic sample and confirm the redshifts of potential LyC-leaking
galaxies, we obtained additional spectra, favoring objects with NB3420 detections. Another
of our original intentions was to acquire deep spectroscopy in the LyC region of galaxies with

NB3420 detections, but we were limited by poor weather conditions.

We performed multi-object spectroscopy in May 2011 on the Keck 1 telescope, using the
blue side of LRIS. We observed four slitmasks with exposure times of 16560, 9000, 8400,
and 8100 seconds, respectively. For all masks, we used the 400 line mm~—! grism blazed at
3400A, acheiving a spectral resolution of R = 800 for 172 slits. The “d500” dichroic beam
splitter was used for the first mask (originally designed for deep LyC spectroscopy) and the
“d560” dichroic was used for the three additional masks (designed to acquire redshifts). The
conditions during the observing run were suboptimal, with intermittent clouds and a seeing

FWHM of 0”7 — 170 during clear spells.

When designing the slitmasks, we targeted both LBGs and LAEs with NB3420 detections.
Slits were centered on the coordinates of the V' (NB4670) centroid for LBGs (LAEs). While
most LAEs were selected using the V' —band image as the continuum band, a small fraction
(20%) were selected using G—band (henceforth referred to as GNBs). Overall, we observed

46 objects on the four slitmasks, 29 of which had repeat observations.

Standard IRAF tasks were used to cut up the multi-object slitmask images into individual
slitlets, flatfield the spectra using twilight sky flats, mask out cosmic rays, subtract the sky
background, and average individual exposures to make stacked 2D spectra. These spectra
were then extracted to one dimension, wavelength calibrated, and shifted into the vacuum
frame. Details of these spectroscopic reduction procedures are discussed in Steidel et al.

(2003). The centroid of the Ly« emission feature (A = 1215.67) was used to estimate redshifts
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for LAEs. Both Lya emission and interstellar absorption lines (when detected) were used
for LBGs, yielding separate emission and absorption redshifts when both types of features
were detected. For objects with spectra taken on multiple masks, we averaged these spectra

in order to determine redshifts in cases when doing so increased the S/N.

We successfully measured redshifts for 9 of the 12 LBG candidates, confirming three
objects (MD5, M16, and D24) to be at z > 2.82 and identifying one as a star. We also
measured redshifts for 11 out of 27 LAEs, thus providing us with five new LAE candidate LyC
emitters. Of the remaining six LAE candidates for which we measured redshifts, two already
had redshifts determined from previous spectroscopic studies of Steidel et al. (lae4680,
lae7832; these objects were on the mask that was designed to directly detect LyC emission
spectroscopically), one object had an NB3420 detection that was flagged as contamination
after the spectroscopy was completed (lae3208), one object (lae6856) was at z = 2.807
(slightly too low redshift for NB3420 filter to probe uncontaminated LyC emission), and two
objects (laedl152, z = 2.447; lae5165, z = 1.873) were at too low a redshift to be members
of the HS1549 protocluster. Out of the seven GNBs, we acquired three redshifts (GNB2861,
GNB4769, GNB5270), all of which placed the objects at z ~ 2.85, i.e., in the correct redshift
range for our study. We note that in cases where no redshift could be measured, we did not
draw conclusions about the quality of the object; the poor weather conditions, combined
with the faintness of our targets, made it impossible to remove objects from our sample on

the basis of a non-detection.

In summary, the analysis of the spectra allowed us to confirm z > 2.82 redshifts for 3
LBGs, 5 LAEs, and 3 GNBs with NB3420 detections. With these new redshifts, we were
able to include the three additional LBGs in our LyC analysis. However, all five of the LAEs
for which we confirmed redshifts have myg7g > 26.0. Because we do not have a complete
and unbiased spectroscopic sample of LAEs with myg70 > 26.0 or GNBs (see Section 2.2.4),
we did not include these objects in the LyC analysis. In the appendix, we present their
postage stamp images and uncorrected NB3420 magnitudes in Figure 2.13 and Table 2.8,

respectively.
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2.2.4 Sample

Our initial sample consisted of 363 UV-selected galaxies and 289 narrowband-color selected
LAEs. The UV-selected galaxies were identified using the UGR color selection criteria
discussed in Steidel et al. (2003, 2004). Spectroscopic redshifts of 145 of these UV-selected
galaxies were previously measured in this field (Reddy et al., 2008; Steidel et al., 2011) and
our follow-up spectroscopy (described in Section 2.2.3) yielded an additional eight redshifts.
For the purposes of studying LyC emission, we kept only galaxies that were spectroscopically
confirmed to be at z > 2.82 with no AGN signatures in their spectra. This sample consists
of 49 LBGs with zgpe. > 2.82.3 We note that while the spectroscopic studies of Reddy et al.
(2008) and Steidel et al. (2011) were conducted without reference to the LyC properties of the
LBGs, our follow-up spectroscopy was aimed at confirming redshifts of LBGs with NB3420
detections. While the addition of these objects may introduce a slight bias in the average
non-ionizing to ionizing UV flux-density ratio for the full LBG sampe, it allows us to study
the individual flux-density ratios of a larger number of LyC-emitting LBGs and perform a
more useful differential analysis of the stellar populations of LBGs with and without LyC

emission.

LAEs were selected via a broadband filter (V') and a narrowband filter (NB4670) designed
to probe the Lya emission line for galaxies in the range of 2.803 < z < 2.876. In previous
work (e.g., Steidel et al., 2000; Nestor et al., 2011), a broadband minus narrowband color
excess of 0.7 magnitudes was used to identify LAEs, corresponding to an equivalent width
threshold of 80 A (corresponding to rest-frame 20 A). Our HS1549 photometric LAE sample,
however, is comprised of objects with V — NB4670 > 0.6, a slightly lower threshold designed
to increase the sample size by including LAEs with observed Lya equivalent widths slightly

less than 80 A.* Spectroscopic follow-up of 116 of these narrowband excess objects confirmed

3We note that one of the 49 spectroscopically confirmed LBGs (D27) has an absorption redshift of 2.814
and a Lya emission redshift of 2.816. Although it is at a lower redshift than our conservative cutoff of
z = 2.82, less than 1% of the flux redwards of the Lyman limit is transmitted through the NB3420 filter at
z = 2.814. Accordingly, we include it in the sample of spectroscopically confirmed LBGs.

4Three of the LAE candidates in the HS1549 field identified on the basis of an early generation of NB4670
and V-band photometry by Steidel et al. have been shown by subsequent deeper NB4670 data to have colors
not quite red enough to satisfy V—NB4670 > 0.6. However, as these objects have already been confirmed
spectroscopically to be at z ~ 2.85, we include them in the LAE sample regardless of V—NB4670 color.
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99 to be LAEs at the redshift of the protocluster (Trainor et al., in prep). Of the 17 objects
not confirmed to be at z ~ 2.85, two were found to be low-redshift galaxies (at z = 1.983
and z = 2.7773) and the other 15 did not yield spectroscopic redshifts. With the exclusion of
Lya blobs, galaxies with evidence for AGN emission in their spectra, and two LAEs that lie
just below the redshift limit of the NB3420 filter (z < 2.82), the spectroscopically-confirmed
LAE sample consists of 91 galaxies. The spectroscopic follow-up of LAEs was conducted
independently of LyC observations; thus, the sample of LAEs with spectroscopic redshifts is

unbiased with respect to LyC properties.

We also created an additional photometric LAE sample that includes 33 photometric
candidates whose NB4670 magnitudes are in the same range as the LAEs with spectroscopy
(mygro < 26), and include photometry and postage-stamp images for these LAE photometric
candidates in Appendix B. The lack of spectroscopic confirmation of these photometric LAE
candidates creates a small likelihood of contamination due to lower-redshift galaxies. The
first source of contamination arises from the fact that the NB4670 filter selects for Lya
emission at a range that extends down to z ~ 2.80, while the NB3420 filter only measures
uncontaminated LyC emission for galaxies at z > 2.82. However, only 2 out of 99 LAEs
confirmed by spectroscopy has zge. < 2.82; these objects (at z = 2.811 and z = 2.801) lie
in the tail of the redshift overdensity centered at z = 2.85. With the assumption that the
redshift distribution of the LAEs without spectroscopy matches the distribution of those
with spectroscopy, contamination from additional galaxies in the low-redshift tail should
be negligible. The second potential source of contamination arises from [OI]-emitters at
z ~ 0.24 — 0.26 whose emission lines fall within the NB4670 filter bandpass, but this type of
contamination is also unlikely. Not only is the volume probed at z ~ 2.80 — 2.88 forty times
larger than that probed at z ~ 0.24 — 0.26, but the photometrically measured equivalent
widths of the LAE candidates, while typical for LAEs, would be considered exceptionally
large if the objects were in fact low-redshift [OII]-emitters (see, e.g., Hogg et al., 1998).
Additionally, as described in Section 2.3.4, the relative spatial positions of the NB3420,
V', and NB4670-V emission point toward the LAE candidates being high-redshift objects.

However, because of the increased likelihood of contaminated NB3420 detections within the
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Table 2.2.  Uncertainties in Simulated Photometry for R, V', and NB3420
Magnitude Bin®* ARP 0;50 oR° AVP a‘tc oy ° ANBP UIJ\?BC ong*
22.5 — 23.0 0.00 0.03 0.03 0.00 0.02 0.02 0.00 0.02 0.02
23.0 — 23.5 0.00 0.05 0.05 0.00 0.03 0.03 0.00 0.03 0.03
23.5 — 24.0 0.00 0.08 0.07 0.00 0.05 0.05 0.00 0.05 0.04
24.0 — 24.5 0.00 0.12 0.11 0.00 0.07 0.06 0.00 0.07 0.07
24.5 — 25.0 0.00 0.17 0.15 0.00 0.10 0.09 0.00 0.11 0.10
25.0 — 25.5 0.00 0.25 0.21 0.00 0.14 0.13 0.00 0.17 0.14
25.5 — 26.0 0.01 0.34 0.26 0.00 0.22 0.18 0.01 0.25 0.20
26.0 — 26.5 0.06 0.45 0.31 0.01 0.32 0.25 0.03 0.34 0.26
26.5 — 27.0 0.174 0.54 0.36 0.04 0.38 0.28 0.09 0.44 0.31
27.0 — 27.5 0.379 0.71 0.43 0.13 0.51 0.34 0.249 0.60 0.38
27.5 — 28.0 0.704 1.22 0.56 0.25¢ 0.60 0.38 0.40¢ 0.79 0.45

2Recovered magnitude range of simulated galaxies. The statistics in this table are
calculated for an object whose flux lies in the center of the bin; for example, this flux
corresponds to a magnitude of 22.72 for the brightest bin.

b Average value of the difference between recovered and input magnitudes. In the
fainter bins, significant departures from zero imply systematic biases in the photometry.

°The standard deviation in the difference between recovered and input magnitudes,
used to calculate photometric uncertainties. Note that uncertainties in magnitudes
are asymmetric because the standard deviation is calculated from the simulated flux
distribution (Section 2.3.2).

dMagnitudes of objects with systematic biases greater than one third of the object’s
uncertainty are adjusted to reflect the systematic bias, as discussed in Section 2.3.2.

photometric LAE sample, we do not include these objects in the LAE analysis.

In summary, the samples of LBGs and LAEs with zg.. > 2.82 consist of 49 and 91
galaxies, respectively. There is some overlap in the final LBG and LAE samples: 9 LBGs
are also LAEs. We exclude one of these overlap objects (MD12/lae3540) from our analysis
of global LyC properties because of its complex morphology, but discuss its photometric
properties in detail in Section 2.4.1. With the exclusion of MD12/lae3540, the final LBG

and LAE samples consist of 48 and 90 galaxies, respectively.
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2.3 Detecting LyC Emission

2.3.1 Photometric Measurements

Source identification and photometry were performed using SExtractor (Bertin & Arnouts,
1996). Objects were detected independently in all images to allow for different spatial distri-
butions of light at different wavelengths. For R-band and V-band images, we ran SExtractor
in single-image mode using a Gaussian smoothing kernel with a FWHM of 2 pixels and a
detection threshold of 1.0 standard deviation above the local smoothed background. For the
NB3420 image, we ran SExtractor in dual-image mode with separate detection and measure-
ment images, following the methodology of Nestor et al. (2011). For detection, we smoothed
the NB3420 image by a Gaussian kernel with FWHM = 2.35 pixels and used a detection
threshold of 2.25 standard deviations. For measurement, we used the unsmoothed NB3420
image. In the case of the NB3420 photometry, SExtractor parameters were chosen to reflect
the higher signal to noise of the NB3420 image, to produce object number counts similar
to those in Vanzella et al. (2010b), and to be complete in the faint magnitudes of interest
for studying LyC emission. In all images, magnitudes were computed using “Kron-like”

elliptical apertures (i.e., MAG_AUTO in SExtractor).

Because there has been some contention in this field concerning the most appropriate
way to photometrically measure the flux-density ratio between ionizing (NB3420) and non-
ionizing (V) UV emission (Vanzella et al., 2012; Nestor et al., 2011, 2013), we explain our
methods here. Galaxies at z ~ 3 are known to exhibit clumpy morphologies (see e.g.,
Law et al., 2007). As LyC photons may not escape isotropically from all portions of the
galaxy, it is possible that LyC emission will be observed emanating from only one clump of
a given galaxy. With the seeing-limited resolution of our images, it is often impossible to
distinguish individual star-forming clumps; thus LyC emission may appear to be offset from
the centroid of the VV—band emission. The idea of offset LyC emission is also supported by
results from galaxy formation simulations. Simulations by Gnedin et al. (2008) claim that
increased star-formation efficiencies in the more luminous LBGs result in higher scale heights
of young stars relative to the HI in the disk. Therefore, minor interactions can disrupt the
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HI sufficiently to reveal the young stars and allow significant emission of ionizing photons
to escape the galaxy. With the proper orientation, this configuration can be recognized
as LyC emission offset from the primary UV-continuum emission. Alternatively, Ricotti
(2002) suggests that the formation of globular clusters may have reionized the universe,
since luminous OB associations in the outer haloes may have escape fractions approaching
unity. Globular clusters are still forming at z ~ 3 (Stetson et al., 1996), and would be
observable in our data as LyC emission offset spatially from the primary galaxy. Because
these models support the possibility that the spatial distribution of LyC emission may be
offset from V—band emission or have different morphology (e.g., compact vs. diffuse), we

must choose photometric methods that can account for such scenarios.

While Vanzella et al. (2012) suggest that flux-density ratios should be measured using
both LyC and non-ionizing UV emission only from regions of escaping LyC emission, we
argue here that the entire non-ionizing and ionizing UV flux should be measured. Measuring
the flux-density ratio within an individual LyC-emitting region (defined by the isophote
of the LyC emission) may provide useful information about the stellar populations of that
region, but it does not provide information about the average LyC escape fraction among
star-forming galaxies or the global LyC emissivity produced by these galaxies. The average
escape fraction must be computed from the non-ionizing to ionizing flux-density ratio of an
ensemble of z ~ 3 galaxies, including both galaxies without observed LyC emission and the
non-LyC-emitting regions from galaxies with LyC emission. The calculation of the ionizing
emissivity, moreover, relies entirely on the z ~ 3 UV luminosity function constructed by
measuring non-ionizing UV light from entire galaxies, not from their constituent clumps.
Alternatively, we find that a method in which LyC is measured solely within an isophote
defined by the galaxy’s non-ionizing UV also does not accomplish our photometric goals.
As this “isophotoal” method does not allow for LyC emission to have a different spatial
distribution from that of the non-ionizing UV, it will result in the systematic loss of LyC
flux. A differential analysis of LAE magnitudes using this isophotal photometric method
versus the “Kron-like” apertures to measure V' —band and NB3420 magnitudes separately

(i.e., the method presented here) corroborates the idea that LyC emission is systematically
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missed in the isophotal method; the average LAE non-ionizing to ionizing flux-density ratio
using the isophotal method is a factor of ~ 1.3 larger than the methods we use. While a factor
of 1.3 is well within the 1o uncertainty®, it is an unnecessary loss of NB3420 flux. Therefore,
we maintain that using the large “Kron-like” apertures to measure the full V—band and
NB3420 magnitudes is the correct photometric method for the measurement of the global

LyC escape fraction and emissivity.

2.3.2 Characterizing Photometric Uncertainties

We characterized both the statistical and systematic photometric uncertainties by running
Monte Carlo simulations designed to reproduce our photometric measurement procedures.
In the simulations, we added to each image fake galaxies of known magnitude and a range
of radial profiles representative of the observed galaxies. In each iteration, one hundred fake
galaxies were placed in random, empty positions chosen to avoid image edges and photometric
blending with existing objects or previously placed fake galaxies. We ran SExtractor on each
filter (R, V', NB3420) using the same parameters as for the actual photometry. The process
of adding fake galaxies was repeated until we recovered 50,000 in each simulation, enough
to populate all magnitude bins of interest with a statistically significant number of objects.
The bins of recovered magnitude are 0.5 magnitudes wide and span a range of 22.5 < m < 28

in each band to encompass the magnitude range of the observed LBGs and LAEs.

Table 2.2 lists the systematic bias and photometric uncertainty associated with each
magnitude bin, as derived from the results of the simulations. In each bin, the systematic
bias is defined to be the average difference between input and recovered fluxes of fake galaxies,
while the photometric uncertainty is defined to be the standard deviation of the distribution
of differences between input and recovered fluxes. The uncertainty associated with an object
of a given flux is a local quadratic interpolation between the uncertainties of neighboring bins.
Because the errors in flux are Gaussian, all errors quoted in magnitudes are double-sided.

Using the uncertainties estimated by our simulations, we define a 20 photometric limit that

5The two photometric methods agree so well because the NB3420 detections in the LAE sample have
very small offsets from the corresponding V' —band detections.
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corresponds to a magnitude limit of 27.33 in R, 27.58 in V', and 27.30 in NB3420. In all filters,
the simulations show that SExtractor misses a higher percentage of flux from fainter objects,
resulting in a systematic offset in magnitude that is larger for fainter objects. In order to
correct for this bias, we added the systematic offset determined from the simulation analysis
to the flux of an object if the offset was greater than one third of the object’s associated
uncertainty. This threshold was chosen in order to avoid the unnecessary addition of noise
into our measurements by adding systematic offsets much smaller than the 1o error. In

practice, this correction only affected a few of the fainter bins (see Table 2.2).

2.3.3 Object Matching

As we have two broadband filters (V' and R) that probe the non-ionizing rest-frame UV
(~1500A) for galaxies at z = 2.85, it is necessary to choose one to represent the non-ionizing
UV flux. The spatial distributions of the V' and R detections are well matched and their
centroids agree within 0”2. The deeper V —band image has 170 seeing, while the R image
has 1”3 seeing, larger photometric errors (see Table 2.2), and an elongated PSF. Although
the R—band image was originally used to identify LBGs, we adopt the V —band image for
our non-ionizing UV photometry based on its superior quality and the fact that more LAEs
are detected in V' than in R. We note that all but one of the LBGs with LyC detections is
detected in V; M4 does not have a V' detection because it falls off the edge of the V-band
image. For this object, we calculate a V' magnitude by linearly interpolating between its
measured R magnitude and a G' magnitude computed from its G — R color obtained from

the parent LBG survey (Reddy et al., 2008; Steidel et al., 2004).

The coordinates of LBGs are defined by V' —band centroids, while the coordinates of LAEs
are defined by NB4670 centroids. In order to find non-ionizing rest-frame UV counterparts
for LAEs, we compiled the positions and photometric measurements for any SExtractor
detection in the V' —band image within a 5 pixel (171 = 8.6 kpc at z = 2.85) offset from the
NB4670 coordinates of the target and successfully found counterparts for 77 out of 91 LAEs.

Given that the largest galaxies reach sizes of ~ 10 kpc at z ~ 2 — 3 (Forster Schreiber et al.,
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2009; Law et al., 2012a) and that we may be looking for LyC emission in the outskirts of these
galaxies, we used a similar matching technique with a larger radius (9 pixel = 179 = 14.8 kpc
at z = 2.85) to find SExtractor detections in the NB3420 image near our LBGs and LAEs.
This generous matching radius guarantees the inclusion of all NB3420 detections potentially
associated with the galaxies in the sample. Our candidate with the largest offset between the
galaxy centroid and the associated NB3420 detection (M16) has Ap s ,c = 1726 = 9.8 kpc,
but the majority of our NB3420 detections (especially around LAEs) are at much smaller
offset (< 3 kpc).

In order to remove any obvious false matches corresponding to neighboring sources, we
visually inspected each NB3420 source matched with a known LBG or LAE in the R, V,
and G images (probing rest-frame non-ionizing UV), and the F'160W image (probing rest-
frame optical), if available. We also inspected LAEs with NB3420 matches in the continuum-
subtracted NB4670—V image, which probes the spatial distribution of Ly« emission. NB3420
matches were removed if they corresponded spatially to a visible counterpart in another
image. We also removed matches where the LyC emission was further than 179 away from
the non-ionizing UV-continuum emission, which occasionally occurred because the LAE
matching radius was centered around the Ly« emission, not the non-ionizing UV. Altogether,
we retained matches to 4 LBGs and 7 LAEs, labeling the NB3420 detections corresponding
to 4 LBGs and 16 LAEs as invalid.

2.3.4 Targets with NB3420 Detections

We report NB3420 detections in 4 out of 48 LBGs and 7 out of 90 LAEs. MD12/lae3540
also has an NB3420 detection and is discussed in Section 2.4.1. Although they are not the
focus of our study, we note that 2 of the 4 AGNs in the field at z > 2.82 have NB3420
detections. Tables 2.3 and 2.4 display photometric information for the NB3420-detected
LBGs and LAEs. Postage-stamp images of targets with NB3420 detections are shown in
Figures 2.3 and 2.4, indicating the NB3420 (LyC), NB4670—V (Ly«), and V' (non-ionizing

UV continuum) morphologies.
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Figure 2.3 10” x 10" postage stamp images of the 4 LBGs with NB3420 detections. Each object
is displayed in two bands: NB3420 (indicating the LyC) and V (indicating the non-ionizing UV
continuum). All postage stamps are centered on the V-band centroid and blue circles (1”radius) in-
dicate the centroid of the NB3420 emission. All postage stamps follow the conventional orientation,
with north up and east to the left.
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Figure 2.4 10” x 10" postage stamp images of the 7 LAEs with NB3420 detections. Each object is
displayed in three bands: NB3420 (indicating the LyC), NB4670—V (indicating Ly« emission and
labeled LyA), and V (indicating the non-ionizing UV continuum). The V—NB4670 color of each
LAE is indicated below the object name. All postage stamps are centered on the V-band centroid
and blue circles (1”radius) indicate the centroid of the NB3420 emission. All postage stamps follow
the conventional orientation, with north up and east to the left. We note that LAEs with more
diffuse Ly« emission may be difficult to distinguish in the NB4670—V image, even though their
V' —NB4670 colors identify them as LAEs and their redshifts have been confirmed by spectroscopy;
for such objects, we have increased the stretch of the NB4670—V image to make the diffuse emission
more easily visible.
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Figure 2.5 Comparison of the offsets between UV-continuum and LyC emission (Ayv, ryc) and
between Lya and LyC emission (Arya, ryc) for LAEs with NB3420 detections. On average,
Apv,yc < ALya, Lyc, reflecting the fact that Lya photons are resonantly scattered; therefore,
Ly« emission is unlikely to coincide exactly with the location of LyC emission. This observed trend
supports the claim that the LAEs are not low-redshift [OlI]-emitters (see Section 2.3.4).
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Table 2.3. LBG Photometry
1D RA Dec Zem®  zZaps®? V. NB3420  Apv,ryc® 22~ d
LyC obs
(J2000) (J2000)
BX84 15:51:53.696 19:12:24.64  ---  2.823 2441  >27.30 e >14.3
MD5  15:51:45.211  19:11:05.13 3.146 3.139 24.96  26.89 03 5.9 + 2.0
MD7  15:51:47.521  19:10:13.56 2.857 2.851 2511  >27.30 e >7.5
MD9  15:51:50.711 19:09:38.20 2.852 2.843 24.13  >27.30 e >18.6
MD12° 15:51:51.882 19:10:41.16 2.856 2.849 24.56  26.74 170 75425
MD34  15:52:06.315 19:12:48.60  ---  2.849 24.23  26.56 0’8 8.6 + 2.7
c1 15:51:39.653  19:10:40.67 2.845  --- 2477  >27.30 e >10.3
2 15:51:40.960  19:13:12.77 3.100  ---  23.76  >27.30 >26.1
C4 15:51:44.413  19:11:24.75 2.863 2.857 25.01  >27.30 >8.2
C5 15:51:44.627  19:10:59.73 3.173 .-~ 2514  >27.30 >7.3
C6 15:51:44.760  19:10:32.84  ---  2.828 24.36  >27.30 >15.0
cr 15:51:45.247  19:12:13.21 2.841 24.53  >27.30 >12.8
C8 15:51:45.386  19:08:49.84  ---  2.935 25.03  >27.30 >8.1
C9 15:51:46.707  19:11:52.39  2.925 2.919 23.67  >27.30 >28.2
C10 15:51:48.424  19:09:24.93 3.193 3.183 24.56  >27.30 >12.4
C12 15:51:49.360  19:09:52.55  ---  2.835 24.93  >27.30 >8.8
C13 15:51:49.685  19:10:58.10 2.843  ---  24.92  >27.30 >9.0
Cl14 15:51:50.616  19:09:18.46  ---  2.841 24.87 >27.30 >9.4
C15 15:51:51.352  19:10:19.50 2.849 2.849 2539  >27.30 >5.8
c17 15:51:55.283  19:12:19.48 2.941 2.934 24.92  >27.30 >9.0
C19 15:52:00.196  19:10:08.73 3.166 3.158 24.41  >27.30 >14.3
C20 15:52:00.402  19:08:40.75 3.115  ---  25.09  >27.30 >7.6
22 15:52:03.833  19:09:43.21  ---  2.960 24.65 >27.30 >11.5
Cc24 15:52:05.618  19:13:11.73 2.834 2.826 2524  >27.30 >6.7
C25 15:52:06.069  19:11:28.37 3.159  --- 2460 >27.30 >12.0
c27 15:52:07.041  19:12:19.29 2.931 2.922 24.32  >27.30 >15.5
D3 15:51:43.712  19:09:12.37 2.942 2.934 24.06  >27.30 >19.7
D4 15:51:43.976  19:11:39.67 2.863 2.856 24.43  >27.30 >14.1
D6 15:51:45.191  19:09:05.31 2.849 2.840 24.64  >27.30 >11.5
D7 15:51:46.246  19:09:50.11 2.943 2.932 24.51  >27.30 >13.0
D11 15:51:49.764  19:09:02.94  ---  2.837 23.72  >27.30 >27.1
D13 15:51:51.724  19:10:15.89 2.852 2.842 24.39  >27.30 >14.5
D14 15:51:53.262  19:11:01.00 2.851 2.851 24.87  >27.30 >9.3
D16 15:51:54.848  19:11:31.18 3.139 3.130 24.00 >27.30 >20.8
D17 15:51:57.435  19:11:02.56 2.841 2.825 25.02 >27.30 >8.1
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Table 2.3 (cont’d)

D RA Dec Zem®  Zans® V. NB320  Apvirye® 2% .
(J2000) (J2000) o
DI8  15:51:59.695 10:09:39.25 2.850  ---  24.60  >27.30 - >12.1
D19 15:52:00.270 19:09:40.75 2.847 2.844 2528  >27.30 . >6.4
D20 15:52:00.484 19:10:27.55  ---  2.825 2411  >27.30 . >18.8
D23 15:52:03.743  10:09:24.47 2.902 2.893 24.49  >27.30 - >13.3
D24 15:52:05.278  19:00:45.17 2.951 2.942 2424  27.01 171 12.8 + 4.0
D25 15:52:07.999  10:08:55.80  ---  2.825 2479  >27.30 - >10.1
D27  15:52:08.314 19:00:48.82 2.816 2.814 23.95  >27.30 - >21.8
M2 15:51:41.355 19:10:06.11 2.875 2.867 25.32  >27.30 - >6.2
M5 15:51:41.970  19:08:22.21  2.936  2.931 25.00  >27.30 - >8.3
M6 15:51:43.678  19:00:44.58 2.891 .- 2377  >27.30 - >25.9
M16  15:51:53.636  10:09:29.49 2.955 2.953 25.28  26.56 173 32+ 14
M21  15:52:01.356  19:13:00.78 2.834 .- 25.14  >27.30 - >7.3
M22  15:52:02.705 19:09:40.06 3.159 3.149 2477  >27.30 . >10.3
M23  15:52:05.748  19:12:08.72 - 3.400 24.85  >27.30 - >9.6

2Emission redshift of Lya.
bInterstellar absorption redshift.
“Spatial offset between the centroids of V-band and NB3420 flux-densities.

dObserved ratio and uncertainty in the ratio of non-ionizing UV to LyC emission, inferred from the
NB3420—V color. This value has not been corrected for either contamination by foreground sources
or IGM absorption.

¢MD12 is not included in the LBG sample.
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Table 2.4. LAE Photometry

1D RA Dec z NB4670 1% NB3420  Ayv,ryc® Arya, Lyc© lff,vc , d
(J2000) (J2000) e

lae32 15:51:38.692  19:10:04.89  2.846  25.32 26.78  >27.30 >1.6
lae274  15:51:39.406  19:09:42.66 2.851  24.41 25.47  >27.30 >5.4
lae367  15:51:39.993  19:09:00.13 2.882  25.45 25.96  >27.30 >3.4
lae413  15:51:39.673  19:13:15.43 2.846  24.47 27.21 >27.30 >1.1
lac447  15:51:41.908  19:10:16.77 2.844  25.93 2724 >27.30 >1.1
lae576  15:51:40.601  19:10:58.09 2.846  25.17 26.24  >27.30 >2.6
lac599  15:51:40.758  19:11:00.26 2.834  25.07  >27.58  >27.30 e
lae618  15:51:39.812  19:10:53.58  2.847  24.07 27.58  >27.30 >0.8
lac633  15:51:39.624  19:11:04.99 2.852  23.91 26.78  >27.30 >1.6
lae661  15:51:41.061 19:11:54.91 2.836  25.43 26.31 >27.30 >2.5
lae1012  15:51:42.495 19:10:34.26  2.839  24.21 25.69  >27.30 >4.4
lae1206  15:51:43.025  19:10:39.98 2.863  24.78 26.61 >27.30 >1.9
lae1261  15:51:43.596  19:11:57.22 2.851  25.70 26.99  >27.30 >1.3
lac1359  15:51:43.780 19:11:40.20 2.861  25.02 26.49  >27.30 >2.1
lac1375  15:51:43.969  19:11:02.19 2.864  25.83 27.20  >27.30 >1.1
lac1500° 15:51:43.955 19:11:39.63 2.863  23.93 24.43  >27.30 >14.1
lac1528  15:51:44.682  19:09:24.59 2.846  25.66  >27.58  >27.30 e
lae1540  15:51:44.490 19:11:47.22 2.845  24.90 26.88  >27.30 >1.5
lael552  15:51:44.709  19:08:44.92 2.838  25.09  >27.58  >27.30 e
lac1599f 15:51:44.424 19:11:24.64 2.863  23.96 25.01 >27.30 >8.2
lae1610  15:51:44.873  19:11:02.12 2.840  24.77 26.54  >27.30 >2.0
lac1679  15:51:45.164  19:12:34.40 2.842  25.40 26.34  >27.30 >2.4
lael751  15:51:45.449  19:11:11.71 2.840  25.50 27.12 >27.30 >1.2
lael765 15:51:45.323  19:09:20.49  2.847  24.04 2620  >27.30 >2.7
lael774  15:51:53.129  19:10:57.03 2.852  23.20 25.04  >27.30 >8.0
lael787 15:51:45.646 19:11:28.60 2.836  25.98 26.63  >27.30 >1.8
lac1803  15:51:45.697 19:11:53.03 2.852  25.55  >27.58  >27.30 e
lac1835 15:51:45.882  19:09:45.11 2.836  25.45 27.50  >27.30 >0.8
lac1843  15:51:45.676  19:09:58.21  2.847  25.81 27.18  >27.30 >1.1
lae2015  15:51:46.504 19:12:38.62 2.845  25.81 >27.58  >27.30 e
lac2063  15:51:45.966  19:08:22.13  2.849  24.49 25.91 >27.30 >3.6
lae2158  15:51:47.005 19:11:02.98 2.847  25.34 26.11 >27.30 >3.0
lae2174  15:51:47.001  19:08:22.06 2.885  25.89 26.69  >27.30 >1.8
lae2183  15:51:47.235  19:09:53.38  2.869  25.76 27.41 >27.30 e e >0.9
lae2292  15:51:47.635  19:10:00.50 2.851  25.86 27.19 27.11 03 0”6 0.9+ 05
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Table 2.4 (cont’d)

ID RA Dec z NB4670 % NB3420  Apv,nyc® ALya, Lyc® ﬁgy‘/c Obsd
(J2000) (J2000)

1ae23068 15:51:47.509  19:10:13.34  2.857 24.60 25.11 >27.30 >7.5
lae2358  15:51:47.945  19:09:03.21  2.841 25.31 >27.58  >27.30 . - -
lae2436  15:52:03.231  19:12:52.43  2.832 23.44 24.11 25.21 0”3 0’3 2.7+ 04
lae2489  15:51:48.187  19:08:30.15  2.845 25.24 27.05 >27.30 - - >1.3
lae2551  15:51:48.539  19:12:03.11  2.849 25.59 27.08 >27.30 >1.2
lae2561  15:51:48.346  19:13:13.88  2.828 24.71 26.13 >27.30 >2.9
lae2668  15:51:49.100 19:11:22.54  2.841 24.73 27.19 >27.30 >1.1
1ae2747  15:51:49.311  19:08:44.33  2.842 24.77 26.84 >27.30 >1.5
1ae2796  15:51:49.579  19:10:41.28  2.844 25.66 26.69 >27.30 >1.8
lae2854  15:51:49.793  19:12:47.89  2.836 25.84 >27.58  >27.30 e
lae2856  15:51:49.718  19:10:49.05  2.843 25.15 25.85 >27.30 >3.8
lae2949  15:51:49.870  19:10:53.62  2.840 25.14 27.45 >27.30 . - >0.9
lae2966  15:51:49.995  19:10:41.59  2.841 24.61 26.87 26.82 0”1 0”7 1.0 £ 0.4
lae2984" 15:51:49.695  19:10:57.98  2.843 23.83 24.92 >27.30 >9.0
lae3167  15:51:50.781  19:10:34.29  2.846 25.62 26.89 >27.30 >1.5
lae3208  15:51:50.908  19:11:16.18  2.844 25.28 27.32 >27.30 >1.0
lae3339'  15:51:51.354  19:10:19.71  2.849 24.69 25.39 >27.30 >5.8
lae3354  15:51:51.525  19:10:47.02  2.843 24.70 27.29 >27.30 o - >1.0
lae35407  15:51:51.878  19:10:41.09  2.856 23.93 24.56 26.74 10 079 7.5+ 2.5
lae3763  15:51:51.530  19:10:58.22  2.842 23.27 26.60 >27.30 . o >1.9
lae3798  15:51:53.127  19:10:34.46  2.852 25.47 27.01 >27.30 >1.3
lae3808  15:51:52.858  19:11:41.05  2.839 24.03 25.75 >27.30 >4.2
lae3866  15:51:52.742  19:11:39.09  2.839 23.32 25.42 >27.30 >5.7
lae3922  15:51:53.457 19:11:43.89  2.856 24.63 25.97 >27.30 >3.4
lae4147  15:51:54.158  19:11:05.14  2.841 24.70 27.12 >27.30 >1.2
lae4366  15:51:54.775  19:11:06.42 2.844 24.44 25.75 >27.30 - . >4.2
lae4680  15:51:56.206  19:09:56.72  2.848 25.24 27.07 27.05 01 0’3 1.0 + 0.4
lae4684  15:51:56.167  19:11:56.65  2.849 25.50 26.15 >27.30 . . >2.9
laed730  15:51:56.413  19:10:42.03  2.843 25.46 26.12 >27.30 >3.0
lae4796  15:51:56.367  19:11:06.15  2.868 24.68 26.30 >27.30 >2.5
lae4804  15:51:56.621  19:12:26.86  2.860 25.49 26.99 >27.30 >1.3
lae4882  15:51:56.873  19:13:06.72  2.835 25.23 27.35 >27.30 >1.0
lae4947  15:51:57.132  19:08:48.24  2.857 24.95 25.49 >27.30 >5.3
lae5132  15:52:01.057  19:09:47.89  2.849 24.76 27.18 >27.30 >1.1
lae5193  15:52:00.760  19:10:53.36  2.853 25.26 26.21 >27.30 >2.7
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As indicated by studies of the SSA22a field (Nestor et al., 2013, 2011; Inoue et al., 2011;
Iwata et al., 2009) and implied by the simulations of Gnedin et al. (2008) and Ricotti (2002)
(see Section 2.3.1), the centroids of the UV-continuum and LyC emission may not always
coincide. The NB3420 versus V —band offsets for the four LBGs with NB3420 detections
span a large range: 0734, 0785, 1706, and 1726. The offsets for the 7 LAEs with NB3420
detections, however, are < 0736 = 2.8 kpc for all but one LAE (lae6662), which has an
offset of 1709. The smaller offsets of the NB3420 detections around LAEs strengthen the
argument that these detections are truly associated with the LAEs in question, and also
may indicate that LAEs are more compact galaxies than LBGs. For LAEs, we may also
examine the offset between Lya emission and LyC emission (A, 14c) which is on average
larger than both the offset between the UV-continuum and LyC (Ayv, 1yc) and the offset
between UV-continuum and Lya (Apvrya). While some spatial discrepancy between Lyo
and LyC emission is to be expected due to the resonant scattering of Lya photons, large
offsets point to an increased probability of contamination and weaken the argument that the
NB3420 detection is LyC emission associated with the high-redshift galaxy (Nestor et al.,
2011, 2013; Vanzella et al., 2010b, 2012). However, while it is a good rule of thumb to assume
that objects with Ayy, ry,c 2 1”7 are likely contaminants, Nestor et al. (2013) demonstrated
with high-resolution spectroscopy in the SSA22a field individual cases where putative LyC
detections at large offset (for example, Ayy, 1,c =170) were found to be associated with the
high-redshift galaxy, and detections at small offset (for example, Ayy, 1,c =0"3) were found

to be contaminants.

The fact that Apy ., ryc is often greater than Ayy, 1,c provides additional evidence against
significant contamination from low-redshift [OIl]-emitters in the LAE sample, corroborating
the conclusion drawn in Section 2.2.4. Figure 2.5 compares the offsets Aryq ryc and Ay, Lyc
for LAEs, demonstrating the tendency for NB3420 detections to be more closely associated
with V' rather than NB4670 detections. If the LAEs were low-redshift [OlI]-emitters rather
than high-redshift LAEs, the NB3420 image would probe the rest-frame UV, the NB4670-V
image would probe [OIl] emission, and the V' image would probe the rest-frame optical.

In this case, both the NB3420 and NB4670-V images would probe active star formation,
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Table 2.4 (cont’d)

D RA @ Dee * z  NB4670 v NB320  Auviiy,e® ALyeiyct  FLL 9
Y
(J2000) (J2000) o
lae5322  15:52:00.102  19:10:17.14 2.832 2353 2544  >27.30 >5.5
lac53715  15:52:00.265 19:09:40.41 2.848  24.54 2528  >27.30 >6.4

lae5458!  15:51:59.696  19:09:39.30  2.849 24.04 24.60 >27.30 B B >12.1
lae5470  15:51:59.582  19:11:40.17  2.843 25.85 >27.58 >27.30 e e e
lae5713  15:51:58.999  19:09:20.60  2.857 25.57 >27.58 >27.30

lae5720  15:51:58.755  19:13:00.43  2.833 25.56 >27.58 >27.30 s s e
lae5740  15:51:59.315  19:10:35.10 2.831 24.96 25.90 >27.30 e .e- >3.6

lae5900  15:51:58.057  19:11:21.84  2.845 24.24 25.42 >27.30 s s >5.6
lae5995™ 15:51:57.456  19:11:02.63  2.833 24.54 25.02 >27.30 e s >8.1
lae6193  15:52:07.992  19:11:23.26  2.836 25.79 26.10 >27.30 s N >3.0
lae6312  15:52:07.610  19:08:47.48  2.827 25.72 26.43 >27.30 ce B >2.2
lae6662  15:52:06.357  19:10:42.74  2.833 25.16 25.94 27.23 11 172 3.3+ 13
lae6774  15:52:06.090  19:11:36.81  2.845 25.80 >27.58 >27.30 ce s e
lae6979  15:52:04.940 19:09:53.42  2.863 25.63 26.25 >27.30 e B >2.6
lae7180  15:52:04.662  19:11:42.19  2.930 25.86 26.38 25.85 0”3 0”1 0.6 + 0.2
lae7542  15:52:03.575  19:12:50.73  2.841 24.28 25.48 >27.30 ‘oo - >5.4
lae7577  15:52:03.189  19:09:09.08  2.828 25.35 >27.58 >27.30 B s .-
lae7803  15:52:02.304  19:09:03.58  2.865 25.97 26.89 >27.30 ce B >1.4
lae7830  15:52:02.146  19:09:55.06  2.826 23.77 >27.58 >27.30 B B cee
lae7832  15:52:02.201  19:10:48.59  2.829 24.23 24.83 25.11 04 07 1.3 £0.2

lae7893  15:52:01.861  19:12:49.92  2.858 25.32 >27.58 >27.30

aCoordinates of LAEs are based on NB4670 centroids.
bSpatial offset between the centroids of V' and NB3420 emission.
“Spatial offset between the centroids of NB4760 and NB3420 emission.

d0Observed ratio and uncertainty in the ratio of non-ionizing UV to LyC flux-densities, inferred from the NB3420—V color.
This value has not been corrected for either contamination by foreground sources or IGM absorption.
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Table 2.5. Photometry in Stacked Images

Sample Ngal Ve NB3420* NB3420—V <FUV/FLyC>obsb
LBG, all 48 24.59T000 > 28.67 > 4.08 > 42.7
LBG, detect 4 24447078 2705109 2607058 11.0£7.2
LBG, non-detect 44 24.60799% > 28.62 > 4.03 > 40.8
LAE, all 90  26.03T573 > 29.01 > 2.98 > 15.6
LAE, detect 7 25497030 9597f035 (487038 1.6 +0.6
LAE, non-detect 83 26.091015 >28.97 > 2.88 > 14.2
LAE, 24 <V <25 5 2467755 2651720  1.847507 5.5+4.6
LAE, 25 <V <26 21 25.53%00° > 28.22 > 2.69 > 11.9
LAE, 26 <V <27 30 26317907 > 28.41 > 2.10 > 6.9
LAE, V > 27 34 27.317015 > 28.48 > 1.17 > 2.9

*Uncertainties listed are 1o and include both photometric error and sample vari-
ance. All photometric lower limits are 3.

bObserved non-ionizing UV to LyC flux-density ratios and uncertainties, inferred
from the NB3420—V color of each stacked subsample. These values have not been
corrected for either contamination by foreground sources or IGM absorption.
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so a smaller offset would be expected between the centroids of the detections in these two
images. However, larger values of Aryq, ryc support the opposite interpretation; namely, the
LAE candidates are truly high-redshift objects whose LyC and Ly« emission correlate more
strongly with the non-ionizing UV-continuum than with each other. In Tables 2.3 and 2.4,

we list the offsets Apy, ye and Apyq, ryo for galaxies with NB3420 detections.

In addition to exploring the properties of individual objects leaking LyC radiation, we
created stacked NB3420 and V' images of subsamples of our targets to examine the average
LyC emission properties and attempt a LyC measurement in the stacks of objects without
NB3420 detections. These subsamples include LBGs, LAEs, and LAEs in bins of V' magni-
tude. For each subsample, we also created two additional stacks comprising objects with and
without NB3420 detections, respectively. Stacked images were made by averaging postage
stamps of individual galaxies centered on the coordinates of either their V' (LBGs) or NB4670
(LAEs) detections. Pixels contaminated by nearby objects were excluded from the stacks by
creating a mask from the object detection isophotes in the SExtractor segmentation image.
Stacked image photometry was performed using the IRAF PHOT routine using a 1”9 aper-
ture, corresponding to the matching radius used to find detections. Although the postage
stamps for individual galaxies were previously background subtracted as part of the data
reduction process, we found that a second pass of background subtraction on the stacked
image was necessary to remove remaining sky subtraction systematics. Bootstrap resampling
was employed for each stack in order to include both sample variance and photometric error
in the calculation of stack uncertainties. The results of the stacking analysis are presented
in Table 2.5. None of the NB3420 stacks of individual LBGs and LAEs without LyC de-
tections exhibited any significant flux; the NB3420 stack of LBG nondetections reached a
30 limiting magnitude of 28.62 and the NB3420 stack of LAE nondetections reached a 3o
limiting magnitude of 28.97. These limits reflect only photometric errors. We note that for
the NB3420 stacks of all LBGs and all LAEs, the addition of noise from a large number
of galaxies undetected in NB3420 overpowered the signal from the few detected galaxies.
As the resulting signal in the stack was detected at less than 30, we quote a lower limit in

magnitude in Table 2.5.
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2.4 Accounting for Contamination

In narrowband imaging studies of z ~ 3 LyC emission, it is critical to determine whether the
detection in the narrowband filter is actually high-redshift LyC emission or contaminating
radiation from a lower-redshift object. In this section, we analyze the morphology of several
candidate LyC-emitters for which we have high-resolution HST imaging and discuss the
complexities of identifying contaminants. Because we do not have high-resolution, multi-
band imaging for all of our candidate LyC-emitters, we also discuss statistical corrections
applied to our samples in order to account for foreground contamination by low-redshift
galaxies (which artificially boosts the LyC signal) and LyC absorption by the IGM (which

decreases the observed LyC emission).

2.4.1 Morphology of NB3420 Detections

In order to cull potential LyC detections from obvious neighbors, we have visually inspected
each NB3420 detection in all available bands (as discussed in Section 2.3.3). This process
of visual inspection, however, is limited by the depth and resolution of the data. Within
our dataset, the HST /WFC3 imaging has the best resolution, followed by the ground-based
optical data from Keck. The WFC3/UVIS F/75W and WFC3/IR F160W images have PSF
FWHDMs of 0708 and 0”18, respectively (Law et al., 2012b), while the seeing FWHMSs of the
Keck data are larger (0”7 — 170). Unfortunately, only 1 (2) of the targets in our samples
with NB3420 matches fall within the small 2!3 x 2/1 (2!9 x 2!7) field of view of the WFC3 IR
(UVIS) imaging. Three additional objects with NB3420 detections (two in the photometric
LAE sample and one LAE/LBG that we removed from both samples for its complicated
morphology) also fall in the field of view of the WFC3 IR and UVIS images. Examining
the morphologies of these objects across the ground-based and HST images highlights the

difficulties associated with object matching.

Figure 2.6 shows four LAEs with HST imaging and NB3420 detections (the LAE photo-
metric candidates lae4 070 and lae2158, along with spectroscopically confirmed LAEs lae2966
and lae4680) displayed in five filters: NB3420 (LyC), NB4670—V (Ly«), V (UV continuum),
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Figure 2.6 10” x 10” postage stamp images of four LAEs with HST imaging and NB3420 detec-
tions (the LAE photometric candidates lae4070 and lae2158, along with spectroscopically confirmed
LAEs lae2966 and laef680). The postage stamps highlight the difficulties associated with inter-
preting the morphologies of these objects with ground-based resolution. Objects are displayed in
up to 5 filters: NB3420 (indicating the LyC), NB4670—V (indicating Ly« emission and labeled
LyA), V (indicating the non-ionizing UV continuum), FAT5W (rest-frame ~1200A), and F160W
(rest-frame ~4000A). All postage stamps are centered on the V-band centroid and blue circles (1”
radius) indicate the centroid of the NB3420 emission. All postage stamps follow the conventional
orientation, with north up and east to the left.
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Figure 2.7 3”2 x 3”2 postage stamp images of the MD12/lae3540, an additional object with
a potential LyC detection. Originally identified as both an LBG and LAE, MD12/lae3540 was
removed from both samples due to its complex morphology (see Section 2.4.1). The object is
displayed in 6 filters: NB3420 (indicating the LyC), NB4670—V and NB4670—G (both indicating
Lyc emission), V (indicating the non-ionizing UV continuum), FA75W (rest-frame ~1200A), and
F160W (rest-frame ~4000A). The clumpy morphology for MD12/lae3540 is indicated by five red
circles labeled A—E. Region A corresponds to the LBG and LAE centroids for MD12/lae3540,
while regions B, C, and D correspond to areas of Lya emission indicated by the NB4670—V image.
Region C also corresponds to the location of the NB3420 emission. Region E likely indicates a lower-
redshift galaxy along the line of sight. All postage stamps follow the conventional orientation, with
north up and east to the left.

FA75W (rest-frame 1240A), and F160W (rest-frame 4000A). Lae/070 is an example of an
object with a simple morphology. In all images, a single detection is visible, and the offsets
between the centroids of the detection in each image are very small. Similarly, lae4680 can
be indentified with a single source in all images except F475W, where the object breaks
into two clumps located 0”3 apart. As this offset is very small, these clumps are likely part
of the same system, although foreground contamination is still a possibility. For lae4070
and lae4680, the only possibilities of contamination arise from either the small probability
of [OII] emission being misidentified as Ly« emission or a lower-redshift foreground galaxy
coincident with the LAE along the line of sight. We discussed the first possibility in Section
2.2.4 and concluded that it is small enough to ignore. The second possibility is quantified in
Section 2.4.2 in the discussion of the contamination simulations. The analysis of the remain-
ing two objects is more complex. In the case of lae2966, multiple clumps are visible in the
V-band, F475W, and F160W imaging, and the NB3420 emission is associated with only
one clump. The spectroscopically-confirmed Lya emission is extended and not distinctly
associated with any single clump. Therefore, it is unclear whether the NB3420 detection is

LyC emission from one clump of a z ~ 2.85 galaxy or a low-redshift interloper along the line

of sight. In the case of lae2158, the HST imaging can be used to identify the NB3420 detec-
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tion as contamination. While it is not possible to determine in the V-band image whether
the UV-continuum light associated with the LAE belongs to multiple objects or whether it
is merely extended, there are two distinct galaxies visible in the F475WW image. Since the
northeastern galaxy is associated with the NB3420 detection while the southwestern galaxy

is associated with the Lya emission, we classify this system as a case of contamination.

We also highlight one object whose complex morphology led us to remove it from our
analysis completely. This object (shown in Figure 2.7, with multiple clumps indicated) was
originally identified in our catalogs as both an LBG (MD12) and an LAE (lae3540), with
both the LBG and LAE centroids coincident with the bright V —band detection (indicated
by region A). Analysis of the Lya morphology in both the NB4670—V and NB4670—G
images reveals extended emission in both Lya images. Although both Lya images show
nearly identical morphology for all other LAEs with NB3420 detections, the extended Ly«
emission around MD12 appears clumpy in the NB4670—V image (associated with regions B,
C, and D) and more diffuse in the NB4670—G image. Also, while the Ly« emission appears
to extend down to region C where the NB3420 detection is located (170 to the south of the
LBG centroid), this location is also coincident with detections in the F'475WW and F160W
images that are not visibly connected to the LBG centroid in region A. Unfortunately, due to
the slit position of 74°, the LRIS spectrum of this object only provides us with information
about region A (where we observe double-peaked Ly« emission in the spectrum) and misses
the region associated with the NB3420 detection. We note that region E likely indicates a
lower-redshift interloper along the line of sight, as its position does not coincide with Ly«

emission and it is located at the large offset of 2”1 from region A (the centroid of MD12).

The interpretation of the suite of imaging for MD12 is not straightforward, and it is
impossible to fully understand the nature of these clumps with the current data. The clumps
may comprise an extended, perhaps interacting, system, with all clumps at the same redshift.
Alternatively, as region A has Lya emission in its spectrum and regions B, C, and D are all
associated with fairly compact Ly« emission in the NB4670—V image, these four clumps may
simply be several protocluster members along the line of sight located at slightly different
redshifts; in this case, they should be treated as separate LAEs. A final possibility (supported
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by the fact that the Ly« emission appears diffuse in the NB4670—G image) is that the
extended Lya emission actually originates in the central part of the MD12 system and is
being projected over a large area; in this case, the clump with the NB3420 emission in region
C may be an interloper along the line of sight. Because of the ambiguity regarding the
nature of MD12 as a either single, complex system or the superposition of multiple galaxies,
we exclude both MD12 and lae3540 from our LBG and LAE analysis. Nevertheless, this

object represents another possible LyC-emitter.

Determining conclusively whether the NB3420 detections are contamination or true LyC
emission requires imaging of each candidate galaxy with high enough resolution to discern the
individual clumps and spectroscopy at high enough resolution that distinct spectra are ob-
tained (and redshifts calculated) for each emitting region. This method has been recently im-
plemented in the SSA22a field using HST /WFC3/F336W to acquire high-resolution imaging
below the Lyman limit for three z ~ 3.1 LBGs. Additionally, near-infrared spectroscopy of
rest-frame optical [OIII] nebular emission was obtained using NIRSPEC on Keck IT (Nestor
et al., 2013; Siana et al., in prep). The seeing of ~0”5 for these near-infrared observations
enabled the spatial separation of clumps. One of three LBGs was confirmed to have escaping
LyC radiation, and two others showed evidence of low-redshift contamination. Unfortunately,
a similar study for the HS1549 field is not possible using ground-based or current space-based
instrumentation. There is no appropriate imaging filter on H.ST' that probes the region just
below the Lyman limit at z = 2.85 without some contamination redwards of the limit. Fur-
thermore, spectroscopy from the ground is unfeasible because the rest-frame optical features
do not fall within windows of atmospheric transmission at z = 2.85. The next best option
is to estimate photometric redshifts of each clump by acquiring high-resolution multi-band
imaging. Such a technique has been successfully employed by Vanzella et al. (2012) for a
sample of 19 LBGs with potential LyC emission at 3.4 < z < 4.5 using multi-band HST
imaging from the GOODS and CANDELS surveys.
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2.4.2 Contamination from Foreground Galaxies

Although we currently do not have the high-resolution imaging or spectroscopic data required
to prove the validity of each individual LyC detection, we can characterize the probability
of foreground contamination statistically. With the assumption that all of our targets have
been correctly identified as high-redshift galaxies, the NB3420 flux we measured can either
be associated with LyC emission from the high-redshift galaxy itself or with contaminating
radiation from a spatially coincident lower-redshift interloper. In order to statistically char-
acterize the fraction of contaminated NB3420 detections in a given sample, we performed
a simulation to calculate the expected number of uncontaminated LyC detections and the
contamination-corrected average NB3420 magnitude for that sample. We summarize the

simulation below, and further details are described in Section 5.1 of Nestor et al. (2013).

The contamination simulation was run separately for the LBGs and LAEs. Within
the simulation, we considered as possible LyC detections all NB3420 SExtractor detections
within 3”5 of our targets that fall within 1o of the magnitude range of our reported LyC
detections, corresponding to 26.19 < mgy99 < 27.59 for LBGs and 24.98 < my90 < 27.70 for
LAEs. These SExtractor detections included both the detections considered to be candidates
for LyC emission and detections previously identified by eye as belonging to interlopers
visible in other wavelength bands. We computed the probability of each NB3420 detection
being an interloper, which depends on both the global surface density of objects in the
NB3420 image and the local surface density at the offset of the NB3420 detection from
each LBG and LAE. In each iteration of the simulation, we used these probabilities to
randomly determine whether or not each NB3420 detection was flagged as an interloper.
Detections at large radial offset — where the local surface density approaches the global
surface density — are more likely to be flagged as interlopers, as demonstrated in Figure
2.8. We removed the NB3420 magnitudes of objects flagged as interlopers before the average
NB3420 magnitude was calculated, resulting in the contamination-corrected average NB3420
magnitude. The simulation was repeated 1000 times, and we recorded the average number

of uncontaminated NB3420 detections and the average contamination-corrected NB3420
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magnitude for both samples. Uncertainties in these average values were computed from

the distribution of simulation results.

In Figure 2.8, we present histograms of the radial surface density of NB3420 detections
around galaxies in the LBG and LAE samples, compared to the global surface density. The
surface density of NB3420 detections is plotted using NB3420 offsets computed relative to
V —band (non-ionizing UV continuum) for LBGs. For LAEs, offsets were computed relative
to both V—band and NB4670 (a combination of Ly« and continuum emission in the vicinity
of the Ly« wavelength). As discussed in Section 2.3.4, LyC emission is spatially more closely
associated with the UV-continuum than with Lya emission. Therefore, we adopt V-band
coordinates to represent the LAE centroids, except in cases where the LAE is undetected
in V and we must use NB4670 coordinates. Panels (b) and (c) of Figure 2.8, displaying
V—band and NB4670 offsets, respectively, confirm that LyC emission is on average more
closely associated with V' —band emission than with NB4670, as the average offset in panel
(b) is less than that in panel (c). All panels show an excess surface density at small offsets
(although this excess is only statistically significant for the LAEs), suggesting that a large
number of the NB3420 detections are physically associated with the LBG and LAE targets;
the contamination simulation statistically quantifies this number. For the 4 LBGs detected
in NB3420, the simulations predict on average 1.5 + 1.0 uncontaminated detections. For
the 7 NB3420-detected LAESs, the simulations predict 4.3 4+ 1.3 uncontaminated detections.
For both samples, the simulation yields the contamination-corrected average magnitude of
the NB3420 detections. These values are used to compute the sample-averaged NB3420—V
colors and flux-density ratios presented in Table 2.6 and discussed in Section 2.5. We note
that the removal of contaminants must increase the non-ionizing UV to LyC flux-density
ratio for the ensembles containing the full sample of LBGs (or LAEs), as the total amount
of LyC flux is decreased when a contaminant is removed while the total amount of non-
ionizing UV flux stays the same. For ensembles that contain only objects with NB3420
detections, however, the flux-density ratio may not necessarily increase with the removal of
the contaminants. In these cases, when an NB3420 detection is identified as a contaminant,

both its LyC and non-ionizing UV emission are omitted from the sample when calculating
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Figure 2.8 Radial surface density of NB3420 detections within 3”5 of galaxies in our LBG and
LAE samples (solid red histograms). The radial bin size for the LBG histogram is 0”5, and the bin
size for the LAE histograms is 0”4. Red histogram error bars represent 1o Poisson uncertainties
in the number of NB3420 detections in each bin. The blue solid line represents the average surface
density of NB3420 detections within the magnitude range (+10) of the LAEs/LBGs, corresponding
to the expected amount of contamination. Blue dotted lines indicate the 1o uncertainties in the
average surface density in each bin. Black hashed regions on the red histogram represent NB3420
detections that have been rejected by eye as contaminants and are not considered candidates for
LyC emission. As described in Section 2.4.2, the surface density of NB3420 detections around LAEs
is plotted using the NB3420 offsets calculated from LAE position defined by either a combination
of NB4670 and V —band centroids (panel b) or NB4670 centroids only (panel ¢). In both cases, we
observe a significant excess in surface density of NB3420 detections at small offset from LAEs, which
indicates that many of the LAE NB3420 detections are likely uncontaminated LyC emission. We
also note that panels (b) and (c) confirm that LyC emission is on average more closely associated
with V —band emission than with NB4670, as the average offset in panel (b) is less than that in
panel (c). As there are only 4 LBGs with NB3420 detections, the LBG excess over the average
surface density at low spatial offset is much smaller.
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the flux-density ratio as the object is no longer considered to have a true LyC detection.

2.4.3 Correction for IGM Absorption

In addition to correcting for contamination by low-redshift galaxies, we must also correct
the NB3420 photometry for the absorption of LyC photons by neutral hydrogen in the IGM.
In order to account for such attenuation, we ran a second set of simulations to determine
the mean IGM correction factor and its associated uncertainty. We note that, as discussed
in Nestor et al. (2011), our simulations do not take into account the possible environmental
effects due to the presence of the z ~ 2.85 protocluster and the proximity to the hyperlumi-
nous QSO (Q1549), and it is not clear whether such effects would culminate in an increase
or decrease of neutral hydrogen absorbers. We summarize the methods employed below, and
further details are described in Nestor et al. (2011) and Nestor et al. (2013), the latter of

which describes the current version of the methodology.

First, we constructed 500 model sightlines simulating the distribution of HI absorbers in
the IGM. For each model sightline, absorbers were drawn randomly from their redshift and
column density distributions (Rudie et al., 2013), spanning redshifts from z = 1.7 to the
redshift of each object of interest. The model sightlines for the LAEs were created at the
mean redshift of the LAEs (z = 2.85) since the narrow width of the NB4670 filter implies that
the LAE targets lie within a small redshift range. Given that the LBGs span a wider range in
redshift (2.815 < z < 3.414), we created a set of 500 model sightlines at the redshift of each
LBG. We then calculated the mean transmission of each model sightline in the LyC region.
For the purposes of these simulations, the LyC region consists of the fixed observed-frame
bandpass of the NB3420 filter, taking into account the filter transmission profile. Figure 2.9
shows the probability distributions of the LyC transmission factor for model sightlines at
z = 2.85 (representing typical LAE redshifts) and z = 3.41 (corresponding to our highest-

redshift LBG with the most extreme case of attenuation).

The sample average transmission through the IGM (£5ampie) is equal to the mean trans-

mission of the 500 z = 2.85 sightlines for the LAEs and the mean transmission of all model
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sightlines for the LBGs at different redshifts. The uncertainty in sumpie is estimated by first
assuming an exponential distribution of unattenuated LyC flux (the parameters of this expo-
nential function are fit to our data via a maximum likelihood method, see Nestor et al., 2013)
and then creating 1000 realizations of our sample by randomly choosing for each galaxy an
unattenuated LyC flux from our exponential distribution and an attentuation factor from
one of the simulated model sightlines at the redshift of the galaxy. We set the uncertainty
in tsampie €qual to the standard deviation of the 1000 simulated #sqmpe values. We find that
tsampte.ap = 0.44£0.03 and tsampie e = 0.35+£0.04. For both the LBG and LAE samples,
we multiply the contamination-corrected non-ionizing to ionizing flux-density ratios by the
transmission factor to obtain the IGM-and-contamination-corrected values presented in Ta-
ble 2.6. Unlike the contamination correction discussed in Section 2.4.2, which decreases the

average NB3420 flux, the IGM attenuation correction acts to increase it.

2.5 Results

In order to study the amount of ionizing radiation escaping star-forming galaxies at high
redshift, we have imaged a large sample of z ~ 2.85 galaxies in a narrowband filter designed
to probe LyC emission. As described in Section 2.3.4, we have detected 4 out of 48 LBGs
and 7 out of 90 LAEs in our NB3420 filter. After application of the contamination and IGM
corrections discussed in Sections 2.4.2 and 2.4.3, the average NB3420—V properties of the
galaxies in our sample provide information about the ratio of non-ionizing to ionizing UV

flux density and, with some assumptions, the LyC escape fraction.

2.5.1 NB3420 minus V Colors and Flux-Density Ratios

In Figure 2.10, we plot NB3420—V color versus V magnitude for LBGs and LAEs with

NB3420 detections. The colors of the LBG and LAE stacks are also plotted. All of the

data presented in Figure 2.10 represent observed values, uncorrected for foreground galaxy

contamination and IGM absorption. Qualitatively, the color-magnitude diagram (CMD) for

objects in the HS1549 field agrees with the CMD for objects in the SSA22a field (Nestor et al.,
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Figure 2.9 The probability distribution of the LyC transmission factor through the NB3420 filter
for an object at z = 2.85 (top) and an object at z = 3.41 (bottom). The mean transmission at
each redshift is indicated by the dashed lines. The top panel represents the vast majority of LBGs
and LAEs that lie near the redshift spike at z = 2.85. The wide range of possible transmission
values at z = 2.85 reflects the variation in IGM absorption at z = 2.85 and the slight peak around
zero transmission corresponds to sightlines that encounter a Lyman limit system. The bottom
panel corresponds to the redshift of M23, an LBG with a redshift far removed from the spike,
and represents the most extreme case of attenuation. This large amount of attenuation is due to
a combination of two effects. Not only is the sightline through the IGM longer for the photons
coming from z = 3.41 (thus providing each photon with more time to encounter an absorber), but
the z = 3.41 IGM has a higher fraction of neutral hydrogen — and thus more absorbers — than the
z = 2.85 IGM.
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Figure 2.10 Color-magnitude diagram of observed NB3420—V vs. V magnitude, with the equiv-
alent values for Fyry/Fryc indicated on the right-hand axis. LBGs are indicated by red squares
and LAEs by blue circles. LBGs (LAEs) without NB3420 detections are plotted as 20 lower limits,
indicated by the red (blue) arrows. The typical V —band uncertainty associated with these lower
limits is of similar size to the V' —band uncertainty of data points, at a given V magnitude. The red
(blue) diamond indicates the 30 limit in NB3420-V" color for the stack of all LBGs (LAEs). All data
represent observed values, uncorrected for foreground galaxy contamination and IGM absorption.
We note that an NB3420—V color of zero (Fyry /Fryc = 1), corresponds to a flat spectrum with no
Lyman break. Such a blue spectrum cannot be reasonably explained by current stellar population
synthesis models, and many of the LAEs on this plot lie uncomfortably close to or below this limit.
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2011); both samples of galaxies exhibit narrowband minus continuum colors across a wide
range of continuum magnitudes that are extremely blue with respect to expectations from
standard stellar population models. For example, Bruzual & Charlot (2003) models with
solar metallicity and a constant star-formation rate predict the intrinsic ratio of non-ionizing
to ionizing radiation for LAEs to be roughly 3 — 6, which corresponds to an NB3420—V" color
of 1.2 — 2. Out of the 7 LAEs with NB3420 detections, only one LAE (lae6662) has a color
redder than 1.2. Even more surprising, especially given the small offsets (Ayv, 1,0 < 0736 =
2.8 kpc) of all LAEs except lae6662, 4 of the 6 remaining LAEs have NB3420—V < 0,
implying a complete absence of a Lyman break (i.e., a flat spectrum). For typical LBG
stellar populations (e.g., Shapley et al., 2001; Kornei et al., 2010), the intrinsic ratio is
predicted to be >6 (corresponding to an NB3420—V color >2); however, two out of the
four NB3420-detected LBGs have NB3420—V < 2. Thus, the HS1549 field provides the
first confirmation that the blue non-ionizing to ionizing UV colors observed in the SSA22a
field are common among z ~ 3 galaxies, and not simply an unusual property of the SSA22a
field itself. Tables 2.3 and 2.4 display the raw non-ionizing to ionizing flux-density ratios
(Fyv/Fryc) for individual LBGs and LAEs with NB3420 detections, and Table 2.5 shows

the same values for the stacks.

The average corrected and uncorrected NB3420—V colors and flux-density ratios for
the samples of LBGs and LAEs are presented in Table 2.6. Because photometry of the
stacks of LBGs and LAEs without NB3420 detections does not yield any NB3420 signal, we
determine average NB3420 and V' magnitudes by calculating the mean flux of all the galaxies
in each sample and assuming zero flux for undetected objects. These average magnitudes
agree with stacked photometry within the errors. As our V and NB3420 filters probe rest-
frame wavelengths of 1430A and 888A, respectively, we can convert our observed NB3420—V
colors directly into non-ionizing to ionizing flux-density ratios (i.e., Fyy/Fryc). We find
uncorrected flux-density ratios of (Fyv/Fryc)ors = 92 49 for LBGs and (Fyv/Fryc)obs =
11.2 £ 5.4 for LAEs. Considering only objects with NB3420 detections in each sample, we
find (Fyv/Fryc)obs = 7.2 & 2.2 for LBGs and (Fyy /Fryc)obs = 1.6 £ 0.9 for LAEs. In order

to correct these colors and flux-density ratios for foreground contamination, we use adjusted
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NB3420 and V' magnitudes derived from the contamination simulation described in Section
2.4.2. Correcting for IGM attenuation, however, only affects NB3420 magnitudes because
rest-frame ~1500A flux is not affected by HI absportion in the IGM. Thus, for the IGM
correction we simply multiply the contamination-corrected flux-density ratio by the IGM
transmission factor. With the application of these two corrections to the colors and flux-
density ratios, we find (Fyv/Fryc)eorr = 82 £ 45 for LBGs and (Fyv/Fryc)eorr = 7.4 £ 3.6
for LAEs. For objects with NB3420 detections, we find corrected values of (Fyy /FrLyc)corr =
2.2+ 1.6 for LBGs and (Fyv/Fryc)eorr = 0.7 £ 0.5 for LAEs.
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It has so far proven difficult to reconcile the observed low non-ionizing to ionizing flux-
density ratios with intrinsic luminosity-density ratios predicted by current stellar-population
synthesis models. Theoretical values of the intrinsic luminosity-density ratio featured in
previous works range from (Lyy/Liyc)ir = 3 — 6 (Steidel et al., 2001; Shapley et al.,
2006; Siana et al., 2007). Many of the values in Table 2.6 — and especially those that
consider only the NB3420-detected galaxies — do not fall within the theoretical range. We
also note that if we were to consider the flux-density ratio in the region defined by the
NB3420 isophote (thus only including V —band light in the vicinity of the NB3420 emission,
which more closely emulates a single stellar population), there would be even more tension
between the measurements and the models. Nestor et al. (2013) examined a wider range
of theoretical (Lyy /Liyc)int values using stellar population synthesis models from Bruzual
& Charlot (2003) and the BPASS models from Eldridge & Stanway (2009), which include
a more detailed treatment of massive stellar binaries (specifically, Wolf-Rayet stars) and
nebular emission. The models were used to describe galaxies with an array of ages and
metallicities, assuming a constant star-formation rate. The largest source of variation in
(Luv/Liyc)intr is due to the age of the galaxy, as (Lyy/Lryc)intr increases quickly as the
stellar population evolves. The choice of model is also important, as the BPASS models
predict ratios of (Lyy /Liyc )it a factor of ~1.5 lower than the Bruzual & Charlot (2003)
models for a given age and metallicity. Changes in stellar metallicity cause smaller variations
in (Lyy /Liyc )it on the order of a few percent, but the magnitude of these changes increases
with the age of the stellar population. It is important to note that, if the models are correct,
the predicted value for (Lyv/Lryc)imtr should serve as a lower limit to the observed non-
ionizing to ionizing flux-density ratio of the galaxy. The observed flux-density ratio will likely
be higher than this limit, as ionizing radiation may be absorbed by neutral hydrogen in both
the interstellar medium (ISM) of the galaxy and the IGM. Thus, for any given galaxy, the
observed value of Fyy/Fpr,c should be greater than or equal to (Lyy/Lryc)ine-. We note
that the two sets of stellar population synthesis models used in this analysis, as with all such
models, are limited by the absence of direct observations in the LyC region of the O- and

B-type stars that produce most of the ionizing radiation (Zastrow et al., 2013). Without
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direct observations to verify that the models are accurate, the fact that our LyC observations
disagree with the models may indicate that there is something systematically incorrect with
the model spectra at ultraviolet wavelengths. Alternatively, the tension between the models
and our observations may be due to the uncertainties involved in removing contaminants.
Any low-redshift contaminants left in our sample (e.g., an [OII]-emitter or foreground galaxy)

would also produce colors different from those predicted for models of z ~ 2.85 galaxies.

Here, we consider our inferred values of (Fiyv /Fryc)corr With respect to the model predic-
tions of (Lyv /Lryc)intr- We first discuss the interpretation of (Fyrv /FrLyc)eorr for samples of
LBGs and LAEs with NB3420 detections because these are the samples for which LyC emis-
sion is actually measured. We consider the ensembles of NB3420-detected galaxies rather
than individual galaxies because our statistical corrections for foreground contamination and

IGM absorption do not apply to individual galaxies.

For the sample of LBGs with NB3420 detections, (Fyv/Fryc)corr = 2.2£1.6. This value
of 2.2 implies the unphysical ages of < 10 Myr using the Bruzual & Charlot (2003) and BPASS
models. Adding the 1o error to the LBG flux-density ratio implies (Fyv/Fryc)eorr = 3.8,
which is consistent with a 100 Myr galaxy using the BPASS model. Typical LBGs are
characterized by ages >100 Myr (Kornei et al., 2010; Shapley et al., 2005, 2001; although in
Section 2.6.1 we show that this average age may be somewhat over-estimated, as it is based
only on LBG samples with near- or mid-infrared detections) and not younger than ~50 Myr
(given the typical LBG dynamical timescale; Reddy et al., 2012). It is worth noting that using
an average IGM correction for the NB3420-detections-only samples probably constitutes an
overcorrection, as NB3420-detected galaxies are likely to have clearer sightlines through the
IGM than the sample as a whole. Thus, the true value of (Fyv/FpLyc)corr for LBGs is
likely somewhere between 2.2 (corrected for contamination and IGM absorption) and 7.5
(corrected for contamination only). Values > 4.5 are consistent with galaxy ages >100 Myr
using BPASS models, and values > 6.1 are consistent with the same limit in age using

Bruzual & Charlot (2003) models.

As for the LAE sample, the value of (Fyy/Fryc)eorr = 0.7 £ 0.5 is inconsistent with all

models presented in Nestor et al. (2013). For models with metallicity Z = 0.2 Z and ages
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of 1, 10, and 100 Myr, respectively, (Lyy /Liyc)intr = 1.33, 2.10, and 3.16 for BPASS models
and (Lyy /Lryc)intr = 1.98, 3.59, and 6.17 for Bruzual & Charlot (2003) models. Only by
considering values of the LAE flux-density ratio at > 1o from our measured value can we
reconcile our flux-density ratio with those predicted by young BPASS models with ages of
several Myr. Because the dynamical timescale argument (based on galaxy sizes and velocity
dispersions) that limits LBG ages to >50 Myr may not apply to LAEs, it is possible that the
extremely low non-ionizing to ionizing flux-density ratios we measure imply that LAEs are
on average very young galaxies. Young ages for LAEs have been previously determined by
SED fits of stacked photometry (e.g., Gawiser et al., 2007). We also note that, once again,
the correction for IGM absorption may constitute an overcorrection, which would place the
true value of (Fyy /Fryc)corr for LAEs between 0.7 (corrected for contamination and IGM

absorption) and 1.6 (corrected for contamination only).

Until now, we have only discussed the interpretation of (Fyy/Fryc)eorr for samples
with NB3420 detections. We now consider the full samples of LBGs and LAEs, which
include both objects with and without NB3420 detections. For the full sample of LBGs,
(Fuv/Fryc)eorr = 82 £ 45. This number is significantly higher than the lower limit re-
quired by stellar population synthesis models for typical LBGs with ages >100 Myr, namely
(Luv/Lryc)intr > 4.5 for BPASS models and (Lyy /Liyc)ing > 6.1 for Bruzual & Charlot
(2003) models. This consistency with the models, however, arises not because all 48 LBGs
have values of Fyv/Fr,c ~ 82, which would not conflict with models, but rather because 4
LBGs have low values of Fyy /Fr,c and the rest are undetected in LyC. For the full sample
of LAEs, (Fyv/Fryc)eorr = 7.41£3.6. As with the LBGs, these values would not significantly
conflict with models if they represented the typical LAE in the sample. However, the LAE
sample is also comprised of some objects with very strong LyC emission and some objects
with no observed emission. For both LBGs and LAEs, we must consider how values of
(Fuv/FrLyc)corr for individual galaxies compare with stellar population synthesis models, as

the ensemble-averaged value does not take into account variation within the sample.
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Table 2.7. Contributions to the Ionizing Background.

LF2 FU\//FLbe Magnitude range® eLycd

i) LBG 82+ 45 Map < —19.7 1.44+0.8
(ii) LAE 7.4+ 3.6 —19.7< Mpp < —17.7 3.2+1.6
(i) LBG 7.44+3.6 —19.7< Map < —-17.7 13.6 £6.7
(iv) LBG 82+ 45 Map < —17.7 26415
(v) LAE 7.4+3.6 Map < —17.7 6.8 +3.3
Total (lum.-dep.)® .. Map < —17.7 15.0 +6.7

Total (LAE-dep.)! . Map < —17.7 8.8+3.5

2Luminosity function parameters are the same as those described in Nestor et al.
(2013).

bSample average flux-density ratio corrected for foreground contamination and
IGM absorption, from Table 2.6.

®Magnitude range over which the first moment of the luminosity function is de-
termined. Mg = —19.7 and —17.7 correspond to 0.34L, and 0.06 L., respectively.

dComoving specific emissivity of ionizing radiation in units of
1024 ergs s—! Hz~! Mpc~3.

®Totals for the luminosity-dependent model, determined by summing rows (i)
and (iii).

fTotal for the LAE-dependent model, determined by summing 0.77x row (iv)
and row (v).

2.5.2 The LyC Escape Fraction

Using the values of (Fyv/Fryc)eorr for the full LBG and LAE samples presented in Table 2.6,
we can determine the relative and absolute escape fractions for each sample. The relative
escape fraction, a measure of how the observed flux-density ratio Fyyv /Fp,c compares to the

theoretical ratio, is defined to be

fLyC _ (LUV/LLyC)intr

_ , 2.1
esc, rel (FUV/FLyC')COTT ( )

where (Lyv/Lpyc),,,,. is the intrinsic ratio of UV to LyC luminosity densities produced in

star-forming regions. The absolute escape fraction includes an additional term for the escape

uv

fraction of non-ionizing UV photons (f.,.

) due to dust extinction:

A A A (2.2)

esc esc,re esc

Thus,
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FhC = (ﬂ> (L) (72) (2.3

FL?JC corr LLZ/C

uv

Both unknowns f,}

and (Lyv/Lryc),,,, are uncertain and likely to vary from object to
object. Following Nestor et al. (2013), we estimate these values based on the observed
ages and E(B — V) values of z ~ 3 LBGs and LAEs. For the escape fraction of non-
ionizing UV photons, we adopt fi);ps = 0.2 and fI); ,p = 0.3. For the intrinsic ratio
of UV to LyC luminosity densities, we quote a range of values bracketed by the BPASS
and Bruzual & Charlot (2003) models. For LBGs, we use 10° Myr, Z = Z; models to

obtain (Lyv/Liyc) = 4.43 — 6.38. For LAEs, which have been shown to be younger

intr,LBG

(Gawiser et al., 2007) and more metal-poor, we use 10°~7 Myr, Z = 0.2Z; models to obtain
(Luv/ LLyC)intr, rap = 1.33 — 3.59. With these assumptions, we derive relative LyC escape

fractions of fLPY, =5 — 8% and fLA% = 18 — 49%, and absolute escape fractions of

LBG = 1-2% and fLAE = 5—-15%. As our measured values of Fyry /Fr,c have uncertainties

of roughly fifty percent, the uncertainty in f.s. is at minimum fifty percent and likely higher

. . . UV
due to uncertainties in our assumed values of f,,. and (Lyv/Lryc),,,.-

Our values of f.,. are consistent with, though slightly lower than, those calculated by
Nestor et al. (2013) for the SSA22a field using very similar methods: fLSZé’CLBG =5—"T%,

e

fL;ZCL g = 10 —30%. Using IGM-corrected values of Fyy/Fp, ¢ from the literature and our

e

uv

assumptions for f../

and (Lyv/Lryc);,,,,» we find additional values of f.,. in the literature
that range from 19—27% (Steidel et al., 2001; considering 29 averaged z = 3.4 LBG spectra),
24 — 35% (Iwata et al., 2009; for z ~ 3 LBGs in the SSA22a field), and 4 — 6% (Shapley
et al., 2006), although the two LBGs in Shapley et al. (2006) with putative LyC emission
were later shown to be a spurious detection (Nestor et al., 2011; Iwata et al., 2009) and a
foreground contaminant (Nestor et al., 2013) such that f.. calculated from this work would
be consistent with zero. Using a slightly different method to make a direct measurement of
fese for a sample of 3.4 < z < 4.5 LBGs, Vanzella et al. (2010a) calculated f.,. < 5 — 20%.
Finally, by measuring HI opacity along 32 GRB sightlines in the redshift range 2.0 < z < 5.5,

Fynbo et al. (2009) determined (fes.) = 0.02£0.02 with a 95% confidence level upper limit of
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(fese) < 0.07. This wide range of values highlights how difficult it has proven to determine an
accurate value for f.s.. These difficulties stem from many factors, including determination
of redshifts, spatial resolution, foreground contamination, and the fact that only ~10%
of galaxies in the sample will be detected in the LyC. In our study, only 12 out of 131
spectroscopically-confirmed galaxies were observed to have NB3420 detections, and some of
these are probably contaminated by foreground galaxies. Such a small sample size of NB3420
detections, while an improvement upon many previous studies of spectroscopically-confirmed
galaxies, limits the precision of our f.;,. measurements. Until there exist uncontaminated
samples of LyC-emitting galaxies an order of magnitude larger, small sample sizes will be a

constant source of uncertainty.

2.5.3 The LyC Emissivity of Star-forming Galaxies

We estimate the comoving specific emissivity of ionizing photons

F -1 Lmas
€Lyc = ( oy ) / L®dL (2.4)
FLyC corr J L

min

following the assumptions of Nestor et al. (2013). In estimating e;,c, we assume that the
UV luminosity functions of LBGs and LAEs do not change significantly from z = 3.09 to
z = 2.85 and the only change in the value of [ L ® dL is due to the integration bounds
(i.e., Lyin and Lye,). Comparing our observed values for (Fyv/Fryc)eorr to those of
Nestor et al. (2013), we obtain (Fyy/Fr,c)25% = 4.6(Fyv/Fryc)s542% for LBGs and
(Fuov/Frye)2o1519 = 2.0(Fyy [ Frye)352822 for LAEs with spectroscopic redshifts. Nestor
et al. (2013) suggest two different models for combining the LBG and LAE luminosity func-
tions (see equations 4 and 5 in Nestor et al., 2013) to calculate the global ionizing emissivity.
In the luminosity-dependent model, LAEs are assumed to represent galaxies with faint UV
continuum magnitudes (0.06L* < L < 0.34L*, corresponding to 25.5 < V' < 27.5) and LBGs
represent brighter galaxies (L > 0.34L*). However, the fact that our data show no change
in average LAE NB3420—V color across a range in V' magnitude (Figure 2.10) supports the

idea that LAEs are a population of galaxies with properties distinct from those of LBGs, and
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not simply faint LBG-analogs. This scenario is described by the LAE-dependent model, in
which LAEs are assumed to comprise 23% of the LBG population (see Nestor et al., 2013),
galaxies identified both as LBGs and LAEs are treated as LAEs, and the luminosity function
is integrated over the full luminosity range (0.06L* < L < oo) for both LBGs and LAEs.
Based on the values of (Fyyv/Fryc)eorr derived for the HS1549 field, ef,c = 15.0 6.7 x 10*
ergs s~! Hz™! Mpc™ for the luminosity-dependent model and er,c = 8.8 £ 3.5 x 10** ergs
s7! Hz=! Mpc® for the LAE-dependent model. The uncertainties in er,c reflect only un-
certainties in (Fyv/Fryc)eorr, which dominate over uncertainties in the luminosity function.
Our values of er,c are roughly half of those calculated by Nestor et al. (2013) for star-
forming galaxies in the SSA22a field: ei%‘m“ = 32.27129 x 10%* ergs s~' Hz~' Mpc~2 for
the luminosity-dependent model and ei%‘m“ = 16.8732 x 10** ergs s~* Hz~! Mpc~ for the
LAE-dependent model. In Table 2.7, we summarize the contributions to er,c as determined
from galaxies in the HS1549 field.

To place these values of €, for star-forming galaxies in context, we can compare to values
of the total ionizing emissivity (etL"ng) derived from Lya-forest studies, which represent an
upper bound on the ionizing emissivity from star-forming galaxies. Using the formulation

described in Nestor et al. (2011), we define €7 to be

(ot Piih (3 — o)
Lye OHI )‘mfp (]- + 2)3

(2.5)

where 'y is the total hydrogen photoionization rate in the IGM at z = 2.85 (measured by
Lya-forest studies), h is Planck’s constant, a; is the power-law index of the UV spectral
slope in the LyC region (f, oc v*; we adopt o, = —3), opp = 6.3 x 107! cm? is the atomic
hydrogen photoionization cross section, and Ayg = 100 Mpc is the ionizing photon mean free
path through the IGM at z = 2.85 (Rudie et al., 2013; Faucher-Giguere et al., 2008; Songaila
& Cowie, 2010). Using I'y; = 0.92 x 10712 57! inferred from Bolton & Haehnelt (2007), we
derive the total ionizing photon emissivity at z = 2.85 to be €%} = 9.8 £4.1 x 10** ergs s

Hz~! Mpc™3. Using I'ygr = 0.53 x 107!2 s7! inferred from Faucher-Giguere et al. (2008), we

derive €7} = 5.6 & 1.6 x 10** ergs s~' Hz~" Mpc . Estimates of the contribution of QSOs
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to the ionizing background at z = 2.85 are lower, and range from e?jco ~ 1.5 x 10** ergs
s~! Hz~! Mpc (Cowie et al., 2009) to e%fco ~ 5.5 x 10* ergs s7! Hz~! Mpc (Hopkins et al.,
2007). Within their errors, the values of €1, that we report for star-forming galaxies in the
HS1549 field are consistent with the inferred total ionizing emissivity from the Lya-forest
studies. This agreement between the total ionizing emissivity and the ionizing emissivity
from star-forming galaxies leaves little room for the contribution to the emissivity from
QSOs or from fainter star-forming galaxies not probed by our observations. Although the
LyC emissivity we measure from star-forming galaxies may still be an overestimation, it is
in better agreement with etLOth determined from Lya-forest studies than the higher values
determined in past work (e.g., Nestor et al., 2013, 2011; Steidel et al., 2001). Even with the
tot QSO

.o . 1 . . .
large uncertainties in €7, €/, -, and 67;;0, our results may point to star-forming galaxies

providing the dominant contribution of ionizing photons at z = 2.85.

2.6 Properties of LyC-Emitting Galaxies

The measurements of the ionizing to non-ionizing flux-density ratios of the galaxies in our
samples point to a large spread in the amount of LyC emission escaping from galaxy to
galaxy. While the majority of galaxies in our sample (~90%) appear to have no leaking LyC
radiation, the remaining 10% exhibit very blue NB3420—V colors, indicating a high escape
fraction. Two possible scenarios may describe our data. One possibility is that galaxies
with and without observed LyC emission have an intrinsically different physical property
governing whether LyC radiation escapes from or is absorbed by the ISM. A second possibility
is that LyC emission escapes from all star-forming galaxies, but only over a small solid angle
where neutral hydrogren has been cleared away (e.g., by stellar winds or supernovae). In
this section, we explore the differential properties of galaxies with and without observed
LyC radiation, with the goal of distinguishing between these two scenarios. Specifically,
we examine the rest-frame near-infrared properties of both LBGs and LAEs and the Ly«
equivalent widths of the LAEs. The ultimate goal is to be able to identify galaxies associated

with strong LyC emission by some other galactic property and search for analogs to such

29



galaxies at higher redshifts, in regimes where the IGM is opaque to LyC photons.

2.6.1 Rest-frame Near-Infrared Properties of LyC-emitting Galaxies

In addition to the optical and near-UV data in the HS1549 field, there exists imaging in
several infrared bands. A small fraction of our objects lie in the footprint of the HST /WFC3
F160W image (rest-frame 4150A) and the Spitzer /IRAC Channels 1 and 3 images (Ch1, 3.6
pum; Ch3, 5.8 pm; Spitzer program GO03, PI: Steidel) corresponding respectively to rest-frame
0.9pum and 1.5um. The entire field has been imaged by Palomar/WIRC in J and K (rest-
frame 3250A and 5700A, respectively) and Spitzer /IRAC Channels 2 and 4 (Ch2, 4.5 pm;
Ch4, 8 um) corresponding respectively to rest-frame 1.2um and 2.1ym. As the Ch2 image
is the deepest of these images, we focus our subsequent analysis on Ch2. In the deepest part
of the mosiacs, the Ch2 image has an exposure time of 18500 seconds and a 3¢ limiting
magnitude of 24.0 (AB). The typical Ch2 IRAC PSF FWHM (~2"5) is significantly larger
than the seeing in the LRIS optical imaging. All of the LBG and LAE targets lie within
the footprint of the Ch2 image, and the majority lie within the deepest, central regions. We
performed PSF-fitting photometry of the LBGs and LAEs in the Ch2 image using procedures
described in Reddy et al. (2006a). Results of the photometry indicate that 24 out of the 48
LBGs are detected in Ch2 at the 30 level, while there are Ch2 detections for only 7 out of the
90 LAEs (2 of the 7 LAEs are also LBGs). The median limits in Ch2 magnitude and V' —Ch2
color for the nondetections are Ch2>24.0 and V—Ch2<0.7 for LBGs, and Ch2>24.0 and
V—Ch2<2.1 for LAEs.

In order to understand the typical properties of LBG stellar populations in the HS1549
field, we obtained SED fits for each LBG with at least one infrared datapoint. While all
48 of the LBGs in our sample have U, GG, and R photometry, only 33 of these also have
detections in one or more infrared bands (J, K, F160W, and/or IRAC Ch1—Ch4). For
these 33 objects, we derived SED fits based on the Bruzual & Charlot (2003) models using
a Chabrier initial mass function (IMF). Following Reddy et al. (2012), we adopted constant

star-formation rate models, the Calzetti et al. (2000) dust attenuation curve, and 50 Myr
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lower limits in age (representing the typical LBG dynamical timescale). The ages of the
galaxies range from 50 to 2200 Myr, with a median age of 202 Myr. Roughly one third of
the sample was assigned the lowest allowed age value (50 Myr). The star-formation rates
(SFRs) range from 5 to 214 Mg, yr—!, with a median SFR of 43 Mg, yr~!. The stellar masses
range from log(M/Mg) = 9 to log(M/M) = 11 with a median of log(M/Mg) = 9.8. Finally,
the values of E(B — V) range from 0 to 0.31, with a median value of 0.2. These values
agree well with typical values of LBG properties quoted in the literature (e.g., Kornei et al.,
2010). The 15 LBGs without IRAC photometry (~30% of our sample) for which SED fits
could not be calculated are most likely undetected in IRAC bands because of their lower
stellar mass and dust content. Thus, the inclusion of these objects would likely change
the average distributions of SED fit parameters. A similar bias exists in the average LBG
properties reported by Kornei et al. (2010); of the 321 z ~ 3 LBGs in their sample, roughly
25% of these LBGs did not have photometric detections redward of the Balmer break, and
were therefore not modeled with SED fits. Out of the 33 LBGs in our sample that were
modeled with SED fits, only one (MD34) has an NB3420 detection. The SED fit to MD34
produced the following values: age = 50 Myr (the minimum allowed), SFR = 137 Mg, yr—*,
log(M/My) = 9.8, E(B —V) = 0.28. While it is not possible to draw conclusions about the
global population of LBGs emitting LyC based on only one object, we note that MD34 has
been assigned the lowest possible age allowed by our modeling and the second largest SFR

of the 33 modeled galaxies.

Because only a fraction of the LBGs and LAEs have sufficient infrared photometry to
obtain SED fits, we use V—Ch2 colors and limits to constrain the range of possible stellar
populations of our full sample of galaxies. For galaxies at z ~ 2.85, the V' and Ch2 filters
lie on either side of the Balmer Break and thus are a direct probe of the stellar mass-to-light
ratio of the galaxy. Thus, we can convert V—Ch2 colors to stellar masses by assuming a
range of values for F(B — V') and using V —band imaging to estimate galaxy luminosty. We
present a V—Ch2 vs. V color-magnitude diagram in Figure 2.11. Photometry for individual
LBGs and LAEs is plotted for objects with and without NB3420 detections along with curves

of constant stellar mass for various assumptions of £(B — V). In the sample of LBGs, there
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Figure 2.11 Color-magnitude diagram plotting V' — Ch2 color against V magnitude for LBGs and
LAEs with detections in V. Individual LBGs are plotted using filled blue squares for objects with
NB3420 detections and open green squares for objects without NB3420 detections. LAEs without
NB3420 detections are plotted with open black circles, and the two LAE detections brightest in V
are also LBGs. Objects undetected in Ch2 are plotted as 3o upper limits in V' — Ch2 color following
the color scheme for the detected objects. All LAEs with NB3420 detections are undetected in Ch2;
the upper limits on these objects are indicated by red arrows. The open purple diamond represents
the color of the LBG stack of NB3420 non-detections. The filled (open) purple inverted triangle
represents the upper limit in V—Ch2 color for the stack of LAEs with NB3420 detections (non-
detections). Gray curves indicate lines of constant stellar mass, with Mepar = 108 Mg, 109 Mg,
10'° M, and 10'! M, shown in black, dark gray, medium gray, and light gray respectively. Values
of E(B — V) are indicated by solid, dashed, and dot-dashed lines, corresponding to E(B — V)=
0.0, 0.15, and 0.3, respectively. The curves of constant mass are produced by a Bruzual & Charlot
(2003) SED fit to a z = 2.85 galaxy using a Chabrier IMF. The length of each curve corresponds
to ages ranging from 50 Myr to 2300 Myr (the age of the universe at z = 2.85).
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is only one galaxy (MD34) with both a Ch2 detection and an NB3420 detection; MD34 does
not differ significantly from the other Ch2-detected LBGs in its V—Ch2 vs. V properties.
In the sample of LAEs, there only five objects with both Ch2 and V detections, none of
which have NB3420 detections. While we cannot make any strong statements comparing
the V—Ch2 properties of LAEs with and without NB3420 detections, we can note that the
limits of LAEs with NB3420 detections do not distinguish them from LAEs without NB3420
detections. Deeper Ch2 data is necessary to make any stronger inferences. The preliminary
results from this analysis seem to show no strong differences between the stellar populations
of galaxies with and without NB3420 detections, implying that the detection of LyC emission
from a small portion of galaxies stems from the effect of varying observer perspective with
respect to the geometry of the ISM of each galaxy, rather than intrinsic physical differences
between galaxies. According to such a scenario, galaxies are described by a constant escape
fraction that appears to vary between objects based on the perspective of the observer.
Another important feature of Figure 2.11 is that the curves of constant stellar mass indicate
that the V — Ch2 limits of nearly all the LAEs are consistent with Meye, < 100 M, galaxies
with E(B — V') < 0.3. A notable outlier is lae18/3, the LAE with V—Ch2 > 4. Lael843 is
not located near an obvious contaminant in any of our images, but there is still the possibility
of a very red foreground galaxy not visible in the shorter-wavelength images or a foreground
galaxy in those images that cannot be distinguished from lael843 at the current spatial

resolution.

Because the Ch2 data are not deep enough to characterize the individual rest-frame near-
infrared properties of all of our target galaxies, we also performed photometry on stacked
images of galaxies with and without LyC detections for the LBG and LAE samples. The
stacks were created using methods similar to those described in Appendix D of Reddy et al.
(2012), with the requirement that objects included in the stack not be blended with a
nearby neighbor in the Ch2 image. V—Ch2 colors of the LBG and LAE stacks are plotted
in Figure 2.11. We use stellar population synthesis models to estimate masses from the
stacked photometry; while this method is not necessarily equivalent to reporting the average

properties of individual SED fits, it provides rough insights into the relative properties of
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different subsamples in the absence of SED fits for every object in our sample.

Unfortunately, it is not possible to draw definitive conclusions from the LBG stacks.
While the stack of LBGs without NB3420 detections yields a Ch2 magnitude of 24.0140.10
and V— Ch2 = 0.58, we were unable to make a useful stack for the LBGs with NB3420
detections because two of the four objects are blended with bright neighbors in the Ch2
image. Of the two LBGs with NB3420 detections and unblended Ch2 photometry, MD34
has a magnitude of 22.34 £ 0.12 and MD5 has a 30 lower limit of >24.22. While the Ch2
photometry of MD34 and MD5 is consistent with that of the LBGs undetected in NB3420,
the small sample size precludes us from making any comparisons between objects with and
without LyC detections. We can also compare the LBG properties determined by V —Ch2
color to those determined by the SED fits. The V—Ch2 color of the stack of LBGs without
NB3420 detections implies log(M/Mg) = 9.60 (9.10), assuming £(B—V) = 0.0 (0.1). Higher
values of E(B — V) imply younger galactic ages, and assumptions of E(B — V) > 0.1 do
not result in meaningful fits to the stacked color because they imply ages <50 Myr. The
assumption of E(B — V) = 0.1 requires an age of ~ 60 Myr, significantly younger than the
median age derived for the sample of LBGs with SED fits (202 Myr). However, LBGs have
been shown to have typical reddening values of E(B — V') ~ 0.17 (Kornei et al., 2010), and
assuming such a value further decreases the average age implied by the stacked photometry.
This apparent discrepancy (i.e., the fact that the median age implied by the stacks is lower
than that implied by the SED fits) arises because the stacks include all LBGs regardless
of whether or not they are detected in Ch2, while the SED fits only include the older or
more massive LBGs with IRAC photometry redwards of the Balmer break. We can further
demonstrate this discrepancy by contrasting the V— Ch2 color of the stack of all LBGs
without LyC detections (V— Ch2 = 0.58) with the average V— Ch2 color of the objects
in that stack that have Ch2 detections (V— Ch2 = 1.33). Because the stack includes all
LBGs regardless of whether or not they have infrared data, the V— Ch2 color of the stack is
much bluer than the V— Ch2 color of the subset of objects within the stack that have Ch2

detections.

In the case of the stacks of LAEs with and without NB3420 detections, neither stack
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Figure 2.12 Color-magnitude diagram plotting V—NB4670 vs. NB4670 for LAEs. The rest-frame
Lya equivalent width corresponding to a given V—NB4670 color is indicated on the right-hand
axis. Galaxies without NB3420 detections are shown in black and galaxies with NB3420 detections
are shown as red with a circle around each point. Lower limits correspond to objects undetected
in V and follow the same color scheme as the detections. The dashed diagonal line indicates the
observational limit on V—NB4670 color, which is determined by our V' —band magnitude limit of
27.58. The vertical dashed line indicates the cutoff of myg79 < 26.0 applied in order to ensure the
robustness of our sample (see Section 2.2.4). The horizontal dashed line corresponds to the color
cut of V.—NB4670 > 0.6 used for LAE selection. A few LAEs fall below this line because they were
selected as LAEs on the basis of earlier, shallower photometry, and were already spectroscopically
confirmed to lie at z = 2.85.
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was detected in Ch2; the stacks reached 3¢ limiting magnitudes of >24.30 and >25.64,
respectively, corresponding to V—Ch2 < 1.19 and V—Ch2 < 0.45. While these limits on
LAE V—Ch2 color do not give any constraints on the differential properties between LAEs
with and without NB3420 detections, they do indicate that LAEs are preferentially low-mass
galaxies with small values of E(B — V). Converting the limits on LAE V —Ch2 color into
limits on stellar mass results in log(M/My) < 9.72 (9.38) for LAEs with NB3420 detections
and log(M/Mg) < 8.87 (8.35) for LAEs without NB3420 detections, assuming E(B — V)
= 0.0 (0.1). The E(B —V) = 0.1 fit to the deeper LAE stack (LAEs without NB3420
detections) corresponds to an age slightly less than 50 Myr. While such a young age is
unphysical for LBGs based on dynamical timescale arguments, LAEs may be more compact
systems where such young ages are feasible; such young ages have been determined for LAEs

in previous work (Gawiser et al., 2007).

In summary, the analysis of the infrared data does not yield firm results differentiating
between the two proposed models of LyC escape presented at the beginning of this section:
that objects with and without LyC detections are either intrinsically different, or intrinsically
similar with anisotropic emission of LyC radiation. Although the individual galaxies and
stacks plotted in Figure 2.11 do not indicate strong differences in the V—Ch2 properties
of galaxies with and without LyC emission, the fact that only one galaxy (MD34) with
an NB3420 detection is actually detected in Ch2 severely limits our interpretation of the
Ch2 data. At the same time, we find that MD34 (the only object with a LyC detection
modeled by an SED fit) has been assigned the lowest possible age allowed by our modeling
and the second largest SFR of the 33 modeled LBGs. A larger sample of LBGs with both
LyC detections and IRAC photometry is needed to test whether or not LBGs with LyC
detections are preferentially young. In terms of the overall sample properties, the V —Ch2
color of our LBG stacks (which include all LBGs in the sample) indicate an age for LBGs that
is younger than the median age of LBGs modeled with SED fits, suggesting a possible bias
in previous LBG stellar population studies (e.g., Shapley et al., 2001; Kornei et al., 2010)
limited to objects with near- or mid-infrared detections. Finally, the V—Ch2 colors and

limits we observe for the LAEs in our sample indicate that they are preferentially low-mass
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galaxies with small values of E(B — V'), consistent with previous results in z ~ 3 LAE stellar
population studies. The two obstacles hindering our understanding of the rest-frame near-
infrared properties of the galaxies in our sample are the low Ch2 detection rate of both LBGs
and LAEs and the lack of spatial resolution, resulting in the blending of several galaxies with
bright nearby neighbors. Deeper and higher resolution data enabling robust SED fits for all
galaxies in our sample would constitute a much more powerful tool to distinguish between

the proposed models of LyC escape.

2.6.2 The relationship between LyC emission and Lya emission

In addition to exploring the differential rest-frame UV — near-infrared colors of galaxies
with and without LyC emission, we studied their relative Lya properties. Figure 2.12 shows
the V—NB4670 vs. NB4670 color-magnitude diagram for LAEs with and without NB3420
detections (shown in red and black, respectively), indicating the rest-frame Lya equivalent
width (EW) on the right-hand axis. Although the LAEs with NB3420 detections have lower
measured values of Lya EW on average than LAEs without NB3420 detections, they span a
range in NB4670 magnitude equivalent to that of the full LAE sample. In order to account for
the fact that for several LAEs the measured EWs are only lower limits, we used the package
ASURV (“Astronomy SURVival Analysis”) Rev 1.2 (Isobe & Feigelson, 1990; Lavalley et al.,
1992) to calculate the Lyan EW mean and standard error of LAEs with and without NB3420
detections using survival analysis. This analysis shows that the mean Lya EW for objects
with NB3420 detections is 34.0 + 5.9 A and the mean Lya EW for objects without NB3420
detections is 80.1 4 8.3 A. These results confirm that galaxies with NB3420 detections tend
to have lower Lya EWs, on average, than galaxies without NB3420 detections, a correlation

that has been previously reported in the SSA22a field by Nestor et al. (2011).

In testing the connection between Lya and LyC emission, we must also consider changes
in LyC emission when Lyow EW is the independent variable. To determine if (Fyv/Fryc)corr
is positively correlated with Lya EW, we calculated (Fyv/Fryc)eorr, the non-ionizing to

ionizing flux-density ratio corrected for contamination and IGM absorption, for LAEs in two
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bins of Lya EW separated by the mean LAE Lya EW (46 A). For LAEs with smaller and
larger EWs;, respectively, we find (FUV/FLyC)CEO\7’X§46"i =4.94 2.6 and (FUV/FLyC)EX?%g =
33 £ 23; LAEs with lower EWs have smaller values of (Fyv/Fryc)eorr (indicating stronger
LyC emission) and LAEs with larger EWs have larger values of (Fyy /FrLyc)corr- These two

values are consistent with the results of the survival analysis: LAEs with LyC detections are

characterized by a smaller average Lya EW than those without LyC detections.

One explanation of the observed anticorrelation between Lya EW and LyC emission
strength consists of the fact that Lya photons are simply reprocessed LyC photons. As
a LyC photon propagates through the ISM of a galaxy, one possibility is that the photon
escapes without being absorbed by a neutral hydrogen atom, and LyC emission is observed
from the galaxy. A second possibility is that the photon encounters a neutral hydrogen atom
and is absorbed, ionizing the atom. When the free electron recombines with the hydrogen
ion, the emission cascade spectrum will often culminate in the release of a Ly« photon.
Thus, for a fixed production rate of LyC photons, galaxies with larger Lya EWs should tend

to exhibit less LyC emission.

The fact that the stellar populations of galaxies with and without LyC detections do not
appear to differ significantly (see Section 2.6.1) suggests that detecting LyC in a given galaxy
depends on the orientation of the galaxy with respect to the observer. If the hypothesis that
LyC detectability depends on observer orientation is correct, then the anticorrelation between
observed LyC and Ly« emission implies that Ly EW must also depend on orientation, and
in such a way to support the anticorrelation. Results from several recent galaxy simulations
(of both isolated galaxies and those set in cosmological context) suggest that the observed
Lya EW is strongly dependent on the orientation of the observer (Verhamme et al., 2012;
Barnes et al., 2011; Yajima et al., 2012). Specifically, these simulations predict orientation
effects for disk galaxies: a disk galaxy, when viewed face-on, will have a much greater observed
Lya EW than the same galaxy viewed edge-on. This orientation effect stems from the fact
that Lya photons are resonantly scattered; for a Lya photon, the direction of final escape
from the galaxy is nearly independent of its original trajectory. As trajectories perpendicular
to the plane of the galaxy present the paths of least opacity, more Lya photons will escape
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perpendicular to the galactic plane. It is still unclear how the spatial redistribution of Ly«
photons relates to that of LyC photons, and how these distributions are affected by the
clumpy morphologies of high-redshift galaxies. If, for example, Lya and LyC photons are
both more likely to escape along lines of sight with lower hydrogen column densities, a
positive correlation between observed Lya and LyC emission might be expected — contrary
to the anticorrelation observed in the LAE populations of the HS1549 and SSA22a fields.
In any case, it would be extremely useful for simulations to examine the effect that galaxy
orientation produces on the relationship between observed Lya and LyC emission. It would
also be useful for such simulations to consider morphologies that more closely represent
those of high-redshift galaxies (i.e., clumpy and irregular morphologies; Law et al., 2007).
If orientation effects cannot explain the observed trend that smaller observed Lya EWs
in LAEs coincide with more LyC emission, then the difference in Lya EWs must indicate
some intrinsic difference between galaxies exhibiting strong or weak LyC emission that can
be traced by Lya emission. Along these lines, we note that the mean rest-frame Lya EW
for LAEs without NB3420 detections (80 A) is close to that expected by the “Case B”
assumption for 100% absorption of LyC photons in a dust-free environment (~100 A; Steidel
et al., 2011). In the presence of dust, the resonant scattering of Ly« photons would tend to
decrease the expected “Case B” Lya EW. If Lya orientation effects do not correlate with
LyC in the manner described above, then the larger Lyae EWs in our sample of LAEs without
NB3420 detections indicates a higher rate of LyC absorption within the ISM of these objects.

Also relevant for understanding the connection between Lya and LyC emission, we find
a lower average non-ionizing to ionizing UV flux-density ratio among LAEs (which have a
median Lya EW of 46 A) than among LBGs (which have a much lower median Lya EW
of 5 A). Considering LAEs in the same magnitude range as LBGs (V < 25.4), we derive
(Fyv/Fryc)EABV<?4 = 41 4 2.7 which is significantly lower than the value for LBGs,

corr

(Fyv/Fry,c)EP¢ = 82 4 45, The relative values of (Fyv/Fryc)eorr for LAEs and LBGs
apparently suggest a positive correlation between Lyae EW and LyC emission, in the opposite
sense of the trend traced by the LyC vs. Ly« emission properties of LAEs. However, LBGs

have been shown to differ from LAEs in several galactic properties, including dust content
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and gas/dust covering fraction. As dust destroys UV photons, and Ly« photons travel
particularly long path lengths before they escape their galaxy due to resonant scattering,
Ly« photons suffer greater dust attenuation than other UV photons. Thus, while the amount
of dust in a galaxy will not affect the creation of Lya photons from LyC photons, it will
affect the observed Lya EW. Observational studies have confirmed that LBGs with larger
Lya EWs have smaller values of E(B — V) (e.g., Atek et al., 2009; Shapley et al., 2003) and
simulations have reproduced the same result (e.g., Yajima et al., 2012; Dayal et al., 2009).
Also, LBGs with larger Lya EWs have weaker interstellar absorption lines, indicating lower
gas covering fraction (Shapley et al., 2003). Thus, it is possible that the low median Ly«
EW observed in LBGs compared to LAEs is due to increased dust attenuation (LBGs have
median values of F(B — V) that are typically higher than those of LAEs; Gronwall et al.,
2007; Blanc et al., 2011) and larger gas covering fraction. In summary, the observed strengths
of Lya and LyC emission may be anti-correlated (as seen in the LAE sample) except in the
cases of higher interstellar extinction where Ly« photons are systematically destroyed (as in

the case of the LBGs).

2.7 Summary

We have presented an analysis of the z ~ 3 LyC properties of the HS1549 field. Multiple
LyC studies of star-forming galaxies have been conducted in the SSA22a field (e.g., Inoue
et al., 2005; Shapley et al., 2006; Iwata et al., 2009; Nestor et al., 2011, 2013) and HS1549
therefore provides an important independent set of z ~ 3 LyC measurements. The HS1549
field contains a galaxy protocluster at z = 2.85, and our narrowband (NB3420) imaging has
targeted the LyC spectral region of 131 spectroscopically confirmed galaxies at z > 2.82 (49
LBGs and 91 LAEs, 9 of which are constituents of both samples). We have detected 12
galaxies in NB3420 and implemented simulations to correct the average NB3420 magnitudes
of subsamples of these galaxies for both foreground galaxy contamination and absorption
from neutral hydrogren in the IGM. In addition to more than 19 hours of imaging in the

NB3420 filter, we have analyzed ancillary narrowband Lya imaging and broadband imaging
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in the rest-frame non-ionizing UV, optical, and near-infrared in order to determine non-
ionizing to ionizing UV flux-density ratios and place limits on other galactic properties. Our

main conclusions are as follows:

1. We find 4 LBGs and 7 LAEs with NB3420 detections, along with one additional object
(MD12/lae3540) that we have removed from both samples. The NB3420 detections of
the LBGs range in magnitude from 26.56 < ms4o9 < 27.01 and those of the LAEs range
from 25.11 < mgyeg < 27.23. Our contamination simulations predict that 1.5 4+ 1.0
LBG NB3420 detections and 4.3 + 1.3 LAE NB3420 detections are uncontaminated

by foreground galaxies.

2. The ratio of non-ionizing to ionizing UV radiation of the LBGs and LAEs is traced by
the observed NB3420—V color. The colors of our targets vary widely, with NB3420-
detected galaxies at a given V' magnitude having NB3420 magnitudes up to a factor
of ten brighter than the NB3420 limits of undetected galaxies; i.e., a small percentage
of galaxies are detected strongly in NB3420 and the rest remain undetected. These
results confirm those presented in Nestor et al. (2011) for galaxies in the SSA22a field,
and lend further support to the hypothesis that LyC radiation escapes galaxies through
cleared holes in the ISM and can only be viewed by the observer with fortuitous orien-
tation. The large variation in individual galaxy NB3420 properties makes it necessary
to consider properties of the full ensemble of LBGs and LAEs in order to determine

the average LyC properties of z ~ 3 galaxies.

3. One of the principal difficulties in performing accurate LyC photometry is the presence
of low-redshift foreground galaxies that introduce contaminating light into the NB3420
filter. At the spatial resolution of HST', galaxies at z ~ 3 tend to exhibit clumpy mor-
phology. Separating a z ~ 3 clump from a foreground contaminant is impossible unless
the individual redshifts of each clump are known. While simulations of the amount of
foreground contamination can help correct the observed non-ionizing to ionizing UV
flux-density ratios, it is very difficult to study the properties of LyC-emitting galaxies

when the simulations predict that roughly half of the NB3420-detected sample may
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be contaminated. To obtain spectroscopic or photometric redshifts at the high spatial
resolution necessary to distinguish each clump requires imaging from a high-resolution,
space-based observing facility such as HST coupled with deep, high-resolution spec-

troscopy from the ground.

. Reconciling the low observed non-ionizing to ionizing UV flux-density ratios (Fyv /Fr,c)
with intrinsic values predicted by stellar population synthesis models has been a chal-
lenge in all z ~ 3 LyC studies. As in the SSA22a field, the observed flux-density ratios
of many of the LBGs and LAEs with putative LyC detections are too low to be rea-
sonably explained by current models. There are possible ways of solving the problem;
for example, one could make the assumption of no IGM absorption along the line of
sight for galaxies with observed LyC detections. However, this condition is unlikely to
hold for all galaxies with putative LyC detections. As of now, the discrepancy between

the LyC observations and models remains unresolved.

. Using estimates of the UV escape fraction from observational studies of z ~ 3 galax-
ies and a range of estimated values for the theoretical ratio of intrinsic UV to LyC

luminosities given by the Bruzual & Charlot (2003) and BPASS (Eldridge & Stan-

way, 2009) models, we derive relative LyC escape fractions of fL0%, = 5 — 8% and
LAF | = 18—49%, and absolute escape fractions of fZ2¢ = 1-2% and fL2¥ = 5—-15%.

The uncertainties on the escape fractions we calculate are on the order of 50%. We also
determine a comoving specific ionizing emissivity of LyC photons (er,¢) in the range of
8.8 — 15.0 x10%** ergs s7* Hz~! Mpc—3. This range of emissivity values was determined
by using two different models to combine the LBG and LAE samples (as discussed in
Section 2.5.3); the luminosity-dependent model yields er,c = 15.0 + 6.7 x 10** ergs
s7! Hz™' Mpc™® and the LAE-dependent model yields ez,c = 8.8 + 3.5 x 10** ergs
s7! Hz™! Mpc®. These values of ep,¢ for star-forming galaxies are consistent with
the total ionizing emissivity inferred from the Lya-forest studies of Bolton & Haehnelt
(2007) and Faucher-Giguere et al. (2008). The rough agreement between the total

ionizing emissivity and the ionizing emissivity from star-forming galaxies leaves little
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room for the contribution to the emissivity from QSOs or from fainter star-forming
galaxies not probed by our observations. While the LyC emissivity we measure from
star-forming galaxies may still be an overestimation, it is in better agreement with
the total LyC emissivity determined from Lya-forest studies than the higher values

determined in past work.

. Examining the rest-frame near-infrared properties of galaxies in our sample based on
IRAC Ch2 imaging, we find no significant difference in the Ch2 or V—Ch2 properties
of objects with and without NB3420 detections. This agreement indicates that objects
with and without LyC detections are drawn from a populations of star-forming galaxies
with similar distributions of stellar mass, age, E(B — V'), and star-formation rate. We
caution, however, that our interpretation is limited by the fact that only one galaxy
(MD34) with an NB3420 detection is detected in Ch2. While the V—Ch2 vs. V
properties of this object do not distinguish it from LBGs without NB3420 detections,
in the SED modeling, it has been assigned the lowest possible age allowed and the
second largest SFR of the 33 modeled LBGs. A much larger sample of LBGs with
both LyC detections and IRAC photometry is needed to test whether LBGs with LyC
detections are preferentially young, or whether LBGs with and without LyC detections

come from similar populations.

. While we do not find significant differences in the stellar populations of objects with
and without LyC detection, we do find that LAEs with LyC detections have smaller
Lya equivalent widths on average than those without. A comparison of (Fyv /Fryc)corr
for LAEs in two bins of equivalent width yields (Fyv/F, LyC)EWS‘lGX =49+ 26 and

corr

(Fyv/F, Lyc)gﬂ?‘*ﬁ‘; = 334+23. These results imply an inverse relationship between the
amount of Lya and LyC emission observed from LAEs. One possibility is that this
relationship stems from the fact that Lya photons are reprocessed LyC photons, so an
overall increase in Lya photons must correlate with a decrease in LyC photons. The

details of LyC and Ly« radiative transfer through the ISM of clumpy, high-redshift

galaxies, however, are still unclear, as are the effects of varying the observer’s orienta-
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tion while observing Lya and LyC emission. We also note that despite this apparent
anti-correlation between the strength of Lya and LyC emission, LBGs (which have
lower median Ly« equivalent widths than LAEs) display much weaker LyC emission
than LAEs in the same magnitude range. This trend may be explained by the higher
dust content in LBGs systematically destroying both LyC photons and resonantly-
scattered Lya photons.

Future progress in this field is contingent upon amassing a large and well-defined sample
of LyC-emitting star-forming galaxies and eradicating the possibility that LyC measure-
ments are contaminated by foreground interlopers. A detailed, multi-wavelength analysis of
such a sample would reveal definitively whether LyC-emitting objects possess specific prop-
erties that facilitate LyC escape or whether LyC emission escapes from all galaxies through
randomly-oriented paths cleared through the ISM. With the goals of removing contamination
and obtaining multiwavelength photometry, we are currently pursuing follow-up observations

of our NB3420-detected galaxies in the HS1549 field with HST /WFC3.
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2.8 APPENDIX A: GNBs and Faint LAEs

Here we present photometry (Table 2.8) and postage stamp images (Figure 2.13) for eight
additional Lya-emitting galaxies with NB3420 detections for which we have obtained spec-

troscopic redshifts (see Section 2.2.3). This sample comprises three GNBs and five faint
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Table 2.8.  Photometry for GNBs and LAEs with myg79 > 26.0

D RA * Dec * 2z NBITO V. NBHM20  Apviie” Apyenye® 25
(J2000) (J2000) o

GNB2861  15:51:53.603  10:11:36.53 2.844  26.80  26.08  26.86 0.28 0.33 2.1+ 1.0
GNB4769  15:51:50.873  10:08:42.73 2.849 2530  26.54  27.33 0.34 0.52 2.1+ 0.9
GNB5270  15:51:57.364  19:09:53.38 2.847  24.84  25.14  26.43 0.40 0.30 33+ 1.0
lacl670  15:51:45.121  19:10:15.34 2.846  26.18  27.27  26.45 0.25 0.65 0.5+ 0.1
1203506 15:51:52.242  19:11:41.01 2.841 2671  27.58  27.09 0.11 0.08 0.6 £ 0.3
12e3828  15:51:53.228  10:13:08.50 2.892  26.64  26.85  26.27 0.28 0.33 0.6 0.3
lac5404  15:52:00.008 19:08:54.42 2.816  26.60  27.16  26.53 0.21 0.15 0.6 + 0.3
127890 15:52:01.943 19:12:42.47 2.850  26.02  26.13  25.91 0.23 0.17 0.8+0.3

2GNB and LAE coordinates are based on NB4670 centroids.
bSpatial offset between the centroids of V and NB3420 emission.
“Spatial offset between the centroids of NB4760 and NB3420 emission.

dObserved ratio and uncertainty in the ratio of non-ionizing UV to LyC flux-densities, inferred from the NB3420—V color.
This value has not been corrected for either contamination by foreground sources or IGM absorption.

LAEs (myg70 > 26). As we do not have a complete and unbiased sample of these objects, we

do not include them in the main LAE sample.

2.9 APPENDIX B: Photometric LAE Sample

Here we present photometry of 33 LAE photometric candidates without spectroscopically
confirmed redshifts (see Section 2.2.4). Ten of these LAEs have NB3420 detections. Table
2.9 contains photometric information for all 33 LAE photometric candidates, and Figure 2.14
displays postage stamp images for the ten candidates with NB3420 detections. While some
of these NB3420 detections may be true LyC detections, the high rate of NB3420 detections
in this sample may be due to the increased probability of contamination for objects without

spectroscopic redshifts. For this reason, we do not include these objects in the LAE analysis.
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Table 2.9. Photometry for LAE Photometric Candidates

D RA 2 Dec 2 NB4670 v NB3420  Auv,rye®  Arya,nyc®  FL% .
Y& obs
(J2000) (J2000)

lae759 15:51:41.039  19:09:57.61 25.54 26.79 >27.30 s s >1.6
lae803 15:51:41.598  19:10:19.54 25.68 27.02 >27.30 e e >1.3
lae1043  15:51:42.623  19:13:00.70 26.00 27.07 >27.30 s B >1.2
lac1058  15:51:42.791  19:11:07.95 26.00 27.14 >27.30 e ce >1.2
lae1l080  15:51:42.918  19:12:33.53 25.92 26.37 26.03 0’3 074 0.7 £ 0.2
lael569  15:51:44.416  19:08:43.92 25.16 25.84 25.51 0’3 0’4 0.7 £ 0.2
lael840  15:51:45.875  19:11:55.76 25.98 27.19 >27.30 e ce >1.1

lael883  15:51:45.893  19:12:23.30 25.49 26.28 >27.30 s s >2.6
lae2278  15:51:47.324  19:12:01.54 25.77 >27.58 >27.30 e ce s

lae2369  15:51:47.863  19:11:24.63 25.93 >27.58 >27.30
lae2431  15:51:48.048  19:09:04.50 25.97 >27.58 >27.30
lae2482  15:51:48.129  19:09:48.31 25.29 >27.58 >27.30
lae2664  15:51:49.090  19:11:00.51 25.52 >27.58 >27.30 s
>1.4

lae2666  15:51:49.161  19:13:17.59 25.80 26.89 >27.30 . e

lae3038  15:51:50.091  19:09:02.19 25.74 26.25 26.44 o' 02 1.2+ 04
lae3348  15:51:51.561  19:11:20.54 25.90 26.98 >27.30 e ce >1.3
lae3365  15:51:51.691  19:11:20.50 25.90 26.78 >27.30 s B >1.6
lae3616  15:51:52.218  19:08:21.79 25.10 26.96 27.17 179 174 1.2+ 0.6
lae4070  15:51:54.054  19:10:26.76 25.93 27.47 25.88 0”2 0”1 0.2 +£0.1
lae4079  15:51:54.023  19:10:05.98 25.19 25.71 >27.30 e ce >4.3
lae4468  15:51:55.367  19:12:57.55 25.82 26.46 25.97 06 04 0.6 £0.2
lae5157  15:52:01.016  19:08:50.34 26.00 >27.58 >27.30 e s B
lae5200  15:52:01.083  19:11:25.97 25.83 27.19 26.70 02 01 0.6 £0.3
lae5252  15:52:00.519  19:08:31.67 26.00 26.38 25.72 0”0 0”1 0.5+ 0.2
lae5446  15:51:58.774  19:12:46.40 25.43 26.01 >27.30 e ce >3.3
lae5661  15:51:59.092  19:12:39.74 25.89 26.31 >27.30 s B >2.5
lae5665  15:51:57.738  19:12:27.59 23.96 25.31 24.78 00 07 0.6 £0.1
lae6041  15:51:57.864  19:11:14.43 25.56 25.58 >27.30 s s >4.9
lae6436  15:52:07.285  19:11:54.07 25.50 26.30 >27.30 e s >2.5
lae6510  15:52:06.976  19:12:03.51 25.80 25.94 25.41 01 01 0.6 £0.2
lae7110  15:52:02.523  19:12:07.71 25.98 26.96 >27.30 s .. >1.4
lae7247  15:52:04.452  19:10:48.30 25.96 26.83 >27.30 e ce >1.5
lae7642  15:52:03.478  19:12:58.32 25.26 26.20 >27.30 s s >2.7

a2Coordinates for LAEs are based on NB4670 centroids.
bgpatial offset between the centroids of V and NB3420 emission.
“Spatial offset between the centroids of NB4760 and NB3420 emission.

dObserved ratio and uncertainty in the ratio of non-ionizing UV to LyC flux-densities, inferred from the NB3420—V
color. This value has not been corrected for either contamination by foreground sources or IGM absorption.
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Figure 2.13 10” x 10" postage stamp images of the three GNBs and five faint LAEs with NB3420
detections. Objects are displayed in the following bands: NB3420 (indicating the LyC), V' (indicat-
ing the non-ionizing UV continuum), NB4670—V (indicating Lya emission), and NB4670—G (also
indicating Ly« emission; GNBs only). All postage stamps are centered on the NB4670 centroid
and blue circles (1”radius) indicate the centroid of the NB3420 emission. All postage stamps follow
the conventional orientation, with north up and east to the left.
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Figure 2.14 10” x 10" postage stamp images of the 10 LAE photometric candidates with NB3420
detections. Objects are displayed in the following bands: NB3420 (indicating the LyC), NB4670—V
(indicating Ly« emission), and V' (indicating the non-ionizing UV continuum). The V—NB4670
color of each LAE is indicated below the object name. All postage stamps are centered on the
V centroid and blue circles (1”radius) indicate the centroid of the NB3420 emission. All postage
stamps follow the conventional orientation, with north up and east to the left. We note that LAEs
with more diffuse Lya emission may be difficult to distinguish in the NB4670—V image, even
though their V—NB4670 colors identify them as LAEs; for such objects, we have increased the
stretch of the NB4670—V image to make the diffuse emission more easily visible.
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CHAPTER 3

A High-Resolution Hubble Space Telescope Study of

Lyman Continuum Leakers at z ~ 3

3.1 Introduction

The sources responsible for cosmic reionization are still not well understood. Evidence
that quasars (QSOs) cannot be solely responsible for reionization (Fontanot et al., 2012;
Glikman et al., 2011; Siana et al., 2008) has prompted many searches for ionizing Lyman
continuum (LyC) emission from star-forming galaxies. While the IGM at z > 6 is opaque
to LyC photons and prevents direct observations of LyC-emitting galaxies during the epoch
of reionization, many studies have attempted to detect lower-redshift analogs to galaxies
responsible for reionization. Although IGM transmission is highest in the local universe,
studies at z < 2 (e.g., Grimes et al., 2007, 2009; Cowie et al., 2009; Bridge et al., 2010; Siana
et al., 2007, 2010) have yielded very few detections of LyC emission, with only three objects
identified to date (Leitet et al., 2011, 2013; Borthakur et al., 2014). At redshift z ~ 3—4, the
search for LyC-emitting galaxies has appeared to be more fruitful. However, even though
the examination of hundreds of galaxies (in works such as Steidel et al., 2001; Shapley et al.,
2006; Iwata et al., 2009; Nestor et al., 2013; Mostardi et al., 2013; Siana et al., 2015; Vanzella
et al., 2010a, 2012, 2015) has yielded many promising LyC-emitting candidates, there exist
only two robust detections (Vanzella et al., 2012, 2015).

Amassing large samples of LyC detections in high-redshift star-forming galaxies has been
difficult for several reasons. First, large parent samples of high-redshift galaxies must be
identified and confirmed spectroscopically, requiring extensive galaxy surveys (often ground-

based) and time-consuming spectroscopic follow-up. Second, it is necessary to probe flux
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in the LyC spectral region for these galaxies, either with deep spectroscopy, also very time-
intensive, or through narrowband imaging in a filter just blueward of the Lyman limit,
in which it is difficult to match a single narrowband filter to the LyC region for many
galaxies at once. Even after potential high-redshift LyC-emitting candidates are identified,
there remains the possibility that apparent LyC emission is actually due to a lower-redshift
interloper along the line of sight, which cannot be distinguished in ground-based, seeing-

limited data.

One method that has proven successful at identifying potential LyC-emitting galaxies
is narrowband LyC imaging of galaxy protoclusters. Large ground-based surveys of UV-
selected star-forming galaxies at z ~ 2 — 3 (Steidel et al., 2003, 2004, 2011; Reddy et al.,
2008) have identified and spectroscopically confirmed thousands of high-redshift star-forming
galaxies. These surveys have also located galaxy protoclusters, areas on the sky with large
overdensities of galaxies at similar redshift. A very effective way to simultaneously probe the
LyC of large samples of galaxies at the same redshift is to perform deep imaging through a
narrowband filter tuned to the LyC spectral region at the protocluster redshift (e.g., Iwata
et al., 2009; Nestor et al., 2011, 2013; Mostardi et al., 2013).

Initially, these protocluster studies were entirely based upon ground-based data with see-
ing FWHMSs of 0”7 —1"0, and thus suffered from the possibility of foreground contamination.
Vanzella et al. (2010b) demonstrated that statistical simulations modeling the distribution
of foreground galaxies result in high rates of foreground contamination for high-redshift ob-
jects in ground-based studies. While simulations can account for contamination statistically
in LyC-emitting samples (as in Nestor et al., 2011; Mostardi et al., 2013), contaminants
cannot, be eradicated on an individual basis. As two of the main goals of LyC studies are
to determine the mechanism of LyC photon escape from the interstellar medium (ISM), and
to identify additional features of LyC-emitting galaxies that may enable their identification
through other means, it is crucial to identify robust, individual candidates for LyC emission

where foreground contamination has been ruled out.

Eliminating contaminants is a complex process. High-resolution imaging shows that the

majority of high-redshift galaxies are not morphologically simple, but are composed of mul-
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tiple compact clumps and/or diffuse emission (e.g., Law et al., 2007). Contamination can
only be firmly ruled out if the redshifts of individual galaxy clumps are measured, and if the
clump associated with LyC emission is confirmed to be at the redshift of the target galaxy.
In order to address the issue of contamination in the narrowband LyC survey of the z = 3.1
SSA22a protocluster Nestor et al. (2011, 2013), Siana et al. (2015) obtained near-IR spec-
troscopy with Keck/NIRSPEC to measure the spectroscopic redshifts of the sub-arcsecond
components of 5 LyC candidates. These authors found two foreground contaminants, one
galaxy with a misidentified redshift, and two galaxies that could not be definitively confirmed
as LyC-emitters. For galaxies at slightly higher redshifts (z ~ 3.7), Vanzella et al. (2012)
used photometric redshifts obtained through the high-resolution imaging in the CANDELS
survey (Grogin et al., 2011; Koekemoer et al., 2011) to analyze the sub-arcsecond clumps of
19 candidate LyC-emitters, finding 18 contaminants and one bona-fide LyC emitter. These
two studies have shown that both methods — high-resolution spectroscopy and photometric

redshifts — are effective ways to locate foreground contaminants.

In Mostardi et al. (2013) (hereafter M13), we performed a narrowband LyC imaging
survey of a galaxy protocluster in the HS1549+1919 field (Steidel et al., 2011). In this work,
we present follow-up observations with HST for the sample of candidate LyC emitters in
M13 with the goal of using photometric redshifts to eliminate contaminants from the LyC
emitter sample. The HS1549 protocluster has a redshift-space overdensity of d4q ~ 5 at z =
2.85+ 0.03, and this “spike” redshift coincides with that of a hyperluminous QSO (Trainor
& Steidel, 2012). More than 350 UV-selected galaxies have been identified in the HS1549
field, ~ 160 of which have been spectroscopically confirmed at 1.5 < z < 3.5. Additionally,
narrowband imaging with a 4670A filter tuned to the wavelength of Lya at the redshift
spike has revealed ~300 potential Lya Emitters (LAEs) and several Lya “blobs” (Steidel
et al., 2000, 2011). In M13, we used a narrowband filter (NB3420) tuned to wavelengths just
below the Lyman limit at z > 2.82, thus observing the LyC spectral region for hundreds of
Lyman break galaxies (LBGs) and LAEs at z > 2.82, including 49 LBGs and 91 LAEs with
spectroscopic confirmation. We identified putative LyC emitters in the NB3420 imaging, and

also performed a stacking analysis of objects undetected in the NB3420 filter (measuring no
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signal). Although we found an NB3420 detection rate of ~ 9% in both the LBG and LAE
samples, simulations indicated that 40-75% of the individual NB3420 detections may have
resulted from foreground contamination, highlighting the need for further work to disentangle

true LyC emitters from low-redshift contaminants.

Our aims in the current work are two-fold. Our primary goal is to address the question of
foreground contamination in the M13 LyC-emitter sample. Ideally, as in Siana et al. (2015),
we would obtain spatially-resolved spectroscopy in the vicinity of each putative LyC detec-
tion, with resolution of < 0”75, in order to measure the redshifts of all components. However,
ground-based optical spectroscopy probing the rest-frame UV provides insufficient spatial
resolution, and ground-based near-IR spectroscopy of rest-frame optical nebular emission
lines (with or without the assistance of adaptive optics) is not feasible because at z ~ 2.85
the strongest nebular emission lines (He, [OIII]A5007, Hf, and [OII]A3727) are lost either
in the thermal background or gaps in atmospheric transmission. Therefore, we have identi-
fied high-resolution, multi-band H ST imaging as the best method for estimating spatially
resolved photometric redshifts for the individual galaxy subcomponents associated with ap-
parent LyC emission. Our second goal is to analyze the properties of galaxies we have
verified to be true sources of LyC emission (such as their morphologies, stellar populations,
and the ratio of their ionizing to non-ionizing flux densities) with respect to properties of
star-forming galaxies without LyC detections. Such an analysis will help determine whether
galaxies with high escape fractions of ionizing photons come from a physically different pop-
ulation than those without detectable leaking ionizing radiation, and may provide insight

into star formation and the structure of the ISM in high-redshift galaxies.

In addition to presenting high-resolution, multiwavelength follow-up H ST observations
of high-redshift LyC-emitting candidates at z ~ 2.85 from M13, we discuss the implications
for continuing searches for ionizing radiation in star-forming galaxies. The paper is organized
as follows. Section 3.2 describes our methodology, while the galaxy sample and H ST obser-
vations are presented in Section 3.3. In Section 3.4 we describe the techniques used to reduce
the HST imaging data and perform photometry on the sub-arcsecond components of each
galaxy. Section 3.5 contains a discussion of our methods of fitting photometric redshifts to
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Table 3.1. Description of Samples

Sample® Niot® NNB34920 [Nuvanl© NYB3490 [Novsm)?
LBGs (with Zyec) 49 5 [4] 44 [12]
LAEs (with 2.) 82° 7 [6] 75 [18]
LAEs (without zgpe.) 33 10 [4] 23 [7]
Faint LAEs (with zgpe.) — 8 [2] —
GNBs (with zgpec) 3 [0] —

#The samples described in M13.

PThe total number of galaxies in the M13 sample.

“The number of galaxies with NB3420 detections. In brackets, we indicate
the number of these galaxies for which we have obtained UssgViosJ125 H160
imaging.

dThe number of galaxies without NB3420 detections. In brackets, we indi-
cate the number of these galaxies for which we have obtained UssgViosJ125H160
imaging.

¢The number of LAEs that are not part of the LBG sample, i.e., 91 LAEs
minus the 9 overlap objects (which are listed here as part of the LBG sample).

the data, as well as an analysis of each candidate LyC emitter and any sources of foreground
contamination. In Section 3.6 we analyze the properties of our best candidate for true LyC
emission (MD5) with respect to the larger population of star-forming galaxies. In Section
3.7, we consider the broader implications of these results, and the prospects for future di-
rect searches for LyC radiation at high redshift. We summarize our results in Section 3.8.
Throughout the paper we employ the AB magnitude system and assume a cosmology with
Q, =03, Q2 =0.7, and Hy = 70 km s~! Mpc~!. At 2z = 2.85, 1”corresponds to 7.8 proper
kpc.

3.2 Methodology

To evaluate the amount of foreground contamination in M13 using photometric redshifts,

we selected four HST filters (WFC3/UVIS Usss, ACS/WFC Vg6, and WFC3 /IR Jyo5 and
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Figure 3.1 Ussg, Vios, J125, and Higo filters superimposed over a model z = 2.85 galaxy spectrum.
The model spectrum is a solar-metallicity 100 Myr constant star-formation rate model from Bruzual
& Charlot (2003), reddened to E(B — V) = 0.15 with the Calzetti et al. (2000) attenuation curve.
The Ussg filter probes the LyC spectral region, but with some contamination (~ 20%) redwards of
the Lyman limit. The Vgog filter probes the rest-frame non-ionizing UV continuum, and the Jio5
and Hygg filters probe flux on either side of the Balmer break. With both the Lyman and Balmer
breaks sensitively probed at z = 2.85, we can determine photometric redshifts for individual sub-
arcsecond components of galaxies within our LAE and LBG samples. These photometric redshifts
enable us to determine whether the NB3420 detections associated with these galaxies are true LyC
emission, or contamination from foreground galaxies.
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Figure 3.2 Footprints of HST pointings superimposed on the 5 x 7 LRIS NB3420 (LyC) image.
Blue squares indicate the footprint of Ussg, green squares indicate the footprint of Vggg, and red
squares indicate the footprints of Jio5 and Higg. Cyan and yellow circles indicate the positions of
LBGs and LAEs with NB3420 detections that lie within the footprints of the H ST images.
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Higp) designed to probe the strengths of the Lyman and Balmer breaks at z ~ 2.85. Figure
3.1 shows the locations of the Ussg, Vios, J125, and Higg filters superimposed over a model
Bruzual & Charlot (2003) galaxy spectrum redshifted to z = 2.85. The choice of .Jy25 and
Hyg filters is particularly powerful for this test, due to the observed wavelength of the
Balmer break at z = 2.85 (Apps,pp = 1.4pm). This wavelength corresponds exactly to the
red cut-off of Jyo5 and the blue cut-off of Hygg. Therefore, the Ji95 — Hygp color is very
sensitive to the presence of the Balmer break, and provides information about the age of
the stellar population. Additionally, the Vgog — J125 color probes the rest-frame UV slope at
z ~ 2.85, providing information about the stellar populations and dust extinction. At z < 2,
where most of the contaminants found by Vanzella et al. (2012) are located, the Jyo5 filter
falls entirely on the red side of the Balmer break, and therefore, extremely flat Jyo5 — Higo
colors are expected, with the Balmer break falling instead between Vgos and Jig5. At the
other end of the spectrum, the Ussg filter does not lie entirely bluewards of the Lyman limit
at z = 2.85 (only 80% of its wavelength range falls below the Lyman limit) and thus does
not exclusively probe the LyC spectral region. However, given that the Lyman break passes
through this filter at redshifts z = 2.40 — 2.95, the Uszg — Viog color should be sensitive to the
magnitude of the Lyman break at z = 2.85, and to its absence at significantly lower redshift.
With both Lyman and Balmer breaks sensitively probed at z = 2.85 using UssgVis06J125 H160
photometry, we can distinguish between true sources of LyC emission, and those NB3420

detections attributable to non-ionizing radiation at lower redshift.

Several complications may arise from the method of estimating the photometric redshifts
using only these four filters. First, galaxies with leaking LyC emission may have intrinsically
high ratios of escaping ionizing to non-ionizing radiation, and may not exhibit as strong
a Lyman break as expected from normal z = 2.85 galaxies. We keep this caveat in mind
during our subsequent analysis, with the understanding that the Usszs — Vg6 color may not
be accurately represented by the models. Second, young galaxies (£ 20 Myr) may not
have a significant Balmer break. The combination of these two scenarios may result in a
young, high-redshift, LyC emitter with a relatively featureless spectrum, making it difficult

to distinguish such galaxies from low-redshift contaminants. In our photometric redshift
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analysis, we highlight cases of galaxies with ambiguous SED shapes and the possible stellar

populations these SEDs may indicate.

3.3 Sample and Observations

The HS1549 galaxy sample discussed in M13 consists of 49 LBGs and 91 LAEs, all spec-
troscopically confirmed at z > 2.82. There are 9 objects part of both the LAE and LBG
samples; for simplicity in displaying our data, we group these objects with the LBGs.! The
redshift limit of z > 2.82 ensures that the NB3420 filter is sensitive only to LyC emission,
with no contamination from flux redward of the Lyman limit. Out of these galaxies, 5 LBGs
and 7 LAEs have NB3420 detections within 179 of the non-ionizing UV centroid of the
galaxy, indicating potential LyC emission if there is no lower-redshift galaxy contaminant

along the line of sight.

In M13 we also present an additional sample of 33 photometric LAE candidates (no
spectroscopic confirmation) in the HS1549 field whose magnitudes in the narrowband filter
used to select LAEs (NB4670) are in the same range as those of the spectroscopically-
confirmed LAEs?. While these objects are not included in the analysis of M13 because the
lack of spectroscopic redshifts increases the possibility of contamination, 10 of them are

reported to have NB3420 detections.

Finally, in M13 we present 8 spectroscopically confirmed LAEs with NB3420 detections
that are either fainter than the magnitude limit of the main LAE sample (myg70 > 26; 5
objects) or were selected by their G—NB4670 color rather than V—NB4670 (3 objects).
We did not include these objects in the analysis of M13 because we had not assembled a
complete and unbiased spectroscopic sample of LAEs with myg79 > 26 or LAEs selected by
their G—NB4670 color.

In the follow-up observations presented in this work, we considered all objects with

1One of the objects in both the LAE and LBG samples is the putative LyC-emitter MD12/lae3540, which
is discussed in detail in M13. In this work, we refer to this object simply as MD12.

2All LAEs within the spectroscopic LAE sample of M13 had mug7o < 26. Thus, the photometric LAE
sample of M13 was defined to be any additional LAEs with myg7g < 26 that did not have spectroscopic
confirmation.
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NB3420 detections presented in M13 and chose HST pointings oriented to maximize the
number of these potential LyC-emitting targets on the image footprints. As the fields of
view attained by the various H ST instruments employed for these observations (ACS/WFC:
3'5x3!5; WFC3/UVIS: 2/9x2!7; WFC3/IR: 2/3x21) are much smaller than the Keck/LRIS
field of view (5'x7"), we were unable to acquire imaging for all of the potential LyC-emitters.
However, with two separate HST pointings in each of the 4 filters (see Figure 3.2), we
obtained UssgViosJ125H160 photometry for all but two of the spectroscopically confirmed
galaxies in the main sample: 4/5 LBGs and 6/7 LAEs. We also obtained UsssVgosJ125 H160
photometry for 4/10 photometric LAE candidates, and 2/6 of spectroscopically confirmed
LAEs with muygrg > 26, totaling 16 galaxies with NB3420 detections covered in all four
filters. Kight additional objects with NB3420 detections are covered by at least one HST
filter (usually Vgo6, which has the largest field of view), and may be examined morphologically,
although it is not possible to obtain photometric redshifts for galaxies without imaging in all
four filters. These objects are presented in the Appendix. In addition to the 16 galaxies with
NB3420 detections, we acquired UssgVeosJ125 H160 imaging for 30 spectroscopically confirmed
galaxies at z > 2.82 without NB3420 detections (12 LBGs and 18 LAEs), which allows us to
calibrate our photometric redshift fitting methods on galaxies without LyC detections and
facilitates the differential analysis of the stellar populations of galaxies with and without LyC
detections. Finally, 50 additional spectroscopically confirmed galaxies at z > 2.82 without
NB3420 detections (30 LBGs and 20 LAESs) were partially covered by our suite of HST

imaging. Table 3.1 summarizes the HST coverage of the samples.

In total, we obtained 5 orbits for each of the WFC3/UVIS Usss and ACS/WFC Ve
pointings and 3 orbits for each of the WFC3/IR Jy95 and Higp pointings as part of HST
Program ID 12959 (PI: A. Shapley) between 2012 December and 2013 August. Table 3.2
lists details of the observations. Individual exposures were half-orbit (~1400 seconds) for
Usss and quarter-orbit (~600 seconds) for Vioe, J125, and Hygo, and total exposure times per
pointing were 14 ks (Usgg), 12 ks (Viog), and 8 ks (Jio5 & Higo). We used a combination
of the WFC3/UVIS DITHER-BOX and DITHER-LINE patterns for Usss, the ACS/WFC
DITHER-BOX pattern for Vgos, and the WFC3/IR DITHER-LINE pattern for Jy55 and
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Table 3.2.  HST Imaging Observations

Filter ~ A.;y PSF FWHM Depth®* Exposure Pixel Scale® Pixfrac®
(A) (") (mag) (s) ("/pixel)

Usss 3355 0.081 29.20 14176 0.025 0.7
Veos 5921 0.092 30.22 11848 0.03 0.7
Jigs 12486 0.178 28.93 7835 0.075 0.7
Higp 15369 0.186 28.63 7835 0.075 0.7

#The 30 limiting depth obtained in a circular aperture with a diameter of 1.5
times the PSF FWHM.

PThe AstroDrizzle parameters for pixel scale (pixscale) and pixfrac listed
here represent the parameters used to attain optimal resolution.

Hjigo. In order to mitigate charge transfer efficiency (CTE) losses in our WFC3/UVIS Upssg
exposures, we used the “post-flash” capability with FLASH=S8 (Biretta & Baggett, 2013).
The final 30 surface-brightness sensitivities and PSF FWHMs of the Ussg, Vios, J125, and
Hig images are, respectively, 24.53, 25.71, 25.79, and 25.56 AB arcsec™2 and 07081, 07092,
0”178, and 0”186. The 30 depths obtained in circular apertures with a diameter of 1.5 times
the PSF FWHM are, respectively, 29.20, 30.22, 28.93, and 28.63 magnitudes.

3.4 Data Reduction and Photometry

Data reduction was performed on calibrated, flat-fielded, and CTE-corrected (in the case of
WFC3/UVIS and ACS/WFC) images with DrizzlePac (Fruchter, 2010; Koekemoer et al.,
2003). The task TweakReg was used to align all exposures within each visit, and the
AstroDrizzle pipeline was used to perform sky subtraction, mask cosmic rays and bad
pixels, and combine the exposures in the final, drizzled image. Final images were driz-
zled onto two scales: one optimized for the highest resolution in each filter (for analysis
of galaxy morphologies), and one where the pixel scale was consistent across all filters (for
matched-aperture photometric analysis). For the images drizzled to optimum resolution, the

AstroDrizzle parameters pixscale and pixfrac are indicated in Table 3.2. For the images
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used in photometric analysis, all filters were drizzled to a pixel scale of 0.03 ”/pixel, using a
pixfrac value of 0.7 for Uszg and 0.8 for Vigg, J125, and Higo. The pixfrac values were chosen
in order to achieve the optimum balance between the signal-to-noise ratio and visibility of
low-surface-brightness features. Final drizzled images were registered to each other using
the tasks Tweak Reg and T'weak Back, achieving alignment between the Viog, J125, and Hygg
filters with an rms of 07003 — 07006, and between Vgos and Uszg with an rms of 0701. The
HST images were also aligned to the world coordinate system of the Keck/LRIS V' —band
image from M13 (the image to which all other Keck/LRIS images were registered) in order
to map where the ground-based NB3420 (LyC) detections fell relative to emission in the
HST images. After registration with Tweak Reg, residual astrometric distortions between
the LRIS and H ST images were corrected to a precision of 0709 (less than half the size of an
LRIS pixel) using the IRAF task CCMAP. Figures 3.3 — 3.5 display postage stamp images
of the 16 galaxies with NB3420 detections and UssgViosJ125 H160 imaging.

For objects where imaging in all four filters (UsssVoosJ125 H160) Was available, the widest
PSF was that of Hygy (07186). Accordingly, in order to perform matched-aperture photom-
etry, we smoothed the higher-resolution H ST images to match the PSF of the Hy59 image.
When infrared data were unavailable because of the smaller field of view of the WFC3/IR
instrument, the widest PSF was that of Vg (07092) and we smoothed the Ussg data to
match this PSF. In order to perform the PSF-matching, we first created an empirical PSF
from 10—30 (depending on the filter) bright, isolated, and unsaturated stars using the IDL
routine psf_extract from StarFinder (Diolaiti et al., 2000). These empirical PSFs were
then input into the IRAF routine PSFMATCH, which outputs the convolution kernel and
the PSF-matched image. The curves of growth of the stellar profiles in the Higg and Vipg
images agree with those of the PSF-matched images to <2% for the majority of the stellar

profile, and agree within <10% at small radii (<3 pixels).

For objects with UsssVsos-J125 H160 cOverage, matched-aperture photometry was performed
with SExtractor (Bertin & Arnouts, 1996) in dual-image mode, using the PSF-matched Vg
image to detect sources and define isophotes, and applying these isophotes (which can be
examined using the SExtractor segmentation image) to the Ussg, Jios5, and Higp images.
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NB3420

Figure 3.3 5” x 5” postage stamp images of spectroscopically-confirmed LBGs with NB3420 de-
tections and imaging in all four HST filters. From left to right, objects are displayed in the LRIS
NB4670—V continuum-subtracted image (indicating Ly« emission; MD12 only), LRIS NB3420
(LyC emission), LRIS V' (non-ionizing UV continuum), HST Usss (a combination of LyC and
non-ionizing UV), HST Vo6 (non-ionizing UV continuum), HST Ji25 (optical, bluewards of the
Balmer break), and HST Hig (optical, redwards of the Balmer break). The final column shows a
color-composite image of HST Ussg (blue), Vgos (green), and Jio5 (red). Red circles (170 diameter)
indicate the centroid of the NB3420 emission, and blue circles indicate the centroid of the Ly«
emission for MD12. Photometry was performed individually on sub-arcsecond components associ-
ated with each LBG, and all components are labeled in the Vggg image. Postage stamps follow the
conventional orientation, with north up and east to the left.
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Figure 3.4 5” x 5” postage stamp images of spectroscopically-confirmed LAEs with NB3420 de-
tections and imaging in all four HST filters. From left to right, objects are displayed in LRIS
NB3420 (LyC emission), LRIS NB4670—V (indicating Lya emission), LRIS V' (non-ionizing UV
continuum), HST Usss (a combination of LyC and non-ionizing UV), HST Vgos (non-ionizing UV
continuum), HST Jy95 (optical, bluewards of the Balmer break), and HST Higo (optical, redwards
of the Balmer break). The final column shows a color-composite image of HST Ussg (blue), Vios
(green), and Jigs (red). Red (blue) circles (170 diameter) indicate the centroid of the NB3420
emission (Lya emission). Photometry was performed individually on sub-arcsecond components
associated with each LAE, and all components are labeled in the Vgos image. Postage stamps
follow the conventional orientation, with north up and east to the left. The V—NB4670 color of
each LAE is indicated below the object name, and objects marked by an asterisk (*) were found
to have misidentified spectroscopic redshifts (see Section 3.5.3).
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NB3420 LyA \% F336W F606W F125W F160W uvJ

lae4070

Figure 3.5 5” x 5” postage stamp images of LAE photometric candidates (no spectroscopic con-
firmation) with NB3420 detections and imaging in all four HST filters. Objects are displayed and
labeled as in Figure 3.4.

Because the Vgo6 image was already smoothed to the Hygp PSF, no filtering was used, and
the SExtractor detection threshold was set to 4.00. When photometry was extracted for
galaxies without Jyo5 and Hygo imaging, the unsmoothed Vo6 image was filtered with a Gaus-
sian kernel of o=4 pixels before source extraction. As most of the galaxies in our z ~ 2.85
sample have clumpy morphologies, SFEztractor was run with maximum deblending (DE-
BLEND_MINCONT = 0.0) in order to separate clumps within the galaxies for individual
analysis. All galaxy clumps defined by SFExtractor were examined visually in the segmen-
tation image to guarantee that the subregions visible by eye were properly identified. For
some galaxies, the detection threshold parameter was slightly modified (+10) to achieve
the best isophote. There were also instances in which substructure was not visible in the
Veos image; in these cases, the relevant isophotes were defined in the Uszg or Jio5 images
where the substructure was visible. The background subtraction algorithm in SExtractor
was set to LOCAL, which defines a square sky annulus around the object in question. How-
ever, in cases where multiple adjacent galaxy clumps were deblended, the annulus defined
by SExtractor was often contaminated by nearby sources to the extent that the resulting

background estimation was biased. In such cases, we created our own uncontaminated sky
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annulus around the object and estimated the background using the sigma-clipped mode, the

procedure employed by SFExtractor.

In order to estimate photometric uncertainties for objects in the PSF-matched images,
we followed the methods of Forster Schreiber et al. (2006) and computed photometric errors
as a function of isophotal aperture size. First, we identified 1000 blank regions that avoided
objects and image edges in each of the PSF-matched Ussg, Viog, J125, and Higp images
used for isophotal photometry. We then performed photometry on these blank regions with
circular apertures of various sizes corresponding to the isophotal areas of our LBGs and
LAEs. We defined the photometric uncertainty for a given object with isophotal area, A,
as the standard deviation of the number of counts in the 1000 blank apertures of area A.
The relationship between aperture size and background rms in our images is qualitatively
similar to that found in Forster Schreiber et al. (2006). From this analysis, we estimated 3¢
limiting magnitudes in apertures with a diameter of 1.5 times the PSF FWHM for each of
the unsmoothed Ussg, Vs, J125, and Higp images, and list them in Table 3.2. Photometric

data for individual objects are listed in Table 3.3.

94



1 8¢ e8'C €E8'C S0 F99C  SoOrT0LE 00 T€LE 8L < 06STHOL6L  69£790:GSCT  ©g9999r]
® 8¢'T VTl — BOU8GGT  g00r€LGT 10769798 T89% < 0SE'E0TIET  T86'90:GGIGT  O0TG99%]
2 ¢e'1 16T — e0I8GLT GO 19LT 310:G67L6  1LLe < TTRTOTIBL  9L6°90:GSCT  qOTG99R]
d LT €0°g — 068C < £5079°6C 5o019065 898G < 666'T0:TT:6T  FO0'L0:TS:CT  BOTSG9OR]
o eq'1 1T — 0rEVLT  S001C0°LT 01046628  V8LT < 90C9GTI:6L  TITT0:GSSGT  200859%]
v T6T €1 — B0T09°9¢ 5076998 10706728 €LL < P66'SETI6T L60°T0:GSGT  q00GSOv
d 66°0 0T'T — 7e'6c < PL6G < g0 6008  §o0iL88C  L8FSTTIIEL  GTT'T0GSCT  B00GSOU
d €c'1 Vel —  LTI89e 0007689z YO TgLe  SEOU8ELE TEL9GOT6T  TOOFSTISCT  q0LOFOR
® 1T 6z'1 —  @mdeLue SL0T0e'8c 1 O8P'SE  SOTFE'SG  68L°9G0T:61  TLOFGTSCT  BOLOFOR
o T 03T — L0802 20060728 E{070G8C a0 €6'LC  €8V°T0:60:61  LLO0GTISICT  q8€0gov
© 01°¢ ST'T — 080098 007L1'9c  X0TT08C  L¥LE < 98€7T0:60:61 TET0GTSICT  ¥8E0EOR
1 06°C €0°¢ W8T  fooiPl'Se  Bo00:IT'9C 50046090  ¥ILe <  €9CTHOL6T GLEG6VIGCT 49960
° or'1 60°T —  00T069c  [001€59C  j501089C  FELE < PI0THOL6T  LEO0STSCT  ®996TON
d Go'T ar o FV0 E00LEeTe  G00LOF T 100r91°CT  ES0 €1°9C  96CTSGI6T  6€GE0:CSCT  A9ETEOR
5 €e'e 63°C 0T 5001089 0101069 500186'9C  zo0r€ELT  T19GTSTL6T  60G°€0TECT  BOLFEOR
d LTT GT'1 —  W0T929z 50TTL98 S00T€LLT GLOTTELT PEOTOI0T:6T  9G9LPTISIGT  qT6GTOv
1 A 191 168°C a0 GO8C a0 L6'8C  pro FI6C 106 <  6I€00:0T:61 €89 LV IGCT  ®G63Co0
1 8T 8T 9¥8'C  8T'8c < €48 <  ¢10763'8¢  I1'8e < SGE'ST:0T:6T  OTT'CHISCT  q0L9TOM
° L9T 61T — V98T < Lo FE8T  SL016876C  698C < T9TGT:0T6T  9LT'GHIIGICT  BOLITOU
SSvdd  ASVDAUd
AL, quas Mz oudy etz 09Ty LSelr 5999 2988)) q'2°d VY (1

Anowojoyd gy pue HAT €'¢ OIEL

95



d 9z'1 Ge'1 —  S00Ter9z 007009z $007€0Lc  X079zLT GEGTHOTIET 980°TGTSIST  SEIAIN
1 VLT €6°C 0e8'C S0 GTLe  T10.6eLe So0 0128 1828 < T8YOVOL6L  8T0CEISST  JTAN
d 6z'1 6T'1 —  HBTicoz 8057299z S90Tozle §S0T6ELT 9TT'OROT:6T  0SSTTSTISCT  OGTAIN
1 76T 00°€ TS8T  g00rl6GT  I00rT€9C  GoorlF9C  99L5 < T60TFOT6I  6L8TSTSST  PEIAIN
1 16°C LTE TG8C  coorlGST  goor¥IGT  Lo0rG6'GE  CTLT < LSTIFOL6EL 998 TGTISGT  9GTAIN
1 98°C €8°C TG8'T 1o 01°9C G10765°9¢  S007299¢ 0Tl < ISTTIROLBT  SI6TSTISST  9eTAN
1 88°C LTE TG8C  co0r1S9C  co0rT69C 10088728 0L < EICTFOLBL 288 T1GTISGT  ®CIAIN
® 76T 0°¢ EPTE 50016960  c00rlGSe  toorG8°GE  8G0LT < 00€°GOTI:6T  93C SPISSGT  qSaN
1 88°C 70°€ EVTE 00108 ST  00189°CT 10012868 1Tl < LSSFOTI6L 905 GH1GGT RGN
d 9¢°1 Al —  IbTTTLe EISiozie e0U6h8T 68°LT < 9SP0L:60:6T  6T9EGTSGT q9TIN
1 0$°C a6°¢ VG6'T 9006160 100108 CT  900:iST9C  S0LE < TBE6T60:61 SP9EGTCGT RYTIN
o 8T $6°0 — 9007986 J007€LGT 900108 9T gror19°9C  SSTTHTIEL LS6'TO:TSICT  RO68LOVI
d cL1 aL0 — BOTICTE  SoO0i8PFE  oor91'SE 1o lG°SE  FIOSPOLBT  GGTGO:GSGT  OGE8LIR]
1 98'T 89°C 638°C  519+28°28 o19:89°28 0169L6  16L6 < 6LE'STOL6T  661°G0TSCT  ge8Lov]
1 0L°C LLT 628°C  500:09SC  500:80°9C S00780°9¢ 889 < LOS'SPOT6T GGG GOGGICT  ®TESLOv]
— PLT QLT — 68°8C <  Eo0/88°8C UEDU6T6C  998C <  880THIL:GL  T€9F0:TGGT  qOSTLOY
© PeT L0T —  W0T1998  §0010l9c N076TLc Gl < €80THTLEL  699F0:GGCT  BOSTLOWI
o ee'T 921 —  %D7098C  [501€98C  210iP8'8C  GG'8C < 90LEFOT:6I  9L€°90:CG:GT 959999
1 08°G G8°C CE8'C  S00.0G9C  oo0r899C  001€L9¢ 67l < 0SHTHOL6T  09€790:5SCT  qg9999%]
SSVdd  ASVDHUAJ
@@Q%,H ads 1oz roydy wom&mN oocﬁm ommﬂﬁ owow\— u@mmb Q.O@Q £<m =1

(pyuoo) ¢¢ aqey,

96



(£5.0568°97 = 0erEd Nw)

omwmmHZEsoﬂuwp@woﬁmompoeﬂquﬁBu:@pmﬁmqumﬁsoEB AWWWL\LMNN Honwgv@mmbEcosuwu@@bmm.mmo“ﬁm@coam@ioosoﬁmmﬁﬁw

ST, "Surdeurr 98¢y oty ut oko Aq A[ISIA ST (G(IIA JO UOIFEOO[ Y[} J® UOISSIUD “0¢ Y 9EE/) Ul pajoojapun A[[euriof st GIN [SNOYI Vs
((1°€°G ¢ U01309G 99S) (O[q VAT AQIROU © T[}IM PIJRIOSSR SeM TOISSIUIO ZER'E = 2 d1[) 1R} S9pedIpul 329(qo sy

Ieou eI110ads sqelrear a1} Jo SISA[RURAI JUeNDasSqNG ‘ZE]'G = Z Sem CTIN WOI 9£75an] YIIM PIIRIDOSS® PIYSPAI VAT [RUISLIO YT, J

"1°G'¢ uoryoag ur pauyep ‘odeys (S sNonJiqure Ue s9jedIpul () 10339]
oL, "(o) jueuTUIe)UOd PUNOIZDIO] ® IO (1) AXeleS GQ'g ~ z [eal ' serjduil 100(qo a1y Jo HS 9YI IoYIoYM S9)edIPUl UWN[OD SIYT,,

“JIYSPaI OLI18w010Yd © QUIULIS)P 0 JUSIDFNSUL dIoM RIRD
orrewrojoyd 09Ty sel 9094 988 ) a1oym s100(qo pue ‘syyryspal srrjewojoyd RIA payrjuspl sjururwre)juod ‘dn-mofoy o1doosoridoads noyiim
ST :$399[qo Jo sod£) SUIMOT[O] 81[) 0] PIISI] 10U a1 SIYSpal 91d0oso1100dg JURUTUIRIUOD PUNOIFIIO] © J0U ST 105[(|0 91} JeT[] S91RIIPUL
1 S o) usym A[uo syyryspar o1doosorgoads ST oAy wnIgoeds 8y} UTYIIM SOIXR[RS JO SIUeuodiion PuodasdIIR-(Ns [eNPIAIPUL T8MIS(

ysmauysip o3 o[qissod jou st 41 [eIOUSS Ul sy pue ‘Adoosoryoods poseq-punols BIA paureqo orem pajsip syryspar ordoosoryoedg,

“og aIe sy “(F'¢ UOIDaG 99s) 9zZIs aanjiade Jo UOIpOUN] & s SIOLIS dlrjewojoyd pue sepnjrudeut Tejoydosy,

"909 w01y pajenoTed SPIoIyuad 199(qQ)

‘G pue ‘§rg ‘e soIngr url s[pqe[ oy} 0) SuIpIoddr
‘Axeresd o] JO Jueuodiod PUOIISIIR-(NS O} S9JRIIPUI 9UIRU 3990 oY) JO 10339] [euy o], "STIN WOIJ ST 1Y} Aq PoajsI[ oIe s309[q )y

© 651 eLT TS8'C  5e-010860 O FE6C  oror066C €760 <  OFFLVGI6L  G9€790:6SCT  UFEdIN
2 ee'T 1T — B0eT9e 90072698 NOTGELE 09L8 < 08€LPIGIET €€€°90:68CT  SedIN
1 09°C e TI8T  Go+GFGT  0+88°9C (101 C6'9C  LTLT < SOLLVTIET  8T€90:TEGT  JVEAI
1 ¢9°g 9L°C TI8'T G0 8ELT  J00+86°LT (10 V68T VE6T < TET'STTI6T  G6T°90:CGGT  OFEAN
1 €9°C 1L TI8T  GoorIVLT  9p-0+90°8C 50 L6'8C  FG6T < GOTSHTIET  PIE90:TEGT  PYEAIN
1 ¢9°g 0z°¢ TS8T  TO0TL9GT  o0ST9C  s001€6'9C 09T < GOTSPETBI  FEE90:ESST  OFPEdIN
1 99°C L8 TS8T  So0rCITT  E00iFSFE  e90il9GC  €8°9% < 0CSSFCT6I L0€90:CSST  qFedIN
1 L8°C cre TS8T  1o0rl9FT  To0r1GCT  coor6VCE  0L°98 <  €LYSTGIBL  98€790:6SCT  eREdIN
— 09°T 6T —  6L8c < FI6C < ghorIT6C 98°8C < 090°0F:0T:61 GEOGETSST  UGTAIN
dd  dASvDid
2dAT, ads mwm@ wwwm p?%z 0oy 58T 59094 0%€/) q'2°d A VY (1

(pyu0d) €°¢ J[qeR,

97



3.5 Estimation of Photometric Redshifts

One important challenge in isolating LyC emission from high-redshift galaxies is that the
majority of these systems have complex morphologies. In our sample of z ~ 2.85 LBGs and
LAEs, roughly 80% of the objects have complex morphology in the UssgVgoeJ125 H160 imaging,
whether it be due to diffuse emission or multiple sources of nucleated emission. This fraction
of objects with complex morphology is similar to that found in Law et al. (2007) for a
sample of 66 z ~ 3 LBGs with rest-frame UV HST imaging (~ 85%), and demonstrates
that for most high-redshift galaxies, high-resolution images reveal significant substructure.
For the NB3420-detected galaxies, the NB3420 flux may be due to LyC emission from the
high-redshift galaxy, or contamination from a lower redshift contaminant. Therefore, we
must obtain photometric redshifts for individual subcomponents in order to identify possible

contaminants.

In this section, we begin by discussing the expected SED shapes of z ~ 2.85 galaxies
and low-redshift contaminants, and present the range of properties exhibited by galaxies in
our sample. Next, we explain our procedures for fitting photometric redshifts with EAZY
(Brammer et al., 2008), using the Usss, Vios, J125, and Higy photometry acquired with HST.
Finally, we consider each NB3420-detected galaxy individually, discussing the photometric

redshifts of each clump and the implications for the source of the galaxy’s NB3420 detection.

3.5.1 Empirical Analysis of SEDs

In order to describe the SED shapes of “typical” z ~ 2.85 star-forming galaxies, we first
present SEDs from the sample of LBGs and LAEs without LyC detections. This sample is
described in more detail in Section 3.5.2. Figure 3.6 shows UsssVs0sJ125 H160 photometry for
several galaxies in the sample that span the range of typical SED shapes. As expected, the
Lyman break is present in the SEDs of all galaxies without LyC detections. Furthermore,
every object in the LyC non-detection sample is undetected in Ussg, which is consistent
with the NB3420 non-detections in M13. The presence of the Lyman break is one of the
most important features for distinguishing low- and high-redshift galaxies in the sample of
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Figure 3.6 Representative SED shapes found within our z ~ 2.85 galaxy sample. The first three
rows display z ~ 2.85 galaxies without NB3420 detections. From top to bottom, the objects shown
are typical examples of SED shapes for objects with a red rest-frame UV slope (Vgos — J125 > 0.1), a
flat rest-frame UV slope (—0.1 < Vo6 —J125 < 0.1), a blue rest-frame UV slope (Vo — J125 < —0.1).
The final row shows a typical example of the SED shape of a foreground contaminant. The left-
most panel displays HST UszgVeosJ125 composite color images and indicates which sub-arcsecond
component is being plotted in subsequent columns. The middle column shows the UssgVsosJ125 H160
photometry for that component (black circles with 1o error bars; downward-pointing arrows for
3o limits), the best-fit SED using the SMC-reddened BPASS models in EAZY (gray line), and
the expected location of the photometric points based on the best-fit model (red circles). The
right-most panel shows the redshift probability distribution, with the solid black curve indicating
the probability distribution after a magnitude-based prior has been applied (see discussion of priors
in Brammer et al., 2008) and the dotted black curve indicating the probability distribution before
applying the prior. Blue vertical lines indicate the best-fit photometric redshift (zpn.) and red lines
indicate the observed spectroscopic redshift (zgpec). The top three objects demonstrate relatively
narrow probability distributions that, while they do not have extremely high redshift precision,
do encompass the true spectroscopic redshift. In general, the precision of the redshift probability
distributions decrease with increasing photometric errors. The final object shows a clear example of
a foreground contaminant with the photometric colors described in Section 3.5.1; accordingly, the
EAZY redshift probability distribution does not align with the spectroscopic redshift. For the case
of lae2158, the actual LAE is visible in the image to the lower right of the foreground contaminant.
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galaxies without LyC detections. It must be kept in mind, however that the strength of
the Lyman break may not be an effective way to identify the redshifts of LyC-emitting
galaxies (see, e.g., Cooke et al., 2014). While the galaxies in the LyC non-detection sample
all exhibit a non-detection in Ussg, there was a large range of Vo6 — Ji25 colors in both the
LAE and LBG samples, indicating the corresponding range in rest-frame UV slopes among
the galaxies in our sample (see the upper panel of Figure 3.7). In the LBG sample, the
Voos — Ji25 color ranged from —0.32 < Vo — Jios < 1.03 (median Vgog — Ji25 = 0.24),
with most galaxies displaying red rest-frame UV slopes. In contrast, the LAE sample had
—0.66 < Vgog — J125 < 1.7 (median Viog — Jio5 = —0.02), with most galaxies displaying
blue rest-frame UV slopes. While on average the LAEs had bluer UV slopes than the
LBGs, the LAE sample also contained the galaxy with the reddest Vios — J125 color (lae1843,
Zspee = 2.847, which contains clumps with Vios — J125 = 0.95 and Vgog — Ji2s = 1.7). The
J125— Hygo colors of galaxies ranged from 0.20 < Jy95—Higo < 1.19 (mean Jyo5— Hyg0 = 0.53),
and did not differ significantly between the LBG and LAE samples (see the lower panel of
Figure 3.7).

Additionally, there were a few objects in the LyC non-detection sample that demonstrated
the typical SED shapes of low-redshift contaminants (see the bottom panel of Figure 3.6). We
found that the main features that help identify a low-redshift interloper are the presence of
flat Uszg — Vo and J1o5 — Higo colors, especially when accompanied by a large break between
Veos and Jyo5. For contaminants, the break between Vgo6 and Jio5 corresponds to a Balmer
break or 4000A break between 0.5 < z < 2.2, and has typical values of 0.3 < Vigg—J125 < 1.2.
The only complication, however, is that young, dusty galaxies may also present nearly flat
J125 — Hygo colors with red Viog — Jia5 colors. If Ussg — Viog is flat (i.e., no Lyman break),
then galaxies with flat J95 — Higo colors and red Vo — J125 colors can easily be identified as
low-redshift contaminants. However, if Usss — Viog > 0, we must disentangle the degeneracy
between contaminants and young, dusty galaxies. In our analysis, we label galaxies with such
SEDs “ambiguous cases”, an example of which is shown in Figure 3.9. As the redshifts of
galaxies with ambiguous SED shapes are uncertain, we do not include them in our analysis of

z ~ 2.85 galaxies without LyC detections. We also stress again that employing the Ussg — Vioe
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Figure 3.7 Histograms of Vigos — Ji25 and Jio5 — Higo color for objects with UsseViosJ125H160
photometry that do not have ambiguous SED shapes. LBGs are plotted in red, LAEs are plotted
in blue, and contaminants are plotted in black. The top panel shows the wide range of Vgog — J125
colors present in both the LAE and LBG samples, although on average LAEs have a bluer rest-
frame UV slope than LBGs. The bottom panel demonstrates how important Jio5 — Hygo color is
in distinguishing typical z ~ 2.85 galaxies from contaminants, although there are some exceptions
(e.g., objects with ambiguous SEDs; see open circles in Figure 3.8).
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Figure 3.8 Usss — Vsos vs. Jio5 — Higo and Vg — J125 vs. Ji25 — Higo color-color plots of all objects
with UssgVsosJ125 H160 photometry. LBGs with typical SED shapes are indicated by solid red circles,
and LBGs with ambiguous SED shapes are indicated by open orange circles. LAEs with typical
SED shapes are indicated by solid blue circles, and LAEs with ambiguous SED shapes are indicated
by open light-blue circles. Foreground contaminants are indicated by black diamonds. Lower limits
for all objects are indicated by upward-pointing arrows following the same color scheme. In the
lower panel, the best candidate for true LyC emission (MD5b) is indicated by an orange open circle
filled with green.
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Figure 3.9 M16a demonstrates the typical shape of an “ambiguous” SED, one that can be fit
with a wide range of redshifts that encompass both the spectroscopic redshift and lower redshifts
typical of foreground contaminants. Results from EAZY are plotted in the three right hand panels,
and both the SMC-reddened BPASS models (top row) and the PEGASE models that include
nebular emission (bottom row) are shown to demonstrate the differences between models. In the
left-most panel, the redshift is allowed to float during SED fitting, while in the middle panel the
redshift is fixed to the spectroscopic redshift. The right-most panel shows the redshift probability
distribution. Colors and symbols are as in Figure 3.6. The plot showing the PEGASE fit at fixed
redshift demonstrates the limitations of the PEGASE models in terms of plotting young galaxies
with dust attenuation; even with the redshift known, the PEGASE templates could not provide
a satisfactory fit. Analysis of both the BPASS and PEGASE redshift probability distributions
shows that for an SED of this shape, there is no way to narrow down the redshift to better than
0<z<45.

color to distinguish a contaminant from a z ~ 2.85 galaxy may be problematic when applied
to galaxies with potential LyC emission, as the magnitude of the Lyman break for LyC
galaxies is not well understood (M13; Nestor et al., 2013; Steidel et al., 2014). We keep this
caveat in mind in Section 3.5.3 when discussing our targets with NB3420 detections. Figure
3.8 demonstrates the relationships between Ussg — Vios, Vsos — J125, and Jio5 — Higo colors for
galaxies at z ~ 2.85, galaxies with ambiguous SED shapes, and foreground contaminants.
In the Viog — Ji25, and Jio5 — Higo plot, z ~ 2.85 galaxies generally occupy a different
region of color-color space from that of foreground contaminants, with the ambiguous cases

(differentiated from contaminants by having Usss — Viog > 0) straddling both distributions.

103



3.5.2 Modeling SEDs with EAZY

While the empirical SED shapes suggest qualitative divisions between low- and high-redshift
galaxies, we can also obtain more systematic estimates of the redshifts of our targets. We
used the photometric redshift code EAZY (Brammer et al., 2008) to fit the Usss, Vios, J125,
and Hig9 photometry acquired with HST and estimate the redshifts of each sub-arcsecond
component in the vicinity of our LAE and LBG targets. In order to choose the best input
parameters for EAZY and learn how to interpret the output EAZY produces, we first ran
the code on a test sample of z ~ 2.85 LBGs and LAEs in our HST images with known
spectroscopic redshifts, unambiguous SED shapes, and no NB3420 detections. Later, we
supplemented this sample with z ~ 2.85 components of galaxies from the NB3420-detected
sample for which there was no LyC detection (i.e., galaxies for which the NB3420 detection
was proven to be associated with foreground contamination from another clump). This test
sample of galaxies should have a low rate of contamination by foreground interlopers, and
thus help us evaluate whether or not EAZY can accurately identify galaxies known to be at
z ~ 2.85 with the photometry provided. Additionally, we were able to analyze galaxies in
this sample that exhibited complex morphologies and evaluate the SED fits for each galaxy
clump separately. In this way, we developed a procedure for differentiating between clumps
that belonged to the spectroscopically confirmed LBG or LAE and those that were lower
redshift interlopers. As the galaxies in the test sample do not have NB3420 detections, we
were able to make such a distinction without the complication of possible LyC emission,
which might be associated with “non-standard” SEDs. Finally, we note that we did not
include any components where the SED shape was ambiguous (see definition in Section

3.5.1) because it was not clear from the SED shape if that component was at high or low

redshift.

We varied several input parameters to EAZY in order to determine their optimal values.
First, we experimented with fitting our data using different stellar population synthesis
models. EAZY defaults to PEGASE models (Fioc & Rocca-Volmerange, 1997), which span

a range of star-formation histories, metallicities, ages, and reddenings using the Calzetti
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et al. (2000) attenuation curve. EAZY also includes a set of model templates from Blanton
& Roweis (2007) (BRO7), which are based on Bruzual & Charlot (2003) models. Both the
PEGASE and BR07 models provided good, qualitatively similar fits to most of our LBGs and
LAEs, but failed to accurately represent galaxies with blue UV slopes (Vios — J125 < —0.1)
and galaxies with SEDs younger than ~50 Myr (see Figure 3.9). Therefore, we experimented
with additional stellar population models that might provide a better fit to the bluest and
youngest galaxies in our sample. These included BPASS models, which have a more accurate
treatment of Wolf-Rayet stars and massive stellar binaries (Eldridge & Stanway, 2009), and
Starburst99 (SB99) models with updated treatment of stellar rotation (Leitherer et al., 2014).
Additional impetus for considering bluer templates is their increased emission in the LyC
spectral region, which may provide a method of more accurately modeling galaxies with LyC
detections. In addition to experimenting with the choice of stellar population models, we also
used two different extinction curves to redden the BPASS and SB99 models, for which only
constant star-formation (CSF) histories are available. The Calzetti et al. (2000) attenuation
curve has been traditionally used to model extinction in high-redshift star-forming galaxies,
but recent work (e.g., Siana et al., 2009; Reddy et al., 2006b, 2010, 2012) has shown that an
SMC extinction curve may be more appropriate for galaxies with ages younger than 100 Myr.
Therefore, we made two sets of CSF templates with each of the BPASS and SB99 models,
one template set reddened exclusively with the Calzetti et al. (2000) attenuation curve, and
another reddened with the Calzetti et al. (2000) attenuation curve for templates with older
galactic ages and the SMC extinction curve from Gordon et al. (2003) for templates with

ages less than 100 Myr.

Based on the analysis of objects without LyC detections, we verified that, for the majority
of galaxies, EAZY estimates the correct redshift of the galaxy within roughly £0.5 of the
spectroscopic redshift. Thus, we can successfully use photometric redshifts to determine
if most galaxy clumps are at z ~ 2.85 or are low-redshift contaminants, keeping in mind

that we have fairly coarse redshift precision. As EAZY provides several estimators for the
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photometric redshift (e.g., 2,3, zma?, 2pear”), we investigated each of them while varying the
input parameters to the program and determined that z,..; provided the best estimate of
the spectroscopic redshift. All photometric redshifts we quote use the z,c. estimator. Of
the range of input parameters tested on the sample of objects without LyC detections, we
determined that the PEGASE models provide the best overall fits to the SEDs. These models
had both the smallest systematic offset and lowest standard deviation of all the variations of
input parameters we tried, yielding (zpnot — Zspec)/ (1 + Zspec) = —0.03 £ 0.07. We note that
while the PEGASE models work best for the sample as a whole, the BPASS models provide
the best fits to galaxies with blue rest-frame UV slopes (Vgog — J125 < —0.1). Also, as the
EAZY PEGASE models only include 5 templates, they did not accurately fit galaxies with
younger SEDs. Better fits were achieved for young galaxies by implementing a fine grid of
young BPASS templates, specifically by including SMC-reddened models with ages of 1 Myr,
5 Myr, 10 Myr, 30 Myr, and 50 Myr. Throughout our analysis of the galaxies with potential
LyC detections (Section 3.5.3), we employ both the PEGASE models and the SMC-reddened
BPASS models with additional young galaxy templates in order to fully examine the likely
photometric redshifts for each galaxy. All figures in this paper displaying output from EAZY
show fits using the SMC-reddened BPASS models, unless otherwise indicated.

3.5.3 Results of Photometric Redshift Fits for Potential LyC Emitters

In total, we have observations in all four UsseViosJ125 Hieo filters for 16 galaxies with potential
LyC detections. These 16 galaxies include 4 LBGs and 8 LAEs with spectroscopic confir-
mation, as well as 4 LAE photometric candidates. In this section, we discuss the results of
our analysis of these potential LyC emitters. We describe the sources of contamination for
11 targets with obvious contaminants, present 4 galaxies with ambiguous SEDs that may
or may not be at high redshift, and argue for MD5 as a true LyC emitter. We also note 3

objects for which the H ST imaging revealed that the spectroscopic redshift was incorrectly

3Redshift where the likelihood is maximized after applying the magnitude-based prior.

4Redshift marginalized over the posterior probability distribution.

®Hybrid between 2, and 2,2 to address the pathological case where there are two widely-separated peaks
in the probability distribution that have similar integrated probabilities.
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assigned in M13.

3.5.3.1 Foreground Contaminants in the LyC Sample

Seven objects with Keck/LRIS spectroscopic redshifts (2 LBGs: MD12, M16; 5 LAEs:
lae1670, lae2292, 1ae2966, lae6662, and lae7832) and one object in the photometric LAE
sample (lae3038) had contaminants that stood out plainly with the combination of high-
resolution HST imaging and SED fitting. Each of these objects was resolved into several
clumps in the HST imaging. In all cases, at least one of the clumps had an SED fit corre-
sponding to the redshift of the Keck/LRIS spectrum (or consistent with the spike redshift
z = 2.85, in the case of lae3038), while the clump associated with the LyC emission had
the unambiguous SED of a 0.5 < z < 2.2 contaminant (flat Usss — Vgos and Jia5 — Higo,
red Vios — Ji25; similar to the example contaminant shown in the bottom panel of Figure
3.6). For these eight objects, the NB3420 emission had a fairly large offset from the original
galaxy coordinates; the offsets between the NB3420 detection and Lya emission ranged from
0757 to 1”15 with a median value of 0765 (5.0 kpc at z = 2.85), and offsets between the
NB3420 emission and the LRIS V —band emission ranged from 0712 to 1726 with a median
value of 0772 (5.7 kpc at z = 2.85). The morphology of these objects in the HST images
supports the evidence from the SED fits that these objects are not physically associated; the
clumps are distinct, with no evidence for diffuse emission between them that might indicate

interactions between galaxies at the same redshift.

A third LBG in our sample, MD34, has an NB3420 detection coincident with two clumps
in the HST imaging, only one of which is from a foreground contaminant. Figure 3.3 shows
the eight distinct components associated with MD34 (MD34a though MD34h). Components
MD34a through MD34f all have SED shapes that place them at the spectroscopic redshift
of MD34 (z = 2.85), and MD34g and MD34h have SED shapes indicative of foreground
contaminants. The NB3420 emission for MD34 is coincident with two clumps in the HST
imaging: MD34f (z = 2.85) and MD34g (z < 2.5), separated on the sky by 0731. Both
MD34f and MD34g exhibit emission in the Ussq filter, although both detections are less
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than 30. It is unclear whether the NB3420 emission associated with MD34 is due solely
to non-ionizing UV radiation from the foreground contaminant MD34g, or also in part to
LyC emission from the z = 2.85 component MD34f. As the high-resolution Usss image does
not exclusively probe the LyC spectral region at z = 2.85, and the foreground contaminant
MD34g is too close to MD34f to distinguish in the seeing-limited NB3420 image, we cannot
confirm MD34 as having a robust LyC detection. Because the interpretation of this case is

ambiguous, we do not include MD34 in the final sample of LyC emitters.

For an additional object, lae2436, the presence of an extended Ly« blob (Steidel et al.,
2000, 2011) near the position of the LAE made the original analysis of the LRIS imaging and
spectra difficult. The deep, high-resolution HST imaging helped us clarify the interpretation
of this object and determine that the NB3420 detection is associated with a foreground
contaminant. Figure 3.10 shows the complex morphology of lae2/36 in both the LRIS
V —band and the continuum-subtracted Lya images. The Lya blob extends over more than
5" and in the LRIS V —band image two bright galaxies (X and Y) appear to be in the vicinity
of the Lya blob, with diffuse emission between them. As shown in Figure 3.10, both Galaxy
X and Galaxy Y exhibit Ly« emission in the LRIS spectrum (L3 and L1, respectively) and
were identified as LAEs in M13. Galaxy X was originally identified as the LAE lae2436
(z = 2.832), and this galaxy is clearly detected in the NB3420 image. There are no other
NB3420 detections nearby. Finally, there is a Ly« emission line (L.2) in the LRIS spectrum
coincident with the diffuse emission between Galaxies X and Y in the LRIS V —band image.
This diffuse emission was originally attributed to the presence of the Lya blob and thought

to be associated with Galaxy X, as L2 and L3 have nearly identical wavelengths.

In the HST imaging, much additional substructure is revealed in the vicinity of the Ly«
blob. First, it becomes clear that the diffuse emission in the LRIS V —band image is due
to several unresolved, faint galaxies in close proximity. One of these galaxies (Z) is roughly
coincident with the L2 Ly« emission line in the LRIS spectrum, and the SED fit to this

galaxy using H ST photometry places it near z = 2.832, the redshift of the emission line.%

6We note that Galaxy Z has a unique and extremely red SED, with Vo — J125 = 2.08 and Jia5 — Higo =
1.18. This galaxy is a sub-millimeter source that will be further described in Steidel et al., in prep.
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Figure 3.10 HST and LRIS Imaging for lae2/36 is displayed (9”5 x 9”5), along with the LRIS
spectrum probing the rest-frame UV at z ~ 2.85. Along the right-hand column of the figure,
the morphology of the Lya-blob in the vicinity of lae2436 is shown in LRIS V' (non-ionizing UV
continuum), LRIS continuum-subtracted NB4670—V (indicating Ly« emission), and LRIS NB3420
(LyC emission). To the left of the LRIS V image, the higher resolution HST Vo image is shown.
Blue contours indicate the location of the Lya emission based on the NB4670—V image. The red
rectangle in the HST Vgog image shows the location of the 172 slit, and the LRIS 2D spectrum
below is aligned to match in the orientation and spatial scale of the imaging. The zoomed-in portion
of the 2D spectrum shows the Lya emission (L1, L2, L3), and the full 2D spectrum is displayed
on the left. In the original LRIS imaging, only two galaxies were visible near the Lya-blob (X
and Y). These galaxies were identified as LAEs based on their V—NB4670 colors and the Ly«
emission in the LRIS spectrum. As discussed in Section 3.5.3.1, Galaxy Z was first identified in
the HST imaging and is likely associated with the Ly« emission in the LRIS spectrum. Galaxy
X, meanwhile, breaks into two segments in the HST image (a and b) that were both identified
spectroscopically as foreground contaminants through reexamination of the available LRIS spectra.
The [OII] (z = 0.44) emission from lae2436b is visible in the top of the full 2D spectrum. We
conclude that there is no NB3420 emission associated with lae2436.
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None of the SEDs for other galaxies in the vicinity of the L2 emission line demonstrate the
typical features of z ~ 2.85 galaxies. As for object X, originally identified as lae2436, it
breaks into two separate galaxies in the HST image (a and b), both of which are detected
in NB3420. Subsequent reanalysis of the available spectra near the Lya blob allowed us to
confirm spectroscopic redshifts for both of these galaxies (z = 2.04 for lae2/36a, z = 0.44 for
lae2436b), and the SED fits to both objects are consistent with their spectroscopic redshifts.
In particular, we draw attention to the spectrum of lae24 360, visible in Figure 3.10 on the
right-hand side of the LRIS spectrum, coincident with L3. In the zoomed-out version of the
spectrum, a spurious emission line is visible at 5375A which we have identified as [OI1] at
z = 0.44. The Ly« emission line originally identified for this object (L3) must be due to
extended Lya emission from the Lya-blob. In conclusion, as both lae2/36a and lae2436b
are at z < 2.82, the NB3420 filter does not probe LyC emission for these galaxies and thus

the NB3420 detections associated with both galaxies are foreground contamination.

Finally, we found that one object in the spectroscopic LAE sample, lae7890, was misiden-
tified as an LAE. This object was presented in the Appendix of M13 as a faint LAE with
a borderline color excess (V—NB4670 = 0.70) and a possible LyC detection, and was not
analyzed with the main LAE sample for which a NB4670 magnitude limit of myg79 < 26 was
imposed. A marginal emission line had been identified for this object, placing it at the spike
redshift of z = 2.85, but the SED (similar to that of the contaminant in Figure 3.6) indicates
unequivocally that lae7890 is at low redshift, in the range of 1 < z < 2. We considered [OII]
as a possible source of the emission line, but that would place lae7890 at z = 0.26, which is
also inconsistent with the observed SED. Thus we conclude that this faint emission line is
cither spurious, or is possibly consistent with [CITI] 1907A / CIII] 1909A emission from a

galaxy at z = 1.45. In either case, the NB3420 emission is not LyC.

In summary, 11/16 candidate LyC emitters in our sample show obvious signs of fore-
ground contamination at the position of the NB3420 detection. For 9 objects, there is a
bona fide z = 2.85 galaxy at the position of the LAE, with an additional foreground galaxy
offset from the LAE and associated with the NB3420 emission. For 2 objects, z = 2.85 was
erroneously assigned to the candidate LAE, and, again, the NB3420 emission is actually
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non-ionizing UV flux from a low-redshift contaminant. In all of these cases, the available

evidence suggests that we are not observing LyC emission at z = 2.85.

3.5.3.2 Ambiguous Cases

For the four photometric LAE candidates with NB3420 detections, the SED shape was
ambiguous and there were no spectroscopic redshifts available to confirm that the objects
are indeed at z ~ 2.85. These two factors make it impossible to confidently claim a LyC
detection for any of these objects. We discuss the photometry and SED fits for these objects
in detail in the Appendix, and summarize the results here. One object, lae4070, has similar
Jios — Higo and Vo — Ji25 colors to many z ~ 2.85 galaxies in our sample and is the
most promising photometric LAE candidate for true LyC emission. The other three objects
(lae5200, lae6510, and lae7180) display the ambiguous SED shape described in Section 3.5.1,
which may describe galaxies at many redshifts. As we cannot unambiguously determine
whether or not the four photometric LAE candidates discussed in this section are truly at
z ~ 2.85, we adopt a conservative approach and do not count the NB3420 detections for

these objects as secure signatures of leaking LyC radiation.

3.5.3.3 LyC Emission from MD5

The best candidate for true LyC emission is the LBG MDS5, which has a spectroscopic
redshift of z = 3.14 confirmed by spectra from both LRIS and the MOSFIRE near-IR multi-
object spectrograph (see Figure 3.11). The LRIS spectrum was taken in May 2011 (M13)
and shows Ly« emission (z = 3.147), along with several absorption features (CII, Sill, and
OI; z = 3.139). The K—band MOSFIRE spectrum was acquired in June 2012, and contains
detections of both [OIII] emission lines (4959A, 5007A; »z = 3.1426). Unfortunately, we were
unable to measure the z = 3.14 HS emission line in this spectrum because it falls on a sky
line. In the HST imaging, MD5 breaks into two clumps separated by 0758 along a direction
32 degrees East of North (MD5a and MD5b; see Figure 3.11); only MD5b is coincident with
the NB3420 emission. The orientation of the LRIS and MOSFIRE observations (slit PAs of
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111 and 274 degrees, respectively) were such that both clumps fell within the spectroscopic
slits. Although it is not possible to distinguish between the clumps in the spectra due to
seeing (077-170 for LRIS, 076 for MOSFIRE) and slit orientation, neither spectrum shows
evidence for spurious emission or absorption features that would indicate the presence of a

low-redshift interloper.

Ideally, as in the case of lonl in Vanzella et al. (2012), a candidate LyC-emitting galaxy
would have a simple, compact morphology. In such a case, the probability of a foreground
interloper is negligible. However, it has been shown that high-redshift galaxies typically
exhibit clumpy morphologies (see, e.g., Law et al., 2007; Lotz et al., 2006). Of the 35 LBGs
in our z > 2.82 sample with imaging in Vgge, only 20% have simple, compact morphologies.
Close inspection reveals clumpy morphologies in all other cases, and several LBGs are com-
prised of clumps with offsets significantly greater than the 0”58 offset of the MD5 clumps.
For example, LBGs M23, MD9, and C13 are comprised of clumps suggested by SED fits to
be at the LBG redshift with offsets of 0791, 1700, and 1”719, respectively. As the majority of
LBGs consist of several associated clumps at the same redshift, the fact that MD5 displays
multiple clumps does not necessarily indicate that MD5b (the clump associated with the

NB3420 detection) is a foreground contaminant.

However, the presence of the second clump opens the possibility that one of these clumps
is a low-redshift interloper, and thus we examine the SED fits to MD5a and MD5b for
evidence of foreground contamination (see Figure 3.11). Both clumps are nearly identical
in Vgog magnitude, and are within 0.1-0.2 magnitudes in Ji95 and Hig9. MDba has the
SED shape typical of most z ~ 3 galaxies in our sample and is almost certainly at the
spectroscopic redshift z = 3.14. MD5b has the ambiguous SED shape described in Section
3.5.1. As the spectroscopic redshift of MD5 is higher than most galaxies in our sample, the
Hyg filter actually falls right at the location of the Balmer break, rather than redwards of
the break. Thus, the Higp filter is partially contaminated by flux bluewards of the Balmer
break, and .Ji95 — Higo no longer probes the full strength of the break. Therefore, the fact
that MDb5b has a smaller .J195 — Higo color than the lower-redshift LBGs in our sample does
not necessarily indicate a young age or low-redshift contaminant.
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Figure 3.11 Imaging, spectra, photometry, and SED fits for MD5. The top left panel shows the
UsssVio6J125 color-composite H ST image for MD5, indicating the two sub-arcsecond components
(MDb5a and MD5b). To the right of the image are displayed the MOSFIRE and LRIS spectra
of MD5. We detect the [OITI] doublet (4959A, 5007A; z = 3.1426) in the MOSFIRE K —band
spectrum, and Ly« emission (z = 3.147) along with several interstellar absorption lines (1303A (01
+ SilI), 1334A(CII); z = 3.139) in the LRIS spectrum. The interstellar absorption lines are
blueshifted relative to the Lya and [OIII] emission, indicative of an outflow. Below the spectra and
imaging are shown the EAZY output for MD5a and MD5b. In the left-most panel, the redshift is
allowed to float during SED fitting, while in the middle panel the redshift is fixed to z = 3.14, the
redshift indicated by the spectra. The right-most panel shows the redshift probability distribution.
Colors and symbols are as in Figure 3.6. MD5a has the typical SED shape associated with z ~ 3
galaxies in our sample. MD5b, which is associated with the NB3420 detection, exhibits the am-
biguous SED shape discussed in Section 3.5.1. As there is no evidence of foreground contamination
in either the MOSFIRE or LRIS spectra, we propose that both of these clumps are at the spec-
troscopic redshift 3.14 and that the NB3420 emission associated with MD5b is true LyC emission.
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Figure 3.8 shows MD5b plotted with respect to other galaxies in our sample in Vgog — J125
vs. Jio5 — Higo. 1f MD5D is truly at z = 3.14, it has a very small Balmer break (Jy25 — Higo =
0.04+0.13), ared UV slope (Vo6 — J125 = 0.28+0.10, equal to the mean of the LBG sample),
and a Uszg detection brighter than expected by standard stellar population synthesis models
(unsurprising for a LyC emitter). If MD5b is a foreground interloper, EAZY estimates that
the most likely redshifts for the interloper are 0 < z < 0.5 or 2 < z < 2.5 using PEGASE
models, and between 1 < z < 2.8 using reddened BPASS models. In both cases, z ~ 2.3—2.4

is the most likely contaminant redshift.

The strongest evidence that MD5b is indeed at z = 3.14 is the lack of spurious emission
or absorption lines in both the LRIS and MOSFIRE spectra. Because these spectra span
different wavelength ranges (3100—7000 A for LRIS and 1.95—2.4 pum for MOSFIRE), we
can rule out strong emission lines for several redshift ranges. We can rule out Ha emission
between 1.97 < z < 2.65, Ly emission at z > 1.5, [OII] emission at z < 0.9, and [OIII]
emission at z < 0.4. We note that the lack of spurious emission lines in the K —band
MOSFIRE spectrum rules out Ha emission right in the redshift range predicted by EAZY
to be the most probable redshift of a contaminant (2 < z < 2.6). It might be possible to
confirm the redshift of MD5b using MOSFIRE observations with the slit oriented along the
axis connecting MD5a and MD5b. These observations would maximize the distance between
the two clumps (separated by 0758) and, if taken under conditions of good seeing, potentially

distinguish emission from each clump individually.

3.6 Properties of the Lyman-Continuum Emitter MD5

One of the main goals of this work is to investigate the multiwavelength properties of galaxies
with and without LyC emission, in order to better understand the mechanism of LyC photon
escape from galaxies. We are also interested in investigating any systematic differences
between galaxies with and without LyC emission, for such differences may facilitate the
search for LyC-emitting galaxies both during and after the epoch of reionization. As our

HST data has left us with only one robust candidate for LyC emission (MD5), we here discuss
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the morphological properties and best-fit stellar population of this object with respect to the

properties of typical LBGs.

3.6.1 Morphology of MD5

Figure 3.3 displays imaging of MD5 in all available bands. Morphologically, MD5 is composed
of two clumps (MD5a, MD5b) separated by 0758 (4.4 kpc at z = 3.14). The Vgo6 magnitudes

for each clump (representing the non-ionizing UV continuum) are m34P%¢ = 25.87+0.04 and

mM P = 25851092 In Section 3.5.3.3 we present arguments for why both of these clumps
are likely at the spectroscopic redshift of z = 3.14 and why foreground contamination is
unlikely. The clumpy morphology of MD5 is similar to that of many other LBG systems,
which commonly exhibit significant substructure. MD5b, which is more diffuse and lower in
surface brightness than MD5a, is the clump associated with the NB3420 detection (i.e., the
LyC emission).

Because of the particularly high redshift of MD5, we are able to directly map the LyC
emission in the high-resolution HST Uszg image. While most galaxies in our sample had
redshifts of roughly z ~ 2.85 and the Ussq filter was partially contaminated by non-ionizing
flux redwards of the Lyman limit, MD5 is at high enough redshift (z = 3.14) that the Ussg
filter probes the LyC spectral region without any contamination. While MD5b is formally
undetected in Uszg at 30, emission at the location of MD5b is visible by eye in the Ussg
imaging. MD5b has a 2.250 detection in Ussg (msss = 27.3715:5), which is consistent within

errors of the detection in NB3420 (1m0 = 26.897035).7

In light of models in which LyC emission may escape anisotropically from galaxies (e.g.,
Gnedin et al., 2008; Zackrisson et al., 2013), we examined the offset between the centroid
of the Usszg and Vgpg emission for MD5b in order to determine if there was a significant
offset between the ionizing and non-ionizing UV emission. We measured a value for this
offset of Ayy = 0708. As there are no additional z ~ 3 galaxies in our sample with Ussg

detections to compare to, we examined the distribution of Uszg— Vg offsets for the foreground

"We note that the Ussg filter is wider than NB3420, and thus the fainter Ussg magnitude may be due to
increased IGM attenuation within the bluer half of the Ussg filter.
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contaminants in our sample. In this way, we measured Ay for objects where Uszg and Vg
are both probing the non-ionizing continuum, and thus should not demonstrate significant
offsets. For the contaminant sample, we found a roughly flat distribution of offsets between
0”0 and 0”12 with a mean offset of 07065 and a standard deviation of 07031. As MD5b
has an offset consistent with the mean of the contaminant distribution, we conclude that
its measured offset is not significant. This lack of significant offset implies either that LyC
emission is escaping isotropically from MD5b, or that, if LyC emission escapes only from
cleared holes in the ISM, MD5b must be oriented such that the opening is along our line of
sight.

3.6.2 ISM Kinematics of MD5

The spectral features of MD5 shed light on the kinematics of its ISM. The [OIII] A5007
nebular emission line observed in the MOSFIRE spectrum of MD5, which indicates the
systemic redshift, places MD5 at z = 3.1426. This line has an intrinsic width of o, = 37 km
s~1, typical of LAEs, but half that of typical LBGs (Trainor et al., in prep; Pettini et al.,
2001). The low-ionization interstellar absorption features observed in the LRIS spectrum of
MD5 (OI + SiIl A1303, CII A1334) are consistent with a redshift of z = 3.139, blueshifted
relative to the [OIII] emission. The magnitude of this blueshift corresponds to a velocity
offset of Avyg ~ 280 km s, higher than the median Av;g for LBGs (150 km s™!; Shapley
et al., 2003), but fairly uncertain due to the low signal-to-noise of the LRIS spectrum.
Additionally, the redshift derived from the centroid of the Lya emission line (z = 3.147)
corresponds to a velocity offset of Avpyq ~ 300 km s™!, which is typical of LBGs (Avp ¢ =
360 km s~!; Shapley et al., 2003). Thus, in terms of its kinematics, MD5 does not stand
out significantly with respect to the full population of LBGs, although the blueshift of its
interstellar absorption lines is higher than average. We note that with the spatial resolution
of our spectra, we cannot resolve the two components MD5a and MDb5b separately and
evaluate their individual kinematics. Finally, we note that our measured value of Avy,, is

inconsistent with predictions for LyC-leaking galaxies from Verhamme et al. (2014), who

find small offsets between Ly« emission and the systemic redshift (Avy,, < 150 km s7') in
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models of galaxies with leaking LyC radiation.

3.6.3 Stellar Populations of MD5

In addition to providing high-resolution imaging of MD5, the multiwavelength HST' data
also enabled us to fit the photometry for both sub-arcsecond components (MD5a and MD5b)
with stellar population synthesis (SPS) models. For this purpose, we employed the stellar
population fitting code FAST (Kriek et al., 2009). To model the photometry, we fixed the
redshift to the spectroscopically measured value and used Bruzual & Charlot (2003) models
ranging in age from 50 Myr to 2 Gyr with delayed-7 star-formation histories (SFR oc te=*/7)
and a Chabrier (2003) initial mass function. The lower age limit of 50 Myr is adopted to
reflect the LBG dynamical timescale, following Reddy et al. (2012). However, we note that
this age limit is conservative, and may be larger than necessary given the small sizes of
some galaxy subcomponents. For dust extinction, we employed the Calzetti et al. (2000)
attenuation curve. We adopted solar metallicity for the models because, with only four
photometric points, we did not have enough data to constrain metallicity. By performing
tests with several values for fixed metallicity and with metallicity as a free parameter, we
verified that metallicity does not have a significant effect on the final fit. We note that even

when metallicity was allowed to float, the best-fit model for MD5b had solar metallicity.

We display the best fit models and photometry for MD5a and MDb5b in Figure 3.12.
We note that while the Ussg data point for the LyC-emitter MD5b does not agree with the
model prediction, this is to be expected from Bruzual & Charlot (2003) models, which do
not have significant emission bluewards of 912A. We also report the best-fit values and 68%
confidence intervals for 7, stellar mass, star-formation rate (SFR), dust extinction, and age.
For MD5a, the clump without leaking LyC emission, we found: log(7) = 8.6%5¢, log(Mass
[Mg]) = 9.7070:35, log(SFR Mg yr~1]) = 0.5170:1%, E(B — V) = 0.0210 3, and log(Age [yr])
= 9.10732. In constrast, for MD5b, the clump with leaking LyC emission, we found: log(7)
— 8.2 log(Mass [My)]) = 8.697049 1og(SFR [My yr']) = 1.3179%9, E(B—V) = 0.17+0%
and log(Age [yr]) = 7.7015%°8.

8The confidence interval is bounded by log(Age [yr]) = 7.70 (age = 50 Myr) because that is the minimum
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Figure 3.12 Best-fit Bruzual & Charlot (2003) stellar population synthesis models as computed by
FAST (gray line) to HST UsssVeosJ125H160 photometry for MD5a and MD5b (black circles), fit at
the spectroscopic redshift of z = 3.14. One-sigma photometric uncertainties are smaller than the
data points. For MD5b, the 2.250 detection in Ussg (probing the LyC spectral region at z = 3.14
with no contamination redwards of the Lyman limit) is plotted in green, with the formal 3¢ limit
indicated by the black arrow. We note that while the Ussg data point for MD5b does not agree
with the model prediction, this is to be expected from Bruzual & Charlot (2003) models, which do
not have significant emission bluewards of 912A. Parameters of the fits are listed in Table 3.4.
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The fits to MD5a and MD5b describe two very different stellar populations. MDb5a has an
old stellar population with significant stellar mass, a low star-formation rate, and very little
reddening. MD5b, however, is young and low-mass, with a much higher star-formation rate
and a larger E(B — V). While we have set a minimum LBG age limit of 50 Myr following
Reddy et al. (2012), the best-fit model to MD5b without a minimum age requirement is
even younger (10 Myr). Because of the differing stellar populations of MDb5a and MD5b, it
is possible that they are two distinct galaxies in the process of merging. It is also possible
that they are simply two sub-regions of the same galaxy, one of which (MD5b) is undergoing
a recent burst of star formation that has greatly increased its non-ionizing UV and LyC

fluxes, making it more likely to detect LyC emission.

In addition to modeling the stellar populations of MD5a and MD5b individually, we used
FAST to model the best-fit stellar population to the combined photometry of both compo-
nents. While such modeling does not represent a physically meaningful stellar population?, it
facilitates a comparison to the results of ground-based LBG surveys, recreating the flux that
would be measured by instruments lacking the high resolution of HST. For the combined
photometry of MD5, we found: log(7) = 8.2705, log(Mass [My]) = 9.527322 log(SFR [M,
yr1]) = 1131058 B(B — V) = 0.11)1", and log(Age [yr]) = 8.5 4+ 0.8.

age we enforce upon the models.
9For example, the mass and SFR derived from the best-fit model to the combined photometry of MD5
are less than the summed individual masses and SFRs of MD5a and MD5b.
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In order to compare the derived properties of MDba, MD5b, and the combined photom-
etry with those of typical LBGs, we fit SPS models to the remainder of the LBGs in our
sample and examined their stellar masses, star-formation rates, dust extinction, and ages.
We performed this analysis both for individual sub-arcsecond components of LBGs, for the
combined fluxes from all components of each LBG (simulating ground-based studies that
are free of contamination), and for a combined-flux sample that also includes foreground
contaminants in cases where the contaminant was indistinguishable from the LBG in the
ground-based LRIS imaging (a fair simulation of ground-based studies). Figure 3.13 shows
histograms of these three LBG samples, along with the best-fit values for MD5a, MDb5b, and
the combined photometry for MD5. MD5a and MD5b clearly have distinct stellar popula-
tions from each other, and MD5b, the LyC-emitting component, stands out as being among

the youngest galaxies in the HST LBG sample.

For all the LBGs in our sample, we now compare the stellar population fits to individual
clumps with fits to the combined photometry. As expected, we find that model fits to
individual galaxy components generally yield smaller stellar masses and SFRs than fits to the
combined photometry. Also, individual sub-arcsecond components exhibit a wider range of
reddening values than do galaxies with combined photometry, although the median reddening
value is the same for both samples. There is no significant difference in the median derived
ages between the individual clumps and the combined photometry. Finally, we find that the
addition of foreground contaminants does not significantly alter the sample-averaged LBG
properties, as foreground contaminants close to LBGs are rare in the LBG sample without
NB3420 detections. We conclude that occasional foreground contaminants superimposed
upon LBGs do not greatly affect the stellar populations derived for galaxies in ground-based

LBG surveys.

In order to compare the properties of MD5 with those of a much larger parent sample
of LBGs, we consider the set of 570 LBGs at 2.7 < z < 3.7 from the ground-based survey
of Reddy et al. (2012). In Figure 3.14, we display parameters of the stellar population fit to
MDb5a, MD5b, and the combined photometry with respect to the LBGs from Reddy et al.
(2012). The stellar population parameters we display for the Reddy et al. (2012) LBGs
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Figure 3.13 Histograms showing the stellar population parameters of MD5 calculated by FAST
with respect to the distribution of parameters for all LBGs with UssgVeosJ125 H1g0 imaging. MD5b
(the LyC-emitting component) is indicated by the red vertical line, MDb5a is indicated by the
blue vertical line, and the combined photometry for MD5a and MD5b is indicated by the black
dashed vertical line. Gray filled histograms indicate parameters derived from fits to individual
sub-arcsecond components of LBGs. Black hashed histograms indicate parameters derived from
fits to combined photometry, mimicking ground-based studies. Green open histograms also indicate
parameters derived from fits to combined photometry, but include known foreground contaminants
in cases where the contaminant was indistinguishable from the LBG in the ground-based LRIS
imaging. The similarities between the green and black histograms show that the inclusion of
foreground contaminants does not significantly alter the sample-averaged LBG properties. MD5b
stands out as having a young age with respect to the majority of the LBG sample.
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have been derived from the latest solar metallicity models of S. Charlot & G. Bruzual, using
constant star formation histories and a minimum age limit of 50 Myr. The median parameters
of the Reddy et al. (2012) LBGs are consistent with those of our combined-photometry LBG
sample, although the percentage of young galaxies (<100 Myr) in our HST sample is less
than that of the Reddy et al. (2012) sample.!”

To facilitate comparison with the Reddy et al. (2012) LBGs, we have re-fit the stellar
populations of MD5a, MD5b, and the combined photometry of MD5 using the methods
described in Reddy et al. (2012), employing CSF models, a minimum age of 50 Myr, and
Calzetti et al. (2000) extinction. These fit results for MD5 (plotted in Figure 3.14) are
qualitatively similar to those from our original delayed-7 fits. The data in Figure 3.14 show
that the fit to the combined photometry of MD5 is unremarkable when compared to the
ground-based photometry of the Reddy et al. (2012) LBG sample: it has a typical stellar
mass and age, and slightly below-average values for SFR and E(B — V). It is only when
MDb5a and MD5b are fit separately that the young stellar population of MD5b becomes
apparent; an age of 50 Myr places it in the youngest third of the sample. Finally, we also fit
the photometry for MD5b using SMC extinction. Reddy et al. (2012) found that ~90% of
LBGs with Calzetti-inferred ages of <100 Myr had older ages (>100 Myr) when fit using an
SMC extinction curve. For MD5b, the best-fit model using SMC extinction had an age of
160 Myr, along with less reddening (E(B — V') = 0.05) than the best-fit Calzetti-attenuated
model and qualitatively similar values for stellar mass and star-formation rate (log(Mass
[Mg]) = 9.16, log(SFR. [Mg yr!]) = 0.95). Reddy et al. (2012) model their full LBG sample
using a combination of extinction curves, employing Calzetti et al. (2000) attenuation for the
majority of the sample, but using SMC extinction for galaxies with Calzetti-inferred ages
younger than 100 Myr. Compared with the ages derived from these fits, the 160 Myr age
estimated for MDb5D is still in the youngest third of the sample. Table 3.4 summarizes the

stellar population fits to MD5 with respect to those of the non-LyC-emitting galaxies in our

0The fact that we find few young galaxies (<100 Myr) among the HST-imaged LBGs and LAEs in
the HS1549 field may be due to statistical variation inherent to our small sample size (40 galaxies with
Uss6VeosJ125 Hi6o imaging), a peculiarity of the HS1549 field, or possibly a property of all protoclusters (see,
e.g., Steidel et al., 2005).

123



HST LBG sample and those of the LBGs from Reddy et al. (2012).

As the model fit to MD5b has a young age and low stellar mass, two properties typical of
LAEs (e.g., Gawiser et al., 2007; Guaita et al., 2011), we also examined MD5b with respect
to the LAEs in our sample, none of which exhibited LyC detections. We modeled LAE
stellar populations with FAST using the same methods as for LBGs, but in order to account
for the young ages and lower metallicities associated with LAEs we set the minimum age
to 10 Myr and fixed metallicity at 20% solar. Figure 3.15 shows the distribution of stellar
mass, star-formation rate, dust extinction, and age for LAEs, along with values for MD5a,
MD5b, and the combined photometry of MD5. MD5b has a stellar mass more typical of the
average LAE in our sample, but a higher than average SFR. Its age is still young compared

to the LAE sample.

While the young age of MDb5b is shared by several objects in our HST sample, none
of these additional young objects exhibit LyC detections. In the LBG sample, two object
subcomponents in addition to MD5b have ages less than 100 Myr, and five such components
exist in the LAE sample. If the young stellar population of MD5b is responsible for its LyC
emission, then we might also expect LyC detections from other LBG and LAE components
with similarly young ages. Both of the young objects in the LBG sample (M16a and MD34f)
have small stellar masses (log(Mass [Mg]) ~ 9) and large SFRs (log(SFR [Mg yr™']) >
1.6) like MD5b, but both of these objects are redder (E(B — V) ~ 0.4). If LyC emission
is being produced copiously by the hot stars in these two galaxies, the additional dust
extinction might be the reason we do not detect the LyC photons. We note that MD34f is
actually associated with a NB3420 detection (see Section 3.5.3.1), but its close proximity to
a foreground contaminant makes it impossible to distinguish between emission from MD34f
and the foreground contaminant in the seeing-limited NB3420 image. The LAE sample
presents several additional young galaxy components that are undetected in the NB3420
image. These objects have reddening values similar to MD5b (E(B — V') ~ 0.2), lower than
those of the young LBGs. One possible explanation for the lack of LyC detections in the
LAE sample is that MD5b is located along a fortuitously clear IGM sightline, and these
LAEs are not. Another possibility is that the LAEs are simply too faint to be detected in
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our LyC imaging. The Vypg magnitude of MD5b is mgog = 25.9, and its LyC detection is
near the edge of our detection limit. The Vjp6 magnitudes of the young LAEs in our sample
(ages < 100 Myr) are much fainter on average, and range from 26.29 < mp,c < 29.14, with
a median of 27.69. If these objects have the same ratio of ionizing to non-ionizing radiation
as MDb5b, the LyC magnitudes of these objects would range from 27.80 < mgos < 30.64,
with a median of 29.20. Such magnitudes are well below the detection limit of the NB3420
filter used for LyC imaging (27.3 mag), and thus these objects would not have been detected
in the LyC.

3.6.4 No Evidence for AGN

Vanzella et al. (2015) discuss the possibility that some portion of the leaking ionizing radi-
ation from the LyC-emitters lonl and lon2 are due to contributions from low-luminosity
AGNs within these galaxies. We considered this possibility in MD5b, but find no evidence
for a low-luminosity AGN. There is no significant variability detected between the V —band
magnitude of MD5 measured by LRIS in 2007 (my = 24.96 +0.11) and the combined HST
Veos magnitudes of MD5a and MD5b measured in 2013 (mgog = 25.11 +0.08). Additionally,
the available spectra of MD5 do not show any high ionization emission line features (e.g.,
NV A1240 emission), although our spectrum does not cover CIV A1550 or Hell A1640, nor
are we able to examine the OIII / Hf ratio because Hf falls on a sky line. We therefore find

no evidence for AGN activity in MD5b with the information available.

3.7 Discussion

In this section, we consider the broader implications of our single robust detection of LyC
emission in the HS1549 field. We discuss the actual rate of foreground contamination with
respect to predictions from the contamination simulations of M13, and the LyC emission
properties of MD5b, including its intrinsic ionizing to non-ionizing UV flux-density ratio
and the implied LyC escape fraction. With the removal of all foreground contaminants from
the M13 sample, we then obtain a revised estimate for the ionizing emissivity due to star-
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Figure 3.14 Histograms showing the stellar population parameters of MD5 calculated by FAST with
respect to the distribution of parameters for the 2.7 < z < 3.7 LBG sample of Reddy et al. (2012).
MD5b (the LyC-emitting component) is indicated by the red vertical line, MD5a is indicated by
the blue vertical line, and the combined photometry for MDba and MD5b is indicated by the black
dashed vertical line. All parameters plotted are derived using the stellar population fitting methods
described in Reddy et al. (2012), with assumptions of constant star formation histories, a minimum
age of 50 Myr, and Calzetti et al. (2000) dust attenuation. While the properties of the composite
object MD5 (containing both MD5a and MD5b) do not stand out among other LBGs in the Reddy
et al. (2012) sample, the LyC-emitting component MD5b stands out as being in the youngest third
of the sample.
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Figure 3.15 Histograms showing the stellar population parameters of MD5 calculated by FAST
with respect to the distribution of parameters for all LAEs with UssgVeosJ125 H160 imaging. MD5b
(the LyC-emitting component) is indicated by the red vertical line, MDb5a is indicated by the blue
vertical line, and the combined photometry for MDba and MD5b is indicated by the black dashed
vertical line. Histogram colors are as in Figure 3.13. The bottom-right plot shows several LAEs
with log(age) < 8, similar to MD5, raising the question of whether or not these objects — which
do not have NB3420 detections — may also emit LyC radiation. However, as discussed in Section
3.6.3, these LAEs are much fainter than MD5. If their observed ionizing to non-ionizing UV flux
density ratios were equivalent to that of MD5, then they would be too faint to detect in the NB3420

image.
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forming galaxies at z = 2.85. Finally, we discuss the prospects for future direct searches for

LyC radiation in high-redshift galaxies.

3.7.1 Comparison to Previous Contamination Estimates

We wish to address the question of whether or not the simulations of foreground contam-
ination from M13 accurately predicted the number of contaminants in the sample. The
simulations (described in detail in M13; Nestor et al., 2013) employed the surface density of
objects in the NB3420 image and the offset of each NB3420 detection to estimate the number
of foreground contaminants and a contamination-corrected NB3420 magnitude. The simula-
tions predicted that 1.5+ 1.0 out of 4 LBGs and 4.3+ 1.3 out of 7 LAEs in the main sample
were real LyC-emitters. The prediction for the LBG sample has held out, as one LBG (MD5)
remains a strong candidate for LyC emission. The prediction for the LAE sample, however,
was too high. We were able to obtain UsszgVsosJ125 H160 imaging for 6 out of 7 LAEs with LyC
detections, yet none have proven to be true sources of LyC emission. We note that 2 of the
7 LAEs had misidentified redshifts (lae2436 and lae7180), and should not have made it into
this sample in the first place. Given the small number of galaxies with true LyC detections,
contaminated NB3420 detections from even one or two objects with misidentified redshifts
may introduce a non-negligible bias that is not taken into account in the contamination
simulations of M13. Accordingly, we re-ran the same contamination simulations, but only
considering the 4 spectroscopically-confirmed LAEs from the main sample of M13 for which
we acquired UsseViosJ125 Hi6o imaging. The revised simulations predict 2.1 £ 1.0 out of 4
galaxies to be real LyC-emitters. As none of the four NB3420 detections proved to be real,
the prediction is still too high by ~ 20. With the small sample size of 4 objects, however,
such variations may be expected. We conclude that the contamination simulations still serve

as a useful, though blunt, tool for evaluating the likelihood of foreground contamination.
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3.7.2 Ionizing to Non-ionizing UV Flux-density Ratios

One of the intriguing findings reported by all three ground-based LyC studies of galaxy
protoclusters (Iwata et al., 2009; Nestor et al., 2011; M13) was the high apparent ratio of
ionizing to non-ionizing radiation in many of the candidate LyC-emitters, which appeared
to be in conflict with results from standard SPS models. Several models have been proposed
to address this question. Iwata et al. (2009) proposed a top-heavy IMF. Nestor et al. (2013)
investigated the intrinsic non-ionizing to ionizing UV flux-density ratios for two sets of stellar
population models at varying ages and metallicites. These authors examined both Bruzual
& Charlot (2003) models and BPASS models (Eldridge & Stanway, 2009), which include a
more detailed treatment of stellar binaries and Wolf-Rayet stars and result in bluer galaxy
spectra. In this work, we also consider SB99 models with improved treatment of stellar

rotation (Leitherer et al., 2014), as rapidly rotating stars exhibit bluer spectra as well.

However, our current analysis, along with all previous follow-up work aimed at inves-
tigating contamination among candidate LyC-emitters (Vanzella et al., 2012; Siana et al.,
2015), has ruled out all objects with high apparent ratios of ionizing to non-ionizing radi-
ation as contaminants. In our sample of 16 galaxies with putative LyC emission, 12 had
anomalous flux-density ratios of (Fyv/Fryc)ors < 3.0. However, the results of our analysis
show that MD5 remains the only robust candidate for LyC emission. The flux-density ratio
of MD5, as calculated from the ground-based imaging of M13, is Fyy/Fry,e = 5.9 £ 2.0.
Using our follow-up HST Usszs and Vgoe imaging to revise this flux-density ratio to only
include MD5b, the component associated with the ionizing radiation, we obtain a value of
Fyv/Frye = 4.0 £ 2.0, still compatible with SPS models in the absence of significant IGM
absorption. In similar work investigating contamination in candidate LyC-emitters, Siana
et al. (2015) obtained spatially-resolved spectroscopy of the five LBG candidates for LyC
emission presented in Nestor et al. (2011). While unable to confirm any candidates, their
data showed that both galaxies in their sample with anomalously high apparent ratios of
ionizing to non-ionizing radiation (MD32, aug96ml16) are contaminated by lower-redshift

objects. Additionally, neither of the LyC-emitters fon! or Ion2 (Vanzella et al., 2012, 2015)
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exhibit anomalously high ratios of ionizing to non-ionizing radiation. While the two dozen
LyC-emitter candidates in the literature with extensive follow-up data do not comprise the
entire sample of high-redshift candidate LyC-emitters, the fact that all candidates with
extreme (Fyy /Fryc)obs ratios have proven to be contaminants may indicate that the anoma-
lously high ratios of ionizing to non-ionizing radiation originally inferred are simply a result

of foreground contamination.

3.7.3 Escape Fraction for MD5

We can estimate the relative and absolute escape fractions of MD5b with the following

equations:

L L .
fiﬁiel _ ( UV/ Lyc)zntr (31)
' (FUV/FLyC)obs

L L .
feLsigbs _ ( UV/ Lyc)zntr ( gg’)j (3_2)
’ (FUV/FLyC>obs

In these calculations, we assume an intrinsic flux-density ratio of (Lyv/Liyc)intr = 3 based
on the young age (~ 50 Myr) inferred for MD5b in the stellar population fitting, and the
corresponding intrinsic ratio predicted by BPASS models of this age (for the range of possible
values, see Table 7 of Nestor et al., 2013). We ignore IGM absorption, which is very uncertain
for an individual sightline. Accordingly, our estimate of the escape fraction of MD5b is a
lower limit. We use the value fUY = 0.19 to estimate the UV escape fraction at 1500A. This
value is calculated from the F(B — V') value of the best-fit FAST model to MD5b, assuming

the Calzetti et al. (2000) attenuation curve. From these equations, we obtain a relative escape

fraction of fMD5b —

75% =+ 38% and an absolute escape fraction of fAI7% = 14% £ 7%. The

errors in these escape fractions represent photometric uncertainties only, and are dominated

by the uncertainty in the Uszg flux.
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Table 3.5. Revised Contributions to the lonizing Background.

LF? Fov/Fr,c® Magnitude range® €ryct

LyC Detections: MD5 only®

B LBG 140 £ 230 Map < —19.7 0.8+ 1.3
(i) LAE >32 —107< Map < —17.7 <07
(iii) LBG >32 197 < Map < —17.7 <32
(iv) LBG 140 £+ 230 Myp < —17.7 1.5£25
(v) LAE > 32 Map < —17.7 <16

Total (lum.-dep.)" Mup < —17.7 2.4+1.6
Total (LAE-dep.)¢ - Mup < —17.7  2.3+£26
LyC Detections: MD5, D24, lae4680°

i) LBG 74+ 65 Mpp < —19.7 1.5+14
(ii) LAE 714180 —10.7 < Mup < —17.7 0.3 £0.8
(iii) LBG 7T14+180 —19.7T < Mup < —-177 14+3.6
(iv) LBG T4 4 65 Map < —17.7 2.0+25
(v) LAE 71 + 180 Myp < —17.7 0.7+1.8

Total (lum.-dep.)" e Mg < —17.7 3.0£3.9
Total (LAE-dep.)? e Mg < —17.7 3.6 £3.1

2Luminosity function parameters are identical to those in M13.

bSample average flux-density ratio corrected for IGM absorption, described
in Section 3.7.4.

°Magnitude range over which the first moment of the luminosity function
is determined. Msp = —19.7 and —17.7 correspond to 0.34L, and 0.06L,,
respectively.

dComoving specific emissivity of ionizing radiation in units of
10%* ergs s~ Hz~! Mpc3

°As we do not have the full suite of UszgVgos-J125 H160 imaging for D24 and
lae4680, we cannot determine whether their NB3420 detections are true LyC
emission or foreground contamination. Therefore, we perform two calculations
of the emissivity in order to determine the full range of its possible values.
In the upper portion of this table we assume that both D24 and lae4680 are
foreground contaminants, and that MD5 is the only true LyC detection. In the
bottom portion of the table, we assume that MD5, D24, and lae/680 are all
true LyC-emitters.

fTotal for the luminosity-dependent model, determined by summing rows (i)
and (iii). Limits are taken into account using the method described in Section
3.7.4.

¢Total for the LAE-dependent model, determined by summing 0.77x row

(iv) and row (v). Limits are taken into account using the method described in
Section 3.7.4. 131



3.7.4 Revised LyC Emissivity for Star-forming Galaxies at z = 2.85

Here, we present a revised calculation of the emissivity of ionizing photons at z = 2.85 based
on the analysis of the HST data in the HS1549 field. We estimate the comoving specific

emissivity as

F -1 Lmas
€Lyc = ( v > / L®dL (3.3)
FL?JC corr J L

following the assumptions of M13 and Nestor et al. (2013). In this expression, L is the non-
ionizing UV luminosity, ® is the non-ionizing UV luminosity function, and (Fyv/FrLyc)eorr 1
the average flux-density ratio of non-ionizing to ionizing UV radiation for the entire galaxy
sample, corrected for the mean IGM attenuation in the LyC spectral region. We perform
this emissivity calculation separately for the main sample of spectroscopically confirmed
LBGs and LAEs from M13 (using the UV luminosity functions from Reddy et al. (2008) for
LBGs and Ouchi et al. (2008) for LAEs), and combine the LBG and LAE emissivities to
obtain a total emissivity for star-forming galaxies. As in M13, we use the LRIS V —band to
represent non-ionizing UV flux and NB3420 to represent LyC flux. The difference between
our calculation and that of M13 lies in our estimation of the average flux-density ratio.
Rather than estimating the average amount of foreground contamination from simulations,
we instead know exactly which galaxies are contaminated based on the HST data. There
were only two NB3420-detected galaxies in the M13 spectroscopic sample for which we were
unable to acquire UsssViosJ125 H160 imaging (D24 and lae4680), and for these objects we could
not evaluate whether or not the NB3420 detections are due to foreground contamination. We
thus calculate the emissivity twice in order to quote the full range of possible values: in one
calculation we assume that MD5 is the only true LyC detection, and in the other calculation
we assume that MDb5, D24, and lae/680 are all true LyC-emitters. In addition to using
the HST data to remove the NB3420 flux of foreground contaminants, we also use these
measurements to estimate the percentage of contaminated flux in the non-ionizing UV. All
objects with foreground contaminants identified through the H ST imaging are blended in

the LRIS V imaging, and it is impossible to isolate the uncontaminated z ~ 2.85 flux in the
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LRIS V image. Thus, for each contaminated object, we decrease its LRIS V —band flux to
match the fraction of uncontaminated Vgos flux in the H ST imaging. For objects that do not
have HST Us36Ve06J125 H160 imaging and are undetected in NB3420, we decrease their LRIS
V —band flux to match the average fraction of uncontaminated Vo5 flux in the full sample of
HST-imaged galaxies without NB3420 detections (99% for LBGs, 91% for LAEs). Finally,
we use the same sample-averaged IGM correction to compute (Fyv/Fryc)eorr as described
in M13, employing statistics of HI absorbers from Rudie et al. (2013). We note that the
clustering of Lyman limit systems is not taken into account in these absorber statistics, and
thus the true mean IGM transmission may be slightly higher than the values presented in

M13 (see, e.g., Prochaska et al., 2014).

In order to estimate the total contribution of star-forming galaxies to the ionizing emis-
sivity at z ~ 2.85, we estimate the emissivity due to LBGs and LAEs separately and use
two different models (described in detail in Nestor et al., 2013) to combine these values
into a total emissivity of star-forming galaxies. In the first model, which we refer to as
the luminosity-dependent model, the Fyy/Fr,c values for LAEs are assumed to represent
those for star-forming galaxies with faint UV continuum magnitudes (0.06L* < L < 0.34L*,
corresponding to 25.5 < V < 27.5) while the Fyy/Fr,c values for LBGs represent those
for brighter star-forming galaxies (L > 0.34L*). The second model, referred to as the LAE-
dependent model, considers the case that LAEs are not simply faint LBG-analogs, but that
LBGs and LAEs are actually distinct populations of star-forming galaxies with systemati-
cally different Fyy /Fp,c values on average. In this model, LAEs are assumed to comprise
23% of the LBG population (Nestor et al., 2013), galaxies identified both as LBGs and LAEs
are treated as LAEs, and the luminosity function is integrated over the full luminosity range

(0.06L* < L < oo) for both LBGs and LAEs.

In Table 3.5, we summarize the contributions to €z, as determined from galaxies in the
HS1549 field. By considering MD5 as the only real LyC detection in the entire galaxy sample,
we obtain values of the average UV flux-density ratio for LBGs and LAEs the HS1549 field
to be (Fyv/Fr,c)EB¢ = 140 4 230 and (Fyy/Fr,o)24F > 32. If we include the NB3420

corr corr

detections for D24 and lae/680 as well, these values become (Fyyv/Fr,c)EBY = 74 + 65

corr
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and (Fyy/Frye)l? = 71 £ 180. The error bars on the flux-density ratios are large due to
significant uncertainty in the average NB3420 flux due to our very few NB3420 detections.
Based on these values for (Fyyv/Fryc)eorr, We infer revised values of the comoving specific
emissivity: considering NB3420 emission from MD5 only (or from MD5, D24, and lae4680)
we obtain er,c = 2.4 + 1.6 (3.0 £ 3.9) x 10** ergs s™* Hz~! Mpc™? for the luminosity-
dependent model and ez, = 2.3 +2.6 (3.6 = 3.1) x 10** ergs s™* Hz~! Mpc™2 for the LAE-
dependent model. The uncertainties in e o reflect only uncertainties in (Fyv/Frye)eorrs
which dominate over uncertainties in the luminosity function. For cases where the value
of (Fyv/Fryc)EE is only a limit, we calculate the combined LBG and LAE emissivity
by constructing a Monte Carlo simulation that treats the LBG emissivity as a normally-
distributed random variable and the LAE emissivity as a uniform random variable below its
limit. In the simulation, we randomly choose values from both distributions and add them

together, creating a resulting distribution of total emissivities. We report the mean and

standard deviation of the resulting distribution as the total emissivity and its uncertainty.

The revised values of €7, are much lower than those computed in M13: €z, = 15.0 £
6.7x10%* ergs s~! Hz~* Mpc~2 for the luminosity-dependent model and €7, = 8.843.5x10%*
ergs s—1 Hz~! Mpc~ for the LAE-dependent model. The lower emissivity value calculated
in the current work is much more compatible with the total ionizing emissivity at z =
2.85, estimated in M13 from measurements of the Lya-forest opacity (Bolton & Haehnelt,
2007; Faucher-Giguere et al., 2008) to be €%/, ~ 5 — 10 x 10** ergs s™' Hz™! Mpc™>. As
measurements of the contribution of QSOs to the ionizing background at z = 2.85 range from
efod ~ 1.5 x 10* ergs s Hz~! Mpc (Cowie et al., 2009) to €7y ~ 5.5 x 102 ergs 7! Hz ™!
Mpec (Hopkins et al., 2007), our data indicate (with large uncertainties) that star-forming
galaxies provide roughly the same contribution as QSOs to the ionizing background at this

redshift.
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3.7.5 The Future of LyC Surveys

The results from this work suggest that identifying true LyC-emitters at high redshift requires
an extremely large parent sample of galaxies and/or significantly deeper LyC observations.
With only one confirmed detection out of 49 LBGs, and zero confirmed detections among
the 91 LAESs, the detection rate of LyC emitters at high redshift is very small. While several
interesting methods of indirectly identifying LyC-emitting galaxies have been proposed —
such as assessing the shape of the Ly« emission line (Verhamme et al., 2014), observing
reduced flux in nebular emission lines (Zackrisson et al., 2013), and observing residual flux
in the cores of saturated low-ionization absorption lines (Jones et al., 2013; Heckman et al.,
2011) — it will not be possible to verify the validity these indirect methods without first

obtaining a sample of galaxies with robust detections of LyC emission.

Given their low detection rate in the HS1549 field, it will likely be very difficult to amass
a statistical sample of LyC emitters at 2 < z < 4 without a dedicated survey. As the process
of identifying and verifying LyC emission in this redshift range involves several steps, we

outline here what we consider to be the most efficient method for doing so.

First, there is the question of efficient targeting. Because the average surface density of
LBGs down to R = 25.5 is roughly 1 — 2 galaxies per square arcminute (Steidel et al., 1999,
2004), the process of observing LBGs for LyC emission is greatly streamlined by observing
galaxy protoclusters, which have an increased density of objects at a particular redshift.
Several galaxy protoclusters have already been identified in the literature at 2 < z < 4 (see,
e.g., Venemans et al., 2007; Kodama et al., 2007; Hatch et al., 2011; Cucciati et al., 2014;
Lemaux et al., 2014; Shimakawa et al., 2014; Diener et al., 2015). At the rate of one LyC
detection per protocluster, observations of at least ~ 10 protoclusters would be necessary
to obtain a sample large enough to investigate systematic differences between LyC-leakers
and non-leakers. While the environment in the IGM surrounding protoclusters may not be
typical of the universe as a whole, it is unlikely to affect the escape of ionizing photons through
the ISM of LyC-emitting galaxies. The factor that is less well-constrained in protocluster

environments is the estimate of the sample-averaged IGM transmission, which enters into
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the calculation of the global ionizing emissivity. However, galaxies in protoclusters can still
be very useful for studying the multiwavelength properties of LyC emitters. An additional
potential problem with targeting protoclusters for LyC studies is that protoclusters may be
composed of galaxies with older stellar populations on average (as we found in this work;
also, see Steidel et al., 2005). If LyC emission is primarily emitted from galaxies with younger
stellar populations (as suggested by the LyC detection for MD5b), then LyC emitters may

be less common in protoclusters.

Next, there is the question of the required observations. Spectroscopic redshifts must
be measured for a large sample of protocluster galaxies, as photometric redshifts are not
sufficiently precise to determine whether or not apparent LyC emission originates below
912A. Multiwavelength H ST imaging should then be obtained to probe the SED shapes and
LyC emission for all galaxy components near the high-redshift targets (as in this work). To
allow for direct LyC imaging, the protocluster identified must be at a redshift where one
of the currently available HST filters probes the LyC spectral region just bluewards of the
Lyman limit (such as F'336W for z > 3.06, or F275W for z > 2.40). To obtain useful limits
on the amount of escaping ionizing radiation from the faintest galaxies, LyC magnitudes
must be probed several times fainter than their non-ionizing UV magnitudes. The faintest
galaxies in our sample, LAEs, have Vg6 magnitudes ranging from 26.08 < mgos < 29.14
with a median of 27.62. In order to measure ionizing to non-ionizing flux-density ratios
equivalent to that observed for MD5b (Fyy /Fryc ~ 4) for the faintest LAE (mgos = 29.14),
the required LyC observations must reach a depth of ~ 30.7 magnitudes. Assuming object
sizes close to the PSF size, this requires imaging roughly 4 times more sensitive than the Ussg
observations in this current work. Larger objects, comparable in size to MD5b, would require
imaging ~ 20 times deeper. In practice, the best way to measure the average Fyyy /Fp, ¢ ratio
for the faintest galaxies may be with stacked LyC observations, or with the next-generation
UV space telescope (e.g., ATLAST; Postman et al., 2009). Finally, if the morphology of the
candidates for LyC emission are complex, the last step would be to obtain high-resolution

spectroscopic follow-up of the LyC-emitting component of the galaxy.

This plan is streamlined relative to the process we have followed thus far because it skips
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the time-intensive ground-based LyC imaging and analysis. The main benefit of the ground-
based LyC imaging was that we were able to design a custom, narrowband filter for the exact
redshift of the protocluster. Narrowband filters placed just bluewards of the Lyman limit are
the least affected by IGM absorption, and probe LyC emission at wavelengths where the LyC
photons are most likely to ionize hydrogen. Even so, these benefits do not outweigh the cost
in time and resources if H ST filters are already available at the correct wavelengths to probe
LyC emission. For cluster redshifts where H ST filters are not available for LyC imaging, but
the Lyman limit falls above the atmospheric cut-off, it would be possible to obtain ground-
based narrowband LyC imaging first at z ~ 3 with, e.g., Keck/LRIS. The roughly two dozen
LyC-emitter candidates that would fall within a single Keck/LRIS pointing (most of which
would be contaminants) could be followed up individually with an AO-assisted integral field
spectrograph such as Keck/OSIRIS (Larkin et al., 2006). In all future LyC searches, it is
imperative to obtain high-resolution imaging and redshift confirmation of each galaxy sub-
arcsecond component associated with apparent LyC emission in order to rule out foreground

contamination.

3.8 Summary

In M13, we identified 30 candidates for LyC emission via detection in the Keck/LRIS NB3420
filter: 5 LBGs and 7 LAEs spectroscopically confirmed at z > 2.82 (the main sample),
10 photometric LAE candidates, and 8 spectroscopically-confirmed LAEs not part of the
main sample. In this current work, we have presented follow-up HST UszVs06J125 H160
observations of 16 of these objects: 4/5 LBGs and 6/7 LAEs in the main sample, 4/10
photometric LAE candidates, and 2/8 LAEs outside of the main sample.

In our high-resolution H ST imaging, all of the candidates for LyC emission exhibit signif-
icant substructure. We have thus used the H ST imaging to obtain photometric redshifts of
each galaxy sub-arcsecond component in order to determine if the source of the NB3420 emis-
sion is truly at z > 2.82, or if it is from a lower-redshift contaminant. Of the sixteen galaxies

with NB3420 detections imaged in UssgVioeJ125 H160, Nine were located near foreground con-
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taminants responsible for the NB3420 emission. Two objects had incorrect redshifts assigned
to them, and thus the NB3420 emission was also from a low-redshift galaxy. Four objects,
all LAEs without spectroscopic confirmation, exhibited ambiguous SED shapes consistent
with both z ~ 2.85 galaxies and foreground contaminants. Lack of spectroscopic redshifts
for these objects, combined with their ambiguous SED shapes, makes it impossible to verify
their NB3420 detections as true LyC emission. In the end, only one robust candidate for

LyC emission remained: the LBG, MD5.

MD5 has a spectroscopic redshift of z = 3.14, measured from LRIS and MOSFIRE
spectra containing Ly« and [OIII] emission lines, along with multiple coincident interstellar
absorption features, blueshifted with respect to the systematic redshift and indicative of
an outflow (Avrg ~ 280 km s™1). These spectra show no spurious emission or absorption
features indicating a foreground contaminant. MDb5 breaks into two clumps (MDb5a and
MD5b), which may either be two components of the same galaxy or two separate galaxies
in the process of merging. MD5b is associated with the NB3420 detection. The best-fit
stellar population synthesis model to MD5b indicates that while values for its stellar mass
and reddening are typical of LBGs, it has a young stellar population (<50 Myr) and a high
SFR (20 Mg yr~') for such a low-mass object (5 x 108 Mg). This age places MD5b in
the youngest 10% of the HST sample, and in the youngest third of typical LBGs. While
MD5b is young compared to the full sample regardless of the fitting methods, we caution
that the exact value for the best-fit age depends significantly on the dust attenuation curve

and star-formation history assumed.

The LyC emission properties of MD5b are consistent with predictions of the intrinsic
flux-density ratio for galaxies of 10—50 Myr from stellar population synthesis models (Nestor
et al., 2013). Its observed flux-density ratio of (Fyv/Fryc)ors = 4.0 £ 2.0 is also compatible
with some IGM absorption, depending on the details of the SPS model. With the assumption

of no IGM absorption, the observed flux-density ratio results in lower limits to a relative

MD5b
esc,rel

We also note that the emission in the Ussg filter at the location of MDb5b, which probes

= 75%438% and an absolute escape fraction of fMP%0 — 14%+7%.

escape fraction of esc,abs

LyC emission at z = 3.14, shows no spatial offset from the Vjps emission, supporting the
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interpretation that the ionizing photons are escaping either isotropically, or through a hole

in the ISM directly along our line of sight.

MD5b stands out as one of the youngest galaxies in our HST-imaged sample. The best-
fit model to MD5b had the youngest age available (50 Myr), and the best-fit becomes even
younger (10 Myr) without the minimum age requirement. While there are an additional
two LBGs and five LAEs in our sample with ages <100 Myr, none of these galaxies exhibit
NB3420 detections. The two young LBGs exhibit increased dust extinction (E(B—V) ~ 0.4),
which may be the reason we do not detect the LyC photons. The young LAEs have less
dust extinction (E(B — V) ~ 0.2), but have very faint UV continuum magnitudes (median
meos = 27.7). If the young LAEs have the same ratio of non-ionizing to ionizing radiation as
MDb5b, then their median LyC magnitude would be mp,c = 29.20, well below the detection
limit of the NB3420 filter used for LyC imaging (27.3 mag).

After eliminating foreground contaminants from our sample, we obtained a revised es-
timate for the comoving specific ionizing emissivity (er,c) at z = 2.85. We calculated the
emissivity associated with LBGs and LAEs separately, and combined these values using two
different models, described in Section 3.7.4. If we consider MD5 as the only galaxy with a
LyC detection, we obtain er,c = (2.4 4+ 1.6) x 10%* ergs s™! Hz~! Mpc™2 for the luminosity-
dependent model and €,c = (2.342.6) x 10%* ergs s™* Hz~* Mpc ™2 for the LAE-dependent
model. If we also add in as true LyC detections the only two galaxies (D24 and lae680)
for which we were unable to obtain sufficient HST data to evaluate contamination, we ob-
tain er,c = (3.0 £3.9) x 10%* ergs s™* Hz~' Mpc™ for the luminosity-dependent model
and er,c = (3.6 £3.1) x 10** ergs s™* Hz~! Mpc™? for the LAE-dependent model. These
revised values of ez, are much lower than those computed in M13, and much more com-
patible with the total ionizing emissivity at z = 2.85 (er,c = (5.6 £ 1.6) x 10** ergs s™*
Hz=! Mpc™3; M13). Within the large photometric uncertainties, and uncertainties due to
the small dynamic range in which we can probe LyC emission, our data indicate that star-
forming galaxies provide roughly the same contribution as QSOs to the ionizing background
at this redshift.

Overall, the rate of foreground contamination for apparent LyC leakers in our z ~ 2.85
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sample was very high. While the single detection in the LBG sample is consistent with con-
tamination expectations from M13, the contamination rate in the LAE sample was higher
than predicted by our simulations. With this work we have shown that ground-based LyC
imaging studies are insufficient for obtaining a full understanding of LyC emission from
star-forming galaxies because they are so heavily contaminated by foreground objects. In
order to eliminate cases of foreground contamination, it is essential to obtain high-resolution
observations of putative LyC-emitters to confirm the redshifts (either photometrically or
spectroscopically) of all substructure associated with the galaxy. To date, all such observa-
tions have shown that candidate LyC-emitters from ground-based studies with anomalously
high ratios of ionizing to non-ionizing radiation, both within our sample and in the literature,

have proven to be from foreground contaminants.

Future progress in understanding the physical properties of LyC-emitters and the role of
star-forming galaxies in reionization is contingent upon two factors. First, observations of
sufficient depth to probe ionizing radiation in galaxies at the faint end of the luminosity func-
tion must be obtained efficiently for a large sample of galaxies. Second, these observations
must be obtained at high spatial resolution, and with redshift information for each galaxy
component. With such observations, it will be possible to distinguish between emission from
foreground contaminants and genuine high-redshift LyC emitters, learn more about LyC
photon escape by studying the multiwavelength properties of LyC emitters, and place more

stringent constraints on the contribution of star-forming galaxies to the ionizing background.
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3.9 APPENDIX A: Objects Without Full HS5T Coverage

Here we present postage stamp images of galaxies with NB3420 detections, but for which
imaging was not available in all four HST filters (see Figure 3.16). While insufficient pho-
tometric data prevents us from fitting SEDs and determining photometric redshifts, we
attempted to examine the morphologies of these objects in the Vg6 image, when available,
to find objects with simple morphology where the possibility of contamination is low. How-
ever, none of the objects shown in Figure 3.16 have simple, compact morphologies in Vjpg.
All objects either break into individual sub-arcsecond components or show extended diffuse
emission. As both clumpy z ~ 3 galaxies and foreground contaminants may be responsible
for these multi-component Vyps morphologies, we are unable to draw any conclusions about

the amount of contamination in this galaxy sample.

3.10 APPENDIX B: Objects with Ambiguous SEDs

Here we discuss the interpretation of four SEDs of photometric LAE candidates with NB3420
detections where the SED shape is ambiguous, and there are no spectroscopic redshifts avail-
able to confirm that the objects are indeed at z ~ 2.85. In total, we present three photometric
LAEs from the Appendix of M13 (laef070, lae5200, and lae6510) and one photometric LAE
that was originally in the spectroscopic LAE sample, but for which the HST data showed
that the wrong redshift had been assigned (lae7180). For lae5200, lae6510, and lae7180,
Keck/LRIS spectroscopy with a total exposure time of 5400 seconds was attempted on
clear nights with 0”5—076 seeing, but no redshifts were measured. For laef070, Keck/LRIS
spectroscopy with a total exposure time of 17400 seconds was attempted under suboptimal

conditions (intermittent clouds with seeing of 0”7—1”0 during clear spells), but again, no
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Figure 3.16 5" x 5” postage stamp images of galaxies with NB3420 detections, but for which
imaging was not available in all four HST filters. From left to right, objects are displayed in LRIS
NB3420 (LyC emission), LRIS NB4670—V (indicating Ly« emission), LRIS V' (non-ionizing UV
continuum), and (when available) H ST Ussg (a combination of ~ 80% LyC and ~ 20% non-ionizing
UV) and HST Vgos (non-ionizing UV continuum). For objects with imaging in both HST Ussg
and Vgog, we show a color-composite image of these two bands. Red (blue) circles (170 diameter)
indicate the centroid of the NB3420 emission (Lyc« emission). The redshift of each object is indicated
below the object name, or, if the object is a photometric LAE candidate, the V—NB4670 color
is indicated. Postage stamps follow the conventional orientation, with north up and east to the
left. As there is insufficient photometric data to fit photometric redshifts for these objects and as
none of these objects have simple, compact morphology that would lessen the chance of foreground
contamination, we cannot draw conclusions about the contamination rate of this sample of objects.
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redshift could be measured. The lack of spectroscopic redshifts for these LAE candidates
makes it impossible to confidently claim a LyC detection for any of them. Furthermore, the
shapes of their SEDs are ambiguous. Thus, while we can’t unequivocally confirm any of

these candidates as LyC-emitters, we also cannot rule them out as foreground contaminants.

The most promising LAE photometric candidate is lae4070. LAEs were selected by their
V' —NB4670 colors, as described in M13, and lae/070 has a V—NB4670 color of 0.82, slightly
below the median value of the LAE sample and 0.22 mag above the selection threshold of
V—NB4670>0.6. While laef070 is fairly compact, it still breaks into two clumps separated
by 0724 (lae4070a and laef070b, indicated in Figure 3.17) for which we analyzed separate
SEDs. Both of these clumps are associated with NB3420 emission, and both clumps are
detected individually in Ussg. Lae4070b has the typical SED shape of a foreground contam-
inant. Lae4070a, however, has an SED shape that could not be well described by any of
the stellar population models we used with EAZY. The feature that most strongly indicates
a redshift of z ~ 2.85 for laej070a is the large break between Ji95 and Higy, combined
with a flat Vo — J1o5 color. In Figure 3.8, lae4070a has colors that place it in the same
region of color-color space as typical LAEs and LBGs at z ~ 2.85 (Jio5 — Higo = 0.55,
Veos — J125 = 0.18). The emission in the Ussg filter is anomalously high compared to any
model that provides a good fit Viog, J125, and Higg. While some of this emission may be
contamination from nearby lae4070b, there is definitely emission in the Usgq filter at the
location of lae4070a, which was not the case for any of the LAEs or LBGs without NB3420
detections. If laef070a is truly at z ~ 2.85, then it is a LyC emitter. However, in this
case, measuring the ratio of ionizing to non-ionizing flux for lae4070a in our NB3420 image
is impossible. The foreground galaxy lae40700 is located so close along the line of sight to
lae4070a that there is no way to distinguish the NB3420 fluxes of these two objects with the
0”7 seeing in the LRIS NB3420 image. Finally, we note that the foreground contaminant
lae2436a (which spectroscopy proved to be at z = 2.04) has an SED similar in shape to
that of laef070a in Vg, Jio5, and Higp, and this object lies near lae4070a in Figure 3.8
(Ji25 — Hi6o = 0.60, Voo — J125 = 0.06). The fact that degeneracies still exist in this area of

J1o5 — Hygp and Vo — J125 color-color space where the majority of z ~ 2.85 LAEs and LBGs
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lie demonstrates the need for spectroscopic redshifts to resolve cases with ambiguous SEDs.

We now consider the object lae7180, an LAE originally assigned a spectroscopic redshift
of z = 2.930 based on a Keck/LRIS spectrum with a single high signal-to-noise emission
line. The narrowband NB4670 filter used for LAE selection only probes redshifts of 2.80 <
z < 2.88, so the redshift of z = 2.930 was anomalously high for a NB4670-selected LAE
candidate. However, we considered the possibility that a higher-redshift object with very
large Lya equivalent width scattered into the LAE sample, and therefore retained lae7180
for analysis in M13. The HST imaging for this object, however, indicates that there is
another faint galaxy in the vicinity of the z = 2.930 emission line, in addition to lae7180.
Closer examination of the LRIS spectrum with respect to the HST images (see Figure 3.18)
suggests that lae7180 is offset by 1713 from the location of the z = 2.930 emission. With
the HST imaging we were able to identify the true galaxy associated with the emission line,
an object so faint (mgos = 28.85) that it was undetected in the original LRIS imaging. The
SED fit for this new object matches the redshift z = 2.930 identified in the spectrum, and
we conclude that the emission line belongs to this faint, nearby object and not to lae7180.
Now that the z = 2.930 redshift is no longer associated with lae7180, this object can be
reevaluated as a photometric LAE candidate with a NB3420 detection.

Lae7180, lae5200, and lae6510, all exhibit ambiguous SED shapes. Rather than having
SED shapes like that of lae4070, these objects have SED shapes similar to the one described
in Section 3.5.1, which may represent either young, dusty, high-redshift galaxies or fore-
ground contaminants. As shown in Figure 3.9 for a spectroscopically confirmed galaxy with
an ambiguous SED shape, EAZY gives a wide range of possible values for the redshift using
both the PEGASE and SMC-reddened BPASS models. However, as Figure 3.9 also shows,
the resulting redshift probability distributions may differ when using different sets of models.
Thus, without spectroscopic redshifts, it remains unclear for these LAE photometric candi-
dates with ambiguous SED shapes whether they are low-redshift foreground galaxies with
an old stellar population, or high-redshift LAEs with young, dusty stellar populations and
LyC detections. While we cannot absolutely confirm if they are LyC emitters without spec-
troscopic redshifts, the high-resolution HST imaging and SED fits can help narrow down
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Figure 3.17 3”3 x 28 postage stamp images of the photometric LAE candidate lae/070. From left
to right, images displayed include LRIS NB3420 (LyC emission), HST Ussg (a combination of LyC
and non-ionizing UV), HST Vs (non-ionizing UV continuum), HST Jy25 (optical, bluewards of
the Balmer break), and HST Higp (optical, redwards of the Balmer break). In the high resolution
Usse and Vioe images, lae/070 breaks into two components (a and b, separated by 0724; labeled on
the Vgos image). The photometry and EAZY SED fits for these two components are plotted below
the images. In the left-most panel, the redshift is allowed to float during SED fitting, while in the
middle panel the redshift is fixed to z = 2.85, the redshift corresponding to that of the redshift
spike in the HS1549 field. The right-most panel shows the redshift probability distribution. Colors
and symbols are as in Figure 3.6. The main qualitative difference between the SEDs of laef070a
and laef070b is the magnitude in Ji95. In the case of laef070b, the resulting SED has the typical
shape of a contaminant. However, in the case of lae4070a, the resulting SED cannot be well-fit by
model spectra at any redshift. As discussed in Section 3.5.3.2, it is thus possible that this is a case
of a LyC-emitting LAE (lae4070a) projected very close to a foreground contaminant (lae4070b).
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—r Nearby galaxy
. atz=2.930

Figure 3.18 HST Vo imaging of lae7180, along with the corresponding Keck/LRIS spectrum.
Thick red lines in the HST Vg image indicate the location of the 172 slit, and the LRIS 2D
spectrum is aligned to match in the orientation and spatial scale of the imaging. As explained
in Section 3.5.3.2, the z = 2.93 galaxy near to lae7180 was not visible in the lower resolution
LRIS imaging, and thus the bright Ly« emission line in the spectrum was originally assigned to
NB7180. However, analysis of the spatial distribution of the emission along the LRIS slit and
how it corresponds to the HST imaging, along with the resulting SED fits of the sub-arcsecond
components near lae7180, indicates that the neighboring galaxy is associated with the emission line
and no emission line is visible at the location of lae7180 (which is now only a photometric LAE
candidate).
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Figure 3.19 HST Uss6Vis06J125 color-composite imaging (5” x 5”) and SED fits for the three
photometric LAE candidates with the ambiguous SED shape described in Section 3.5.1. In all
cases, the sub-arcsecond component shown is the main component associated with the LAE, and
its position is indicated in the imaging. Results from EAZY are plotted in the three right hand
panels. In the left-most panel, the redshift is allowed to float during SED fitting, while in the
middle panel the redshift is fixed to z = 2.85, the redshift of the spike in the HS1549 field. The
right-most panel shows the redshift probability distribution. Colors and symbols are as in Figure
3.6. Fits to these objects using the PEGASE templates yield slightly different redshift probability
distributions, but they are qualitatively similar in that they span a wide redshift range (0 < z < 4.5)
for all objects.

the possible interpretations for these objects.

Figure 3.19 shows the HST imaging and photometry for the sub-arcsecond component
of each LAE that is associated with the NB3420 emission, along with the EAZY redshift
probability distributions for these components. For each component, EAZY predicts a wide
range of possible redshifts (0 < 2zt < 4.5). Figure 3.19 shows BPASS SED fits to the
photometry both at low and high redshift, and the fact that both redshifts can fit the data
well demonstrates again the difficulties in distinguishing between low and high redshifts for
galaxies with these SED shapes. In all of these cases, the detection of LyC emission depends
on whether or not the LAE photometric candidate is truly at z ~ 2.85 - something that we
cannot confirm for galaxies with ambiguous SED shapes and without spectroscopic redshifts.

Here we consider possible causes for the scenario in which all three of these photomet-
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ric LAE candidates (lae5200, lae6510, and lae7180) were incorrectly identified as LAEs.
Lae6510 and lae7180 have fairly marginal V—NB4670 colors (0.68 and 0.63, respectively)
when compared to the LAE selection threshold of V—NB4670>0.6. These values are in the
lowest 15% of the V' —NB4670 colors for spectroscopically confirmed LAEs in M13, and indi-
cate that these objects are among the weaker LAE candidates and may have scattered into
the LAE sample through photometric errors. As for lae5200, its V—NB4670 color is 3.21,
an anomalously high value that may be due to contaminating light from a nearby bright
star. Finally, these photometric LAE candidates were chosen for follow-up because of their
NB3420 emission. As our new dataset reveals, true LyC detections in z ~ 3 galaxies are rare.
Therefore, while many of the LAE photometric candidates from M13 may be true LAEs,
singling out objects from the photometric sample with NB3420 detections may result in a

higher-than-average selection of foreground contaminants.

In summary, these four photometric LAE candidates with NB3420 detections all have
ambiguous SED shapes that make it difficult to verify their redshifts photometrically and
confirm their possible LyC detections. One object, lae4 070, has similar Jy95 — H160 and Vgos —
J195 colors to many z ~ 2.85 galaxies in our sample and is the most promising photometric
LAE candidate for true LyC emission. The other three objects (lae5200, lae6510, and
lae7180) display the ambiguous SED shape described in Section 3.5.1, which may describe
galaxies at many redshifts. As we cannot unambiguously determine whether or not the four
photometric LAE candidates discussed in this section are truly at z ~ 2.85, we adopt a
conservative approach and do not count the NB3420 detections for these objects as secure

signatures of leaking LyC radiation.
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CHAPTER 4

Concluding Thoughts

When 1 first started my thesis work in early 2010, the very first detections of directly-
imaged LyC emission in high-redshift galaxies were being published (Iwata et al., 2009;
Nestor et al., 2011). The large number of putative LyC detections in galaxies at z ~ 3,
with their apparently extreme Fiy /Fp,c ratios, was quite intriguing — especially compared
with the lack of confirmed LyC detections in galaxies at z < 2, at the time. Over the past
5 years, the number of low-redshift LyC detections has slowly crept up, and the number of
high-redshift LyC detections has dramatically decreased, as new data have ruled out many
candidate LyC-emitting galaxies because of foreground contamination. The most recent work
in this field — including the work in this thesis, and that of Siana et al. (2015) and Vanzella
et al. (2015) — also indicates that the apparently extreme Fyyy /F, ¢ ratios observed in the
first high-redshift LyC imaging studies were due to foreground contaminants as well. What
began as a fairly simple project to directly image LyC emission through a single narrowband
filter, seemed to generate more new questions than it answered. As questions about the
prevalence of foreground contaminants and complex galaxy morphologies began to demand
more data, and the apparently extreme Fyy /Fp,c ratios required the consideration of new
stellar population synthesis models, this project took new and unexpected turns, eventually

growing into a full Ph.D. thesis.

It has been very exciting for me to undertake my thesis work in a field that is so young,
and so full of opportunities for new discoveries and potential paradigm shifts. T hope that
future work in this field can overcome the difficulties faced in current observations, and that
this new data will lead to a more complete understanding of how LyC photons escape galaxies

and uncover the true contribution of star-forming galaxies to the ionizing background.
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