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ABSTRACT

We present UsseVeosJ125 H160 follow-up H.ST observations of 16 z ~ 3 candidate LyC emitters in
the HS1549+1919 field. With these data, we obtain high spatial-resolution photometric redshifts of all
sub-arcsecond components of the LyC candidates in order to eliminate foreground contamination and
identify robust candidates for leaking LyC emission. Of the 16 candidates, we find one object with a
robust LyC detection that is not due to foreground contamination. This object (MD5) resolves into
two components; we refer to the LyC-emitting component as MD5b. MD5b has an observed 1500A
to 900A flux-density ratio of (Fuv/Fryc)ops = 4.0 £ 2.0, compatible with predictions from stellar
population synthesis models. Assuming minimal IGM absorption, this ratio corresponds to a relative
(absolute) escape fraction of fMP3 — 75 — 100% (fMDP3% = 14 — 19%). The stellar population

esc,rel T esc,abs
fit to MD5b indicates an age of < 50Myr, which is in the youngest 10% of the HST sample and
the youngest third of typical z ~ 3 Lyman break galaxies, and may be a contributing factor to its
LyC detection. We obtain a revised, 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. Our results show that
foreground contamination 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 of foreground contaminants through high spatial-resolution observations, and
upon acquisition of sufficiently deep LyC imaging to probe ionizing radiation in high-redshift galaxies.
Subject headings: galaxies: high-redshift — intergalactic medium — cosmology: observations — diffuse

radiation

1. INTRODUCTION

The sources responsible for cosmic reionization are
still not well understood. Evidence that quasars
(QSOs) cannot be solely responsible for reionization
F%nﬁangﬁ et all,[2012;|Glikman et all,[2011;|Siana. et all,

) has prompted many searches for ionizing Ly-
man continuum (LyC) emission from star-forming galax-
ies. While the IGM at z 2 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. Al-
though IGM transmission is highest in the local uni-
verse, studies at z < 2 (e.g., |Grimes et all, 2007,
DDQQ;IQLMM_&U 2009; Bridge et al.,2010; Siana et. all,
2007, 2010) have yielded very few detections of LyC
emission, with only three objects identified to date

Leitet et all, 2011, 2013; Borthakur et all, 2014). At
redshift z ~ 3 — 4, the search for LyC-emitting galax-
ies has appeared to be more fruitful. However, even
though the examination of hundreds of galaxies (in
works such as ISteidel et al!, [2001; [Shapley et all, [2006;
Iwata et all, 2009; Nestor et all, 2013; Mostardi et all,
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2013; [Siana et all, 2015; Vanzella et all, 2010b, 2012,
2015) has yielded many promising LyC-emitting can-
didates, there exist only two robust detections
(Vanzella et all, 2012, 2015).

Amassing large samples of LyC detections in high-
redshift star-forming galaxies has been difficult for sev-
eral reasons. First, large parent samples of high-redshift
galaxies must be identified and confirmed spectroscopi-
cally, requiring extensive galaxy surveys (often ground-
based) and time-consuming spectroscopic follow-up. Sec-
ond, it is necessary to probe flux in the LyC spectral
region for these galaxies, either with deep spectroscopy,
also very time-intensive, or through narrowband imag-
ing 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 poten-
tial 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 identify-
ing potential LyC-emitting galaxies is narrowband LyC
imaging of galaxy protoclusters. Large ground-based sur-
veys of UV-selected star-forming galaxies at z ~ 2 — 3
(Steidel et all, 12003, 12004, 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
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large samples of galaxies at the same redshift is to per-
form deep imaging through a narrowband filter tuned
to the LyC spectral region at the protocluster red-
shift (e.g., Iwata et all, 2009; INestor et all, 2011, 2013;
Mostardi et all, 2013).

Initially, these protocluster studies were entirely based
upon ground-based data with seeing FWHMs of 077 —
1”70, and thus suffered from the possibility of fore-
ground contamination. [Vanzella et all (2010a) demon-
strated that statistical simulations modeling the distri-
bution of foreground galaxies result in high rates of
foreground contamination for high-redshift objects in
ground-based studies. While simulations can account for
contamination statistically in LyC-emitting samples (as
in Nestor et all, [2011; [Mostardi et all, [2013), contami-
nants 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 interstel-
lar medium (ISM), and to identify additional features of
LyC-emitting galaxies that may enable their identifica-
tion 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 multiple compact clumps and/or dif-
fuse emission (e.g., ILaw et all, |2007). Contamination
can only be firmly ruled out if the redshifts of indi-
vidual 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 sur-
vey of the z = 3.1 SSA22a protocluster (Nestor et all,
2011, 2013), |Siana et al! (2015) obtained near-IR spec-
troscopy with Keck/NIRSPEC to measure the spectro-
scopic 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 con-
firmed as LyC-emitters. For galaxies at slightly higher
redshifts (z ~ 3.7), Vanzella et all (2012) used pho-
tometric redshifts obtained through the high-resolution
imaging in the CANDELS survey (Grogin et all, [2011;
Koekemoer et all, 2011) to analyze the sub-arcsecond
clumps of 19 candidate LyC-emitters, finding 18 contam-
inants and one bona-fide LyC emitter. These two studies
have shown that both methods — high-resolution spec-
troscopy and photometric redshifts — are effective ways
to locate foreground contaminants.

In [Mostardi et all (2013) (hereafter M13), we per-
formed a narrowband LyC imaging survey of a galaxy
protocluster in the HS1549+1919 field (Steidel et all,
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 overden-
sity of dgar ~ 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 Ly« at the redshift spike
has revealed ~300 potential Lya Emitters (LAEs) and
several Lya “blobs” (Steidel et all, 2000, 12011). In M13,
we used a narrowband filter (NB3420) tuned to wave-
lengths just below the Lyman limit at z > 2.82, thus
observing the LyC spectral region for hundreds of Ly-
man break galaxies (LBGs) and LAEs at z > 2.82, in-
cluding 49 LBGs and 91 LAEs with spectroscopic con-
firmation. We identified putative LyC emitters in the
NB3420 imaging, and also performed a stacking analysis
of objects undetected in the NB3420 filter (measuring no
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 detec-
tions 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 pri-
mary goal is to address the question of foreground con-
tamination in the M13 LyC-emitter sample. Ideally, as
in/Siana et all (2015), we would obtain spatially-resolved
spectroscopy in the vicinity of each putative LyC detec-
tion, with resolution of < 0”5, in order to measure the
redshifts of all components. However, ground-based op-
tical 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, [OITT]A5007, HS3, and [OII]A3727) are
lost either in the thermal background or gaps in atmo-
spheric transmission. Therefore, we have identified 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 pop-
ulations, 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 frac-
tions of ionizing photons have different intrinsic prop-
erties from those of galaxies without detectable leaking
ionizing radiation, and may provide insight into star for-
mation and the structure of the ISM in high-redshift
galaxies.

In addition to presenting high-resolution, multiwave-
length follow-up HST 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 fol-
lows. Section [2] describes our methodology, while the
galaxy sample and HST observations are presented in
SectionBl In Section@lwe describe the techniques used to
reduce the HST imaging data and perform photometry
on the sub-arcsecond components of each galaxy. Section
contains a discussion of our methods of fitting photo-
metric redshifts to the data, as well as an analysis of each
candidate LyC emitter and any sources of foreground
contamination. In Section [6] we analyze the properties
of our best candidate for true LyC emission (MD5) with
respect to the larger population of star-forming galax-
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Figure 1. Usss, Vsos, Ji25, and Hieo 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 & Charlotl (2003), reddened to E(B—V)
= 0.15 with thelCalzetti et all (2000) attenuation curve. The
Usse filter probes the LyC spectral region, but with some
contamination (~ 20%) redwards of the Lyman limit. The
Visoe filter probes the rest-frame non-ionizing UV continuum,
and the Ji25 and Higp 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 galax-
ies within our LAE and LBG samples. These photometric
redshifts enable us to determine whether the NB3420 detec-
tions associated with these galaxies are true LyC emission, or
contamination from foreground galaxies.

ies. In Section [, we consider the broader implications of
these results, and the prospects for future direct searches
for LyC radiation at high redshift. We summarize our
results in Section Throughout the paper we employ
the AB magnitude system and assume a cosmology with
Qn =03, Qy = 0.7, and Hy = 70 km s~! Mpc~!. At
z = 2.85, 1" corresponds to 7.8 proper kpc.

2. METHODOLOGY

To evaluate the amount of foreground contamina-
tion in M13 using photometric redshifts, we selected
four HST filters (WFC3/UVIS Ussg, ACS/WFC Vgos,
and WFC3/IR Jia5 and Hygp) designed to probe the
strengths of the Lyman and Balmer breaks at z ~
2.85. Figure [0 shows the locations of the Ussg,
Veos, J125, and Hiygo filters superimposed over a model
Bruzual & Charlot (2003) galaxy spectrum redshifted to
z = 2.85. The choice of Ji25 and Higg filters is particu-
larly powerful for this test, due to the observed wave-
length of the Balmer break at z = 2.85 (Aops,5B =
1.4pm). This wavelength corresponds exactly to the red
cut-off of Jy125 and the blue cut-off of H1g9. Therefore, the
J125 — Hieo color is very sensitive to the presence of the
Balmer break, and provides information about the age
of the stellar population. Additionally, the Vo — Ji25
color probes the rest-frame UV slope at z ~ 2.85, provid-
ing information about the stellar populations and dust
extinction. At z < 2, where most of the contaminants
found by [Vanzella et all (2012) are located, the Ji25 fil-
ter falls entirely on the red side of the Balmer break,
and therefore, extremely flat Jyo5 — Higo colors are ex-
pected, with the Balmer break falling instead between
Vsoe and Jiz5. 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 — Vo 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 Ussg VeosJ125 H1i6o 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 es-
timating 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 Ly-
man break as expected from normal z = 2.85 galaxies.
We keep this caveat in mind during our subsequent anal-
ysis, with the understanding that the Ussg — Vgog color
may not be accurately represented by the models. Sec-
ond, young galaxies (< 20 Myr) may not have a signif-
icant Balmer break. The combination of these two sce-
narios may result in a young, high-redshift, LyC emitter
with a relatively featureless spectrum, making it difficult
to distinguish such galaxies from low-redshift contami-
nants. In our photometric redshift analysis, we highlight
cases of galaxies with ambiguous SED shapes and the
possible stellar populations these SEDs may indicate.

3. SAMPLE AND OBSERVATIONS

The HS1549 galaxy sample discussed in M13 consists of
49 LBGs and 91 LAEs, all spectroscopically 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 (~ 1500A) 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 confirma-
tion) in the HS1549 field whose magnitudes in the nar-
rowband filter used to select LAEs (NB4670) are in the
same range as those of the spectroscopically-confirmed
LAE{]. While these objects are not included in the anal-
ysis of M 13 because the lack of spectroscopic redshifts in-
creases the possibility of contamination, 10 of them are
reported to have NB3420 detections.

Finally, in M13 we present 8 spectroscopically con-
firmed LAEs with NB3420 detections that are either
fainter than the magnitude limit of the main LAE sam-
ple (mae70 > 26; 5 objects) or were selected by their
G—NB4670 color rather than V—NB4670 (3 objects).

6 One of the objects in both the LAE and LBG samples is the
putative LyC-emitter MD12/lae8540, which is discussed in detail
in M13. In this work, we refer to this object simply as MD12.

7 All LAEs within the spectroscopic LAE sample of M13 had
mae70 < 26. Thus, the photometric LAE sample of M13 was de-
fined to be any additional LAEs with m4e70 < 26 that did not have
spectroscopic confirmation.
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Figure 2.

Footprints of HST pointings superimposed on the 5 x 7 LRIS NB3420 (LyC) image. Blue squares indicate the

footprint of Usse, green squares indicate the footprint of Vsos, and red squares indicate the footprints of Ji25 and Higo. Cyan
and yellow circles indicate the positions of LBGs and LAEs with NB3420 detections that lie within the footprints of the HST

images. The naming scheme for LBGs is presented in [Steidel et all (2003).

Table 1
Description of Samples

Sample? Niot”  NNB3azo [Novanl®  NRBsuoo [Novawm]?
LBGs (with zspec) 49 5 [4] 44 [12]
LAEs (with Zzspec) 82° 7 [6] 75 [18]
LAEs (without zspec) 33 10 [4] 23 [7]
Faint LAEs (with zspec) — 8 [2] —
GNBs (with zspec) — 3 [0] —

2 The samples described in M13.

b The 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 Ussg Vo6 J125 H160 imaging.
d The number of galaxies without NB3420 detections. In brackets, we indicate the
number of these galaxies for which we have obtained UssgVso6J125 H160 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).

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 mg4g79 > 26 or LAEs
selected by their G—NB4670 color.

In the follow-up observations presented in this work,
we considered all objects with NB3420 detections pre-
sented 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 HST instruments employed for

these observations (ACS/WFC: 3'5x3'5; WFC3/UVIS:
29%2.7; WFC3/IR: 2'3x2'1) are much smaller than the
Keck/LRIS field of view (5'x7’), we were unable to ac-
quire imaging for all of the potential LyC-emitters. How-
ever, with two separate HST pointings in each of the
4 filters (see Figure 2)), we obtained UssgViosJ125H160
photometry for all but two of the spectroscopically con-
firmed galaxies in the main sample: 4/5 LBGs and 6/7
LAEs. We also obtained UssgVsosJ125H160 photometry
for 4/10 photometric LAE candidates, and 2/6 of spec-
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Table 2
HST Imaging Observations

Filter )\(Xf PSF FWHM Depth® Exposure Pixel ScaleP PixfracP
(A) (') (mag) (s) (" /pixel)

Usse 3355 0.081 29.20 14176 0.025 0.7

Veoe 5921 0.092 30.22 11848 0.03 0.7

Ji2s 12486 0.178 28.93 7835 0.075 0.7

Hieo 15369 0.186 28.63 7835 0.075 0.7

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

b The AstroDrizzle parameters for pixel scale (pixscale) and pixfrac listed here
represent the parameters used to attain optimal resolution.
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Figure 3. 5" x 5" postage stamp images of spectroscopically-confirmed LBGs with NB3420 detections 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 Vesos (non-ionizing UV continuum), HST Ji2s (optical, bluewards of the Balmer break),
and HST Hieo (optical, redwards of the Balmer break). The penultimate column shows a color-composite image of HST
Usse (blue), Veos (green), and Jizs (red). The final column shows SExtractor segmentation maps of the pixels used for the
photometry of each labeled galaxy component; the arbitrary color scale indicates component edges when two components are
adjacent. Only pixel maps for the labeled objects are shown. Red circles (1”0 diameter) indicate the centroid of the NB3420
emission, and blue circles indicate the centroid of the Lya emission for MD12. Photometry was performed individually on
sub-arcsecond components associated with each LBG, and all components are labeled in the Vios image. Postage stamps follow
the conventional orientation, with north up and east to the left.

troscopically confirmed LAEs with myg7g > 26, total-
ing 16 galaxies with NB3420 detections covered in all
four filters. Eight additional objects with NB3420 de-
tections are covered by at least one HST filter (usually
Veos, which has the largest field of view), and may be
examined morphologically, although it is not possible to
obtain photometric redshifts for galaxies without imag-
ing in all four filters. These objects are presented in
Appendix B. In addition to the 16 galaxies with NB3420
detections, we acquired UsseVsosJ125H160 imaging for 30
spectroscopically confirmed galaxies at z > 2.82 without
NB3420 detections (12 LBGs and 18 LAESs), 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 LAES) were par-
tially covered by our suite of HST imaging. Table [
summarizes the HST coverage of the samples.

In total, we obtained 5 orbits for each of the
WFC3/UVIS Ussg and ACS/WFC Vg0 pointings and
3 orbits for each of the WFC3/IR Ji25 and Hygo point-
ings as part of HST Program ID 12959 (PI: A. Shap-
ley) between 2012 December and 2013 August. Table
lists details of the observations. Individual exposures
were half-orbit (~1400 seconds) for Ussg and quarter-
orbit (~600 seconds) for Vgoe, J125, and Higo, and total
exposure times per pointing were 14 ks (Ussg), 12 ks
(Vsos), and 8 ks (Ji25 & Higp). We used a combination
of the WFC3/UVIS DITHER-BOX and DITHER-LINE
patterns for Ussg, the ACS/WFC DITHER-BOX pat-
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Figure 4. 5" x 5" postage stamp images of spectroscoplcally—conﬁrmed LAEs with NB3420 detections 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 Vsos
(non-ionizing UV continuum), HST Ji2s (optical, bluewards of the Balmer break), and HST Hieo (optical, redwards of the
Balmer break). The penultimate column shows a color-composite image of HST Usse (blue), Veos (green), and Jizs (red). The
final column shows SExtractor segmentation maps of the pixels used for the photometry of each labeled galaxy component; the
arbitrary color scale indicates component edges when two components are adjacent. Only pixel maps for the labeled objects
are shown. Red (blue) circles (170 diameter) indicate the centroid of the NB3420 emission (Lyc emission). Photometry was
performed individually on sub-arcsecond components associated with each LAE, and all components are labeled in the Vioe
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 [5.3)).

tern for Vgos, and the WFC3/IR DITHER-LINE pat- tudes.

tern for Jijos5 and Hijgo. In order to mitigate charge 4. DATA

. REDUCTION AND PHOTOMETRY
transfer efficiency (CTE) losses in our WFC3/UVIS . .
Upsse exposures, we used the “post-flash” capability Data reduction was performed on calibrated, flat-

with FLASH=8 (Biretta & Baggetf, 2013). The final 3¢ fielded, and CTE-corrected (.in the case of WFC3/UVIS
surface-brightness sensitivities and PSF FWHMSs of the and ACS/WFC) images with DrizzlePac (Fruchter,
Usse, Veos, J125, and Higo images are, respectively, 24.53, 2010; Koekpmoer et all; 2003). .Tl.le task Tl{)e.akReg was
25.71, 25.79, and 25.56 mag arcsec™2 and 07081, 0”092, used to align all exposures within each visit, and the
07178, and 07186. The 30 depths obtained in circular AstroDrizzle pipeline was used to perform sky subtrac-
apertures with a diameter of 1.5 times the PSF FWHM tion, mask cosmic rays and bad pixels, and combine the

are, respectively, 29.20, 30.22, 28.93, and 28.63 magni- exposures in the final, drizzled image. Final images were
drizzled onto two scales: one optimized for the high-
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Figure 5. 5" x5" postage stamp images of LAE photometric candidates (no spectroscopic confirmation) with NB3420 detections
and imaging in all four HST filters. Objects are displayed and labeled as in Figure [4l

est resolution in each filter (for analysis of galaxy mor-
phologies), and one where the pixel scale was consistent
across all filters (for matched-aperture photometric anal-
ysis). For the images drizzled to optimum resolution,
the AstroDrizzle parameters pixscale and pixfrac are
indicated in Table For the images used in photo-
metric analysis, all filters were drizzled to a pixel scale
of 0.03 " /pixel, using a pixfrac value of 0.7 for Ussg
and 0.8 for Vgog, J125, and Higp. 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 TweakReg and
Tweak Back, achieving alignment between the Viog, J125,
and Higo filters with an rms of 07003 — 07006, and be-
tween Vgog and Ussg 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 TweakReg, residual astrometric
distortions between the LRIS and H ST images were cor-
rected to a precision of 0709 (less than half the size of an
LRIS pixel) using the IRAF task CCMAP. Figures Bl —
display postage stamp images of the 16 galaxies with
NB3420 detections and UssgVeosJ125 H160 imaging.

For objects where imaging in all four filters
(U336‘/606J125H160) was available, the widest PSF was
that of Hygp (07186). Accordingly, in order to perform
matched-aperture photometry, we smoothed the higher-
resolution HST images to match the PSF of the Higo
image. When infrared data were unavailable because of
the smaller field of view of the WFC3/IR instrument, the
widest PSF was that of Vgos (07092) and we smoothed
the Usszg 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 all, 2000). These empiri-

cal PSFs were then input into the IRAF routine PSF-
MATCH, which outputs the convolution kernel and the
PSF-matched image. The curves of growth of the stellar
profiles in the Hygo and Vs 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 UssgVeosJ125 H160 coverage, matched-
aperture photometry was performed with SFExtractor
(Bertin & Arnouts, [1996) in dual-image mode, using the
PSF-matched Vgp6 image to detect sources and define
isophotes, and applying these isophotes (which can be
examined using the SExtractor segmentation image) to
the Ussg, J125, and Higo images. Because the Vgog im-
age was already smoothed to the Higp PSF, no filter-
ing was used, and the SFExtractor detection threshold
was set to 4.00. When photometry was extracted for
galaxies without Ji25 and Higp imaging, the unsmoothed
Vsoe image was filtered with a Gaussian kernel of 0=4
pixels before source extraction. As most of the galax-
ies in our z ~ 2.85 sample have clumpy morphologies,
SEzxtractor 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 S Extractor were examined visually in
the segmentation 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 in-
stances in which substructure was not visible in the Vggg
image; in these cases, the relevant isophotes were defined
in the Ussg or Jis5 images where the substructure was
visible. The final SExtractor segmentation maps used
for photometry are displayed in the right-most column of
Figures[3 — Bl The background subtraction algorithm in
SExtractor was set to LOCAL, which defines a square sky
annulus around the object in question. However, in cases
where multiple adjacent galaxy clumps were deblended,
the annulus defined by SEztractor was often contami-
nated by nearby sources to the extent that the resulting
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background estimation was biased. In such cases, we cre-
ated our own uncontaminated sky 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 ob-
jects in the PSF-matched images, we followed the meth-
ods of [Forster Schreiber et all (2006) and computed pho-
tometric errors as a function of isophotal aperture size.
First, we identified 1000 blank regions that avoided ob-
jects and image edges in each of the PSF-matched Ussg,
Visoe, J125, and Higp images used for isophotal photom-
etry. We then performed photometry on these blank re-
gions with circular apertures of various sizes correspond-
ing 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 all (2006). From this analysis,
we estimated 3o limiting magnitudes in apertures with
a diameter of 1.5 times the PSF FWHM for each of the
unsmoothed U336, ‘/6063 J125, and H160 images, and list
them in Table[2l Photometric data for individual objects
are listed in Table 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 UssgVsosJ125 H160 imag-
ing, 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 all (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 im-
ages 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 subcompo-
nents 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 con-
taminants, and present the range of properties exhib-
ited by galaxies in our sample. Next, we explain our
procedures for fitting photometric redshifts with EAZY
(Brammer et all, 2008) to the objects in our HST sam-
ple with imaging in all four of the Ussg, Vio6, J125, and
Higo filters. 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.

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
Figure[6l shows Ussg Vo6 J125H160 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. Further-
more, 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 galaxies
without LyC detections. It must be kept in mind, how-
ever 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 all, 12014). While the galax-
ies in the LyC non-detection sample all exhibit a non-
detection in Ussg, there was a large range of Vo6 — J125
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 [1]).
In the LBG sample, the Vg6 — J125 color ranged from
—0.32 < ‘/606 - J125 < 1.03 (median Vgog - J125 = 024),
with most galaxies displaying red rest-frame UV slopes.
In contrast, the LAE sample had —0.66 < Viog — J125 <
1.7 (median Vo6 — J125 = —0.02), with most galaxies dis-
playing blue rest-frame UV slopes. While on average the
LAEs had bluer UV slopes than the LBGs, the LAE sam-
ple also contained the galaxy with the reddest Vo6 — J125
color (lae1843, zspec = 2.847, which contains clumps with
Veos—J125 = 0.95 and Vo —J125 = 1.7). The Jia5—Hieo
colors of galaxies ranged from 0.20 < Jyo5 — Higp < 1.19
(mean Jy25 —Hi60 = 0.53), and did not differ significantly
between the LBG and LAE samples (see the lower panel
of Figure [T)).

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 ). We found that the main features
that help identify a low-redshift interloper are the pres-
ence of flat Uszs — Vsos and Ji25 — Higo colors, especially
when accompanied by a large break between Vgps and
Ji25 (see Figure B). For contaminants, the break be-
tween Vgog and Jyo5 corresponds to a Balmer break or
4000A break between 0.5 < z < 2.2, and has typical val-
ues of 0.3 < Vo6 — J125 < 1.2. The only complication,
however, is that young, dusty galaxies may also present
nearly flat Jyjo5 — Higp colors with red Viog — Ji25 col-
ors. If Uszg — Vios is flat (i.e., no Lyman break), then
galaxies with flat Ji25 — Higo colors and red Vo — J125
colors can easily be identified as low-redshift contami-
nants. However, if Ussg — Vo6 > 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[@ 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 — Vo 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 all,
2013; ISteidel et all, 2014). We keep this caveat in mind
in Section B3] when discussing our targets with NB3420
detections. Figure [ demonstrates the relationships be-
tween Uszg — Vios, Veos — J125, and Jia5 — Higo colors
for galaxies at z ~ 2.85, galaxies with ambiguous SED
shapes, and foreground contaminants. In the Vg6 — J125,
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Table 3
LBG and LAE Photometry.

ID* R.AP Dec.P Uss6® Veo6© J125°¢ Hi60° Zspec? Zphot Zphot  SED Type®
PEGASE BPASS
lac1670a 15:51:45.176  19:10:15.261 > 28.69  29.39752%  28.247039 > 28.64 — 1.19 1.67 c
lae1670b 15:51:45.110  19:10:15.225 > 28.11 28257019 > 28.53 > 2818  2.846 2.28 1.82 r
lae2292a 15:51:47.633  19:10:00.319  >29.01  29.14701% 28977032 28.65703%  2.851 1.61 1.44 r
1ae2292b 15:51:47.626  19:10:01.034 27.317530 27737000 26717007 26.7670 1,  — 1.15 1.17 c
lae2436a 15:52:03.209  19:12:51.261 27.337532  26.98700%  26.927005  26.327005  2.04f 2.29 2.33 c
lae2436b 15:52:03.239  19:12:52.296 26.137529  25.16700) 24.467003  24.33700%  0.44f 0.42 1.65 c
lae2966a 15:51:50.037  19:10:42.064  >27.54  26.827007 26231007 26201000 — 1.09 1.42 c
1ae2966b 15:51:49.975  19:10:41.263  >27.14  26.297000  26.111009 25741007 2.841 3.03 2.90 r
lae3038a 15:51:50.131  19:09:02.336 > 27.47  28.027020 26171007 26.08150%  — 1.18 3.10 a
1ae3038b 15:51:50.077  19:09:02.483 27.937535  28.2070-15  27.03T005 27.087015  — 1.20 1.21 c
lac4070a 15:51:54.072  19:10:26.789  28.247531  28.48T01% 28307093 27757012 — 1.25 1.21 a
lac4070b 15:51:54.061  19:10:26.731 27.387525 27517010 26.857005  26.817015  — 1.24 1.23 c
lae5200a 15:52:01.125  19:11:25.487 28.877530 30.20703% > 29.74 > 29.34 — 1.10 0.99 c
1ae5200b 15:52:01.097  19:11:25.994  >27.73  27.907077 26.691007 26501509  — 1.23 1.51 a
lae5200c 15:52:01.111  19:11:26.206 > 27.84 2793709 27.05%007 2743158 — 1.11 1.52 c
lac6510a 15:52:07.004  19:12:02.999 > 28.68  29.25752% 20.2670-2% > 28.90 — 2.03 1.71 c
lac6510b 15:52:06.976  19:12:02.822 > 27.71  27.95701%  27.61701% 27587020 1.31 1.35 c
lae6510c 15:52:06.981  19:12:03.350  >26.81  26.597077 25731000 25581008 — 1.24 1.38 a
lae6662a 15:52:06.369  19:10:42.590 > 27.82  27.311000  27.01100%  26.64700°  2.833 2.82 2.28 r
1ae6662b 15:52:06.350  19:10:42.450  >27.49  26.73%007  26.681000  26.22700%  2.833 2.85 2.80 r
lae6662c 15:52:06.376  19:10:43.706 > 28.55  28.847017 28.631030 28601050 @ — 1.26 1.33 c
lae7180a 15:52:04.669 19:11:42.083  >27.62 27297070 26721008 26671015 — 1.07 1.54 a
lae7180b 15:52:04.631  19:11:42.088 > 28.66  29.197020 28.88103% > 28.89 — 1.75 1.74 —
lae7832a 15:52:02.222  19:10:48.807  >26.88  26.081007 26.08100%  25.62700%  2.829 2.77 2.70 r
1ac7832b 15:52:02.199  19:10:48.379 > 27.91  27.657015 27.68701% 27.37T0 L 2.829 2.68 1.86 r
lae7832c 15:52:02.155  19:10:48.614 25.57759 13 25.167003 24487002 2451700 — 0.72 1.72 c
1ae7890a 15:52:01.957  19:12:42.255 26.617517  26.5270-0° 25737001 25867008  — 0.95 1.38 c
M16a 15:51:53.648  19:09:20.392  >27.05  26.157000 25321007 25197000 2.954 3.92 2.50 r
M16b 15:51:53.619  19:09:30.486  >27.89 284570720 27261013 2721108 — 1.25 1.36 c
MD5a 15:51:45.206  19:11:04.887  >27.21 25871007 25681000 25327000 3.143 3.04 2.88 r
MD5b 15:51:45.226  19:11:05.300 > 27.05¢ 25851007 25571000 25537008 3.143 3.50 1.94 a
MD12a 15:51:51.887  19:10:41.313  >28.70  27.387001 26.92F000 26511000 2.852 3.17 2.88 r
MD12b 15:51:51.915  19:10:41.281 > 27.20  26.677009  26.59T015  26.107077  2.852 2.83 2.56 r
MD12¢ 15:51:51.866  19:10:41.457  >27.15  25.95700% 25641000 25211000 2.852 3.17 2.91 r
MD12d 15:51:51.879  19:10:41.091 > 27.56  26.417002 26317007 25.97100°  2.852 3.00 2.94 r
MD12e 15:51:51.880  19:10:40.126  27.297530  27.2670- 00 26.62700° 26577017 — 1.25 1.25 c
MD12f 15:51:52.028  19:10:40.582  >27.81  27.107007 27.35%077 27257070 2.852 2.93 2.74 r
MD12g 15:51:52.036  19:10:41.535 27.26753%  27.037005  26.507005 26157005 — 1.35 1.26 c
MD12h 15:51:52.035  19:10:40.060 > 28.86  29.11701%  >29.14 > 28.79 — 1.95 1.60 —
MD34a 15:52:06.336  19:12:48.673  >26.70 25497002 25211007 246710 0]  2.852 3.15 2.87 r
MD34b 15:52:06.307 19:12:48.550  >26.83  25.677002 24.84100% 24151002 2.852 3.37 2.66 r
MD34c 15:52:06.334  19:12:48.205  >27.60  26.937007 26.157000 256710 0]  2.852 3.20 2.65 r
MD34d 15:52:06.314  19:12:48.195  >29.54  28.977008 28.061000 27467000 2.852 2.71 2.63 r
MD34e 15:52:06.295 19:12:48.191  >29.34  28.9470 10 2798007 27.381000  2.852 2.76 2.65 r
MD34f 15:52:06.318  19:12:47.708  >27.27  26.9270 00 25.88%000 25451000 2.852 2.12 2.60 r
MD3dg 15:52:06.333  19:12:47.380 > 27.50  27.2570 70 26271000 26231008 — 1.21 1.33 c
MD34h 15:52:06.365 19:12:47.446  >29.43  20.907075 29547039 29321030 2.852 1.73 1.59 a

2 Objects are listed by their IDs from M13. The final letter of the object name indicates the sub-arcsecond component of the galaxy, according
to the labels in Figures [l [ and

b Object centroids calculated from Vgoe.

¢ Isophotal magnitudes and photometric errors as a function of aperture size (see Section H]). Limits are 3c.

d Spectroscopic redshifts listed were obtained via ground-based spectroscopy, and thus in general it is not possible to distinguish between
individual sub-arcsecond components of galaxies within the spectrum. We list spectroscopic redshifts only when the SED fit indicates that the
object is not a foreground contaminant. Spectroscopic redshifts are not listed for the following types of objects: LAEs without spectroscopic
follow-up, contaminants identified via photometric redshifts, and objects where U336 V606 J125 H160 photometric data were insufficient to determine
a photometric redshift.

¢ This column indicates whether the SED of the object implies a real z ~ 2.85 galaxy (r) or a foreground contaminant (c). The letter (a)
indicates an ambiguous SED shape, defined in Section [5.11

f The original Ly redshift associated with lae2436 from M13 was z = 2.832. Subsequent reanalysis of the available spectra near this object
indicates that the z = 2.832 emission was associated with a nearby Lya blob (see Section

g Although MD5b is formally undetected in Ussg at 30, emission at the location of MD5b is Vlslble by eye in the Us3e imaging. This emission
corresponds to a 2.250 detection in Ussg (ms33s = 27.37f8'%), which is consistent within errors of the detection in NB3420 (myps420 =

+0.43
26.8970:33).
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Figure 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 (Voos — Ji25 > 0.1), a flat rest-frame UV slope (—0.1 < Vgos — Ji25 < 0.1), a blue rest-frame UV slope
(Veos — J12s < —0.1). The final row shows a typical example of the SED shape of a foreground contaminant. The left-most
panel displays HST UsssVsosJ125 composite color images, and indicates the sub-arcsecond components associated with each
galaxy. The middle column shows the UsseVsosJ125 Hi6o photometry for the relevant component (black circles with lo 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 for that component, with the solid black curve indicating the probability distribution after a
magnitude-based prior has been applied (see discussion of priors in [Brammer et all, 2008) and the dotted black curve indicating
the probability distribution before applying the prior. Blue vertical lines indicate the best-fit photometric redshift (zphot) and
red lines indicate the observed spectroscopic redshift (zspec). 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 B.I} accordingly, the EAZY
redshift probability distribution does not align with the spectroscopic redshift. For the case of lae2158, the actual LAE is
lae2158a.
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Figure 7. Histograms of Vo6 — J125 and Ji25 — Hieo color for
objects with UsssVsoeJ125 Hi6o 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 Vo6 — Ji25 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 Ji2s — Higo color is in
distinguishing typical z ~ 2.85 galaxies from contaminants,
although there are some exceptions (e.g., objects with am-
biguous SEDs; see open circles in Figure []).

and Jyo5 — Higo plot, z ~ 2.85 galaxies generally occupy
a different region of color-color space from that of fore-
ground contaminants, with the ambiguous cases (differ-
entiated from contaminants by having Usss — Veos > 0)
straddling both distributions.

5.2. Modeling SEDs with EAZY

While the empirical SED shapes suggest qualitative di-
visions 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 all, 2008) to fit the Usss, Vios, J125,
and Higp 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 com-
ponents 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
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Figure 8. Uss¢ — Veos vs.  Jizs — Hiso and Veos —
Ji2s vs. Jizs — Hieo color-color plots of all objects with
UsseVeos J125s Hi6o photometry. LBGs with typical SED
shapes are indicated by solid red circles, and LBGs with am-
biguous 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 in-
dicated 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.

test sample of galaxies should have a low rate of con-
tamination 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 galax-
ies in this sample that exhibited complex morphologies
and evaluate the SED fits for each galaxy clump sepa-
rately. In this way, we developed a procedure for differ-
entiating between clumps that belonged to the spectro-
scopically 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 am-
biguous (see definition in Section [51l) 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 or-
der to determine their optimal values. First, we experi-
mented with fitting our data using different stellar pop-
ulation synthesis models. EAZY defaults to PEGASE
models (Fioc & Rocca-Volmerangs, [1997), which span
a range of star-formation histories, metallicities, ages,
and reddenings using the |Calzetti et all (2000) atten-

uation curve. To the five default PEGASE mod-
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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 [l 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 < 4.5.

els, EAZY adds additional templates representing a
dusty starburst galaxy (described in Brammer et all,
2008) and two templates for old, dusty galaxies (from
EAZY v1.1 lines/ and DUSTY/ in the online develop-
ment version]). EAZY also includes a set of model tem-
plates from [Blanton & Roweis (2007) (BRO7), which are
based on IBruzual & 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
(Veos — J125 < —0.1) and galaxies with SEDs younger
than ~50 Myr (see Figure [l). Therefore, we experi-
mented with additional stellar population models that
might provide a better fit to the bluest and youngest
galaxies in our sample. These included BPASS mod-
els, 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 all, 2014). Ad-
ditional impetus for considering bluer templates is their
increased emission in the LyC spectral region, which may
provide a method of more accurately modeling galax-
ies 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 all (2000)
attenuation curve has been traditionally used to model
extinction in high-redshift star-forming galaxies, but re-
cent work (e.g., [Siana et all, [2009; [Reddy et all, 2006,
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 tem-
plates with each of the BPASS and SB99 models, one
template set reddened exclusively with the Calzetti et al.

8 https://github.com/gbrammer/eazy-photoz/blob/master/

templates/

(2000) attenuation curve, and another reddened with
the|Calzetti et all (2000) attenuation curve for templates
with older galactic ages and the SMC extinction curve
from |Gordon et all (2003) for templates with ages less
than 100 Myr.

Based on the analysis of objects without LyC de-
tections, 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 photometric redshift (e.g., 21, zmd¥, Zpear ),
we investigated each of them while varying the input pa-
rameters to the program and determined that zpcqx pro-
vided the best estimate of the spectroscopic redshift. All
photometric redshifts we quote use the zpeq; estimator.
Of the range of input parameters tested on the sample
of objects without LyC detections, we determined that
the PEGASE models result in photometric redshifts that
most closely match the spectroscopic redshifts. These
models had both the smallest systematic offset and low-
est standard deviation of all the variations of input pa-
rameters we tried, yielding (zphot — Zspec)/(1 + Zspec) =
—0.03 + 0.07. We note that while the PEGASE models
work best for the sample as a whole, the BPASS mod-
els provide the best fits to galaxies with blue rest-frame
UV slopes (Voog — Ji2s < —0.1). Also, as the EAZY

PEGASE models only include 5 templates, they did not

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

10 Redshift marginalized over the posterior probability distribu-
tion.

1 Hybrid between 2z, and zm2 to address the pathological case
where there are two widely-separated peaks in the probability dis-
tribution that have similar integrated probabilities.
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accurately fit galaxies with younger SEDs. Better fits
were achieved for young galaxies by implementing a fine
grid of young BPASS templates, specifically by includ-
ing 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), we employ both the PEGASE models and the SMC-
reddened BPASS models with additional young galaxy
templates in order to fully examine the likely photomet-
ric redshifts for each galaxy. All figures in this paper
displaying output from EAZY show fits using the SMC-
reddened BPASS models, unless otherwise indicated.

5.3. Results of Photometric Redshift Fits for Potential
LyC Emitters

In total, we have observations in all four
U336‘/606J125H160 filters for 16 galaxies with poten—
tial LyC detections. These 16 galaxies include 4 LBGs
and 8 LAEs with spectroscopic confirmation, 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 HST imaging revealed
that the spectroscopic redshift was incorrectly assigned
in M13. This analysis is contingent upon the precise
alignment between the H ST and LRIS NB3420 imaging,
as described in Section [4]

5.3.1. Foreground Contaminants in the LyC Sample

Seven objects with Keck/LRIS spectroscopic redshifts
(2 LBGs: MDI12, M16; 5 LAEs: lael670, lae2292,
1ae2966, lae6662, and lae7832) and one object in the pho-
tometric LAE sample (lae3038) had contaminants that
stood out plainly with the combination of high-resolution
H ST 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 emis-
sion had the unambiguous SED of a 0.5 < z < 2.2 con-
taminant (ﬁat U336_‘/606 and J125—H160, red %06—J125;
similar to the example contaminant shown in the bottom
panel of Figure [B). 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 0”57 to 1715 with a me-
dian value of 0765 (5.0 kpc at z = 2.85), and offsets
between the NB3420 emission and the LRIS V —band
emission ranged from 0”12 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 associ-
ated; 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 imag-
ing, only one of which is from a foreground contaminant.
Figure [l shows the eight distinct components associ-
ated 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 imag-
ing: MD34f (z = 2.85) and MD34g (z < 2.5), separated
on the sky by 0731. Both MD34f and MD34g exhibit
emission in the Ussg filter, although both detections are
less 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 compo-
nent MD34f. As the high-resolution Us3s 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 im-
age, we cannot confirm MD34 as having a robust LyC
detection. Because the interpretation of this case is am-
biguous, 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 all, 2000, 2011) near the
position of the LAE made the original analysis of the
LRIS imaging and spectra difficult. The deep, high-
resolution H ST imaging helped us clarify the interpreta-
tion of this object and determine that the NB3420 detec-
tion is associated with a foreground contaminant. Figure
shows the complex morphology of lae2/36 in both
the LRIS V—band and the continuum-subtracted Ly«
images. The Ly« 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 [I0]
both Galaxy X and Galaxy Y exhibit Lya emission in
the LRIS spectrum (L3 and L1, respectively) and were
identified as LAEs in M13. Galaxy X was originally iden-
tified as the LAE lae2/36 (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 (L2) in the LRIS spectrum coincident with
the diffuse emission between Galaxies X and Y in the
LRIS V—band image. This diffuse emission was orig-
inally 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 im-
age 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
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 can be distinguished as two separate galaxies
in the HST image (a and b), both of which are detected
in NB3420. Subsequent reanalysis of the available spec-

12 We note that Galaxy Z has a unique and extremely red SED,
with Vgoe — J125 = 2.08 and Ji25 — 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 10. HST and LRIS Imaging for lae2436 is dis-
played (9”5 x 9'5), along with the LRIS spectrum prob-
ing 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 con-
tinuum), 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 Vso6 image
is shown. Blue contours indicate the location of the Ly«
emission based on the NB4670—V image. The red rectangle
in the HST Vgos 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 Ly« 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 53] Galaxy Z
was first identified in the HST imaging and is likely associ-
ated with the Lya emission in the LRIS spectrum. Galaxy
X, meanwhile, can be distinguished as two segments in the
HST image (a and b) that were both identified spectroscop-
ically 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.

tra near the Lya blob allowed us to confirm spectroscopic
redshifts for both of these galaxies (z = 2.04 for lae2436a,
z = 0.44 for lae2436b), and the SED fits to both objects
are consistent with their spectroscopic redshifts. In par-
ticular, we draw attention to the spectrum of lae2/36b,
visible in Figure on the right-hand side of the LRIS
spectrum, coincident with L3. In the zoomed-out ver-
sion of the spectrum, a spurious emission line is visible
at 5375A which we have identified as [OII] at z = 0.44.
The Ly« emission line originally identified for this object

(L3) must be due to extended Ly« emission from the
Lya-blob. In conclusion, as both lae2436a and lae2/36b
are at z < 2.82, the NB3420 filter does not probe LyC
emission for these galaxies and thus the NB3420 detec-
tions associated with both galaxies are foreground con-
tamination.

Finally, we found that one object in the spectroscopic
LAE sample, lae7890, was misidentified 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 myg7o < 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 [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 con-
clude that this faint emission line is either spurious, or
is possibly consistent with [CIIT] 1907A / CIIT] 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 sam-
ple show obvious signs of foreground 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 can-
didate LAE, and, again, the NB3420 emission is actually
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.

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 Appendix A, and sum-
marize the results here. One object, lae/070, has similar
J125— Hieo and Vo — J125 colors to many z ~ 2.85 galax-
ies 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 am-
biguous SED shape described in Section 5.1} which may
describe galaxies at many redshifts. As we cannot unam-
biguously determine whether or not the four photomet-
ric 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.

5.3.3. LyC Emission from MD5

The best candidate for true LyC emission is the LBG
MD5, which has a spectroscopic redshift of z = 3.14 con-
firmed by spectra from both LRIS and the MOSFIRE
near-IR multi-object spectrograph (see Figure [IIl). The
LRIS spectrum was taken in May 2011 (M13) and shows
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Figure 11. Imaging, spectra, photometry, and SED fits for MD5. The top left panel shows the UssgVsosJ125 color-composite
H ST image for MD5, indicating the two sub-arcsecond components (MD5a and MD5b). The locations of the MOSFIRE (yellow)
and LRIS (magenta) slits are overlaid on the image. While both MD5a and MD5b fall within the MOSFIRE and LRIS slits, it is
not possible to distinguish between the clumps in the spectra due to the slit orientation and seeing (0”6 for MOSFIRE, 0”7-1"0
for LRIS). The 1D MOSFIRE and LRIS spectra of MD5 are displayed to the right of the image, showing superimposed emission
from both sub-arcsecond components. We detect the [OIII] doublet (4959A, 5007A; z = 3.1426) in the MOSFIRE K —band
spectrum, and Lya emission (z = 3.147) along with interstellar absorption lines (1303A(O1I + SilI), 1334A(CII); z = 3.139) in
the LRIS spectrum. The interstellar absorption lines are blueshifted relative to the Ly« 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 MDb5a has
the typical SED shape associated with z ~ 3 galaxies in our sample. MD5b, which is associated with the NB3420 detection,
exhibits the ambiguous SED shape discussed in Section 5.1l 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 spectroscopic redshift 3.14 and that the NB3420
emission associated with MD5b is true LyC emission. We note that the LRIS and MOSFIRE spectra rule out strong emission
lines in several redshift ranges, including 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.

Ly« emission (z = 3.147), along with multiple absorption presence of a low-redshift interloper.

features (CII, Sill, and OI; z = 3.139). The K—band Ideally, as in the case of Jon! in[Vanzella et all (2012),
MOSFIRE spectrum was acquired in June 2012, and con- a candidate LyC-emitting galaxy would have a simple,
tains detections of both [OIII] emission lines (4959A, compact morphology. In such a case, the probability
5007A; z = 3.1426). Unfortunately, we were unable to of a foreground interloper is negligible. ~However, it
measure the z = 3.14 Hf emission line in this spectrum has been shown that high-redshift galaxies typically ex-
because it falls on a sky line. In the H.ST imaging, MD5 hibit_clumpy morphologies (see, e.g., ILaw et all, 2007;
is composed of two clumps separated by 0”58 along a di- Lotz et all, 2006). Of the 35 LBGs in our z > 2.82 sam-

rection 32 degrees East of North (MD5a and MD5b; see ple with imaging in Vgos, only 20% have simple, com-
Figure [I]); only MD5b is coincident with the NB3420 pact mprphologles. Close inspection reveals clumpy mor-
emission. The orientation of the MOSFIRE and LRIS phologies in all other cases, and several LBGs are com-

observations (slit PAs of 274 and 111 degrees, respec- prisec/ll of clumps with offsets significantly greater than
tively; see Figure [[I]) were such that both clumps fell the 0758 offset of the MD5 clumps. For example, LBGs
within the spectroscopic slits. Although it is not possi- M23, MD9, and C13 are comprised of clumps suggested

ble to distinguish between the clumps in the spectra due by SED fits to be at the LBG redshift with offsets of 0791,

to slit orientation and seeing (0”6 for MOSFIRE, 0”7-1"70 1700, and 1719, respectively. As the majority of LBGs
for LRIS), neither spectrum shows evidence for spurious consist of several associated clumps at the same redshift,

emission or absorption features that would indicate the the fact that MD5 displays multiple clumps does not nec-
essarily indicate that MD5b (the clump associated with



16 Mostardi, R. E., et al.

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 in-
terloper, and thus we examine the SED fits to MD5a and
MD5b for evidence of foreground contamination (see Fig-
ure [[1I)). Both clumps are nearly identical in Vgos mag-
nitude, and are within 0.1-0.2 magnitudes in Ji25 and
Hiyg0. MDba has the SED shape typical of most z ~ 3
galaxies in our sample and is almost certainly at the spec-
troscopic redshift z = 3.14. MD&5b has the ambiguous
SED shape described in Section 5.1l As the spectro-
scopic redshift of MD5 is higher than most galaxies in
our sample, the Higg filter actually falls right at the lo-
cation of the Balmer break, rather than redwards of the
break. Thus, the Hig filter is partially contaminated by
flux bluewards of the Balmer break, and Jio5 — Higg N0
longer probes the full strength of the break. Therefore,
the fact that MD5b has a smaller Jy25 — H1gp color than
the lower-redshift LBGs in our sample does not neces-
sarily indicate a young age or low-redshift contaminant.
Figure [§ shows MD5b plotted with respect to other
galaxies in our sample in ‘/606 - J125 VS. J125 - H160. If
MD5b is truly at z = 3.14, it has a very small Balmer
break (Jy25 — H1g0 = 0.0410.13), a red UV slope (Vo6 —
Ji2s = 0.2840.10, equal to the mean of the LBG sample),
and a Ussg detection brighter than expected by standard
stellar population synthesis models (unsurprising for a
LyC emitter). If MD5Db 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 MDb5b 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.
These include Ha emission between 1.97 < z < 2.65,
Lyo 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 spec-
trum 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 con-
firm the redshift of MD5b using MOSFIRE observations
with the slit oriented along the axis connecting MD5a
and MD5b. These observations would maximize the dis-
tance between the two clumps (separated by 0758) and,
if taken under conditions of good seeing, potentially dis-
tinguish emission from each clump individually.

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 mecha-
nism of LyC photon escape from galaxies. We are also
interested in investigating any systematic differences be-
tween galaxies with and without LyC emission, for such
differences may facilitate the search for LyC-emitting
galaxies both during and after the epoch of reioniza-
tion. As our HST data has left us with only one robust

candidate for LyC emission (MD5), we here discuss the
morphological properties and best-fit stellar population
of this object with respect to the properties of typical
LBGs.

6.1. Morphology of MD5

Figure Bl displays imaging of MD5 in all available
bands. Morphologically, MD5 is composed of two clumps
(MDb5a, MD5b) separated by 0758 (4.4 kpc at z = 3.14).
The Vso6 magnitudes for each clump (representing the
non-ionizing UV continuum) are m{!P’5* = 25.87 4 0.04
and mMP5 = 25851057, In Section 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
MDb5a, is the clump associated with the NB3420 detec-
tion (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 Usss image. While most galaxies in our
sample had redshifts of roughly z ~ 2.85 and the Ussg fil-
ter was partially contaminated by non-ionizing flux red-
wards 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 for-
mally undetected in Ussg at 30, emission at the location
of MD5b is visible by eye in the Uszg imaging. MD5b
has a 2.25¢0 detection in Ussg (m336 = 27.37f8:%), which
is consistent within errors of the detection in NB3420
(myB3a20 = 26.897533) [

In light of models in which LyC emission may escape
anisotropically from galaxies (e.g., (Gnedin et all, [2008;
Zackrisson et all, [2013), we examined the offset between
the centroid of the Ussg and Vo emission for MD5b in
order to determine if there was a significant offset be-
tween 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 Ussg — Vsoe offsets for the foreground contaminants in
our sample. In this way, we measured Ayy for objects
where Ussg and Vgog 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 070 and 0712 with a
mean offset of 0”065 and a standard deviation of 0”031.
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 im-
plies either that LyC emission is escaping isotropically
from MD5Db, 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.

6.2. ISM Kinematics of MD5

The spectral features of MD5 shed light on the kine-
matics of its ISM. The [OIII] A5007 nebular emission line

13 We note that the Ussg filter is wider than NB3420, and thus
the fainter Usse magnitude may be due to increased IGM attenu-
ation within the bluer half of the Ussg filter.
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observed in the MOSFIRE spectrum of MD5, which in-
dicates the systemic redshift, places MD5 at z = 3.1426.
This line has an intrinsic width of o, = 37 km s~ !, typ-
ical of LAEs, but half that of typical LBGs (Trainor et
al., in prep; Pettini et all [2001). The low-ionization in-
terstellar absorption features observed in the LRIS spec-
trum of MD5 (OI + SilT A1303, CIT A1334) are con-
sistent with a redshift of z = 3.139, blueshifted relative
to the [OIII] emission. The magnitude of this blueshift
corresponds to a velocity offset of Avrg ~ 280 km s~ !,
higher than the median Av;g for LBGs (150 km s~1;
Shapley et all, 2003), but fairly uncertain due to the
low signal-to-noise of the LRIS spectrum. Addition-
ally, the redshift derived from the centroid of the Ly«
emission line (z = 3.147) corresponds to a velocity off-
set of Avrye ~ 300 km s™!, which is typical of LBGs

(AvEBG = 360 km s—!; [Shapley et all, [2003). Thus, in

Lyo

termsy of its kinematics, MD5 does not stand out sig-
nificantly 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 com-
ponents MD5a and MD5b separately and evaluate their
individual kinematics. Finally, we note that our mea-
sured value of Avyy, is inconsistent with predictions for
LyC-leaking galaxies from [Verhamme et all (2014), who
find small offsets between Lya emission and the systemic
redshift (Av,e < 150 km s™1) in models of galaxies with
leaking LyC radiation.

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 compo-
nents (MD5a and MD5b) with stellar population syn-
thesis (SPS) models. While EAZY is a powerful tool for
estimating photometric redshifts, the program does not
directly provide stellar population information. In order
to examine the stellar populations of the galaxies in our
sample, we employed the stellar population fitting code
FAST (Kriek et all,2009), which accommodates a differ-
ent set of stellar population synthesis models and dust
extinction prescriptions from those of EAZY. To model
the photometry, we fixed the redshift to the spectroscopi-
cally measured value and used [Bruzual & Charlotl (2003)
models ranging in age from 50 Myr to 2 Gyr with delayed-
7 star-formation histories (SFR. o te~*/7) and a/Chabrier
(2003) initial mass function. We chose delayed-7 star-
formation histories because of their flexibility in accom-
modating both rising and falling star-formation histo-
ries, and we note that we found no significant qualita-
tive differences in the derived stellar population param-
eters when experimenting with constant or rising star-
formation histories. The lower age limit of 50 Myr is
adopted to reflect the LBG dynamical timescale, follow-
ing [Reddy et all (2012). However, this age limit is con-
servative and may be larger than necessary given the
small sizes of some galaxy subcomponents. For dust ex-
tinction, we employed the [Calzetti et al! (2000) attenua-
tion curve. We adopted solar metallicity for the models
because, with only four photometric points, we did not
have enough data to constrain metallicity. By perform-
ing tests with several values for fixed metallicity and with

17
Rest-Frame Wavelength [um
0.12 0.24 048 . [u1.2] 24
et =
o 25F E
= E
2
S W ;
= b
A :
<zt :
2 MDsa_ |
S Zpee =314 |
24 E d ]
@ 252‘ /W\r
B O Y
3 P ey ]
$26p ' 3
= f | ]
< 27¢ ﬂ E
1 D314
28¢ ( ‘ . , Zgpec = 218
0.5 1.0 2.0 50 10.0
Observed Wavelength [um]
Figure 12. Best-fit [Bruzual & Charlotl (2003) stellar pop-

ulation synthesis models as computed by FAST (gray line)
to HST UsssVsosJ125 Hi60 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 Usss (probing
the LyC spectral region at z = 3.14 with no contamination
redwards of the Lyman limit) is plotted in green, with the for-
mal 30 limit indicated by the black arrow. We note that while
the Usse 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 blue-

wards of 912A. Parameters of the fits are listed in Table @l

metallicity as a free parameter, we verified that metallic-
ity 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 MD5b in Figure 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 sig-
nificant emission bluewards of 912A. We also report the
best-fit values and 68% confidence intervals for 7, stel-
lar mass, star-formation rate (SFR), dust extinction, and
age. For MD5a, the clump without leaking LyC emission,
we found: log(r) = 8.674¢, log(Mass [Mg]) = 9.7079-23,
log(SFR [Mg yr']) = 0.51504%, B(B —V) = 0.025389,
and log(Age [yr]) = 9.101020. In constrast, for MD5b,
the clump with leaking LyC emission, we found: log(r) =
8.2753, log(Mass [Mg]) = 8.6975:15, log(SFR [Mg yr~!])
=1.3175% E(B - V) = 01715593 and log(Age [yr]) =
7.7075 0.

14 The confidence interval is bounded by log(Age [yr]) = 7.70

(age = 50 Myr) because that is the minimum age we enforce upon
the models.
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The fits to MD5a and MD5b describe two very different
stellar populations. MD5a 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 followingReddy et all (2012), the best-fit
model to MD5b without a minimum age requirement is
even younger (10 Myr). Because of the differing stellar
populations of MD5a 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
MDb5a and MD5b individually, we used FAST to model
the best-fit stellar population to the combined photom-
etry of both components. 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(r) =
8.270 5, log(Mass [Mg]) = 9.5275-22 '1log(SFR [Mg, yr—!])
= 1137058 E(B — V) = 0.1707", and log(Age [yr]) =
8.5+ 0.8.

In order to compare the derived properties of MD5a,
MD5b, and the combined photometry with those of typ-
ical LBGs, we used FAST to fit SPS models to the re-
mainder 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 con-
taminants in cases where the contaminant was indistin-
guishable from the LBG in the ground-based LRIS imag-
ing (a fair simulation of ground-based studies). Figure
I3 shows histograms of these three LBG samples, along
with the best-fit values for MD5a, MD5b, and the com-
bined photometry for MD5. MDba and MDb5b clearly
have distinct stellar populations from each other, and
MD5b, the LyC-emitting component, stands out as be-
ing among the youngest 10% 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 sam-
ples. There is no significant difference in the median
derived ages between the individual clumps and the com-
bined photometry. Finally, we find that the addition of

15 For 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.

foreground contaminants does not significantly alter the
sample-averaged LBG properties, as foreground contami-
nants close to LBGs are rare in the LBG sample without
NB3420 detections. We conclude that occasional fore-
ground 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 4 we
display parameters of the stellar population fit to MDb5a,
MDb5b, and the combined photometry with respect to
the LBGs from [Reddy et all (2012). The stellar popu-
lation parameters we display for the Reddy et all (2012)
LBGs 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 all (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 all (2012) sample[™

To facilitate comparison with the [Reddy et all (2012)
LBGs, we have re-fit the stellar populations of MDb5a,
MD5b, and the combined photometry of MD5 using
the methods described in [Reddy et all (2012), employ-
ing CSF models, a minimum age of 50 Myr, and
Calzetti et all (2000) extinction. These fit results for
MD5 (plotted in Figure [[4) are qualitatively similar to
those from our original delayed-7 fits. The data in Fig-
ure [I4] show that the fit to the combined photometry
of MD5 is unremarkable when compared to the ground-
based photometry of the [Reddy et all (2012) LBG sam-
ple: 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 Reddy et al.
(2012) LBG sample. Finally, we also fit the photometry
for MD5b using SMC extinction. [Reddy et all (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—1]) = 0.95). Reddy et all
(2012) model their full LBG sample using a combina-
tion of extinction curves, employing|Calzetti et all (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 MD5b is
still in the youngest third of the sample. Table @] sum-
marizes the stellar population fits to MD5 with respect
to those of the non-LyC-emitting galaxies in our HST

16 The 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 Usse VsosJ125 H160 imaging), a peculiarity of the HS1549 field,
or possibly a property of all protoclusters (see, e.g., [Steidel et all,
2007).
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Figure 13. Histograms showing the stellar population parameters of MD5 calculated by FAST with respect to the distribution
of parameters for all LBGs with HST Usse VsosJ125 Hi6o 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 FAST fits to individual sub-arcsecond
components of LBGs. Black hashed histograms indicate parameters derived from FAST 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 an age in the youngest 10% of the LBG

sample.

Table 4

Stellar Population Parameters

Sample log(Stellar Mass)  log(SFR) E(B—V)* log(Age)
Mo Mo yr~] [mag] [yr]
MD5aP 9.7019-3% 051704 0.0270:05  9.1070:20
MD5b (LyC detected)® 8.6970:10 1317099 0artybs 770y
MD5 combined photometry® 9.521'8:% 1.13t8:i§ 0.10t8:i(1) 8.501’8:28
LBG sub-arcsecond components® 9.261’8:;? 0.75t8;g 0.10t8:%8 8.801’8:5238
LBG combined photometry® 9.7710 %% 105105 0.10fp 07 8.801010
LBG combined photometry + contaminants® 9.84"_'8:?3 1.29t8:2; 0.10t8:(1)g 8.80"_'8‘28
2.7 < z < 3.7 LBGs from Reddy et al. (2012)° 9.7817 030 16500 0187000 8.057050
a Derived from Ay, assuming k(V) = k(5500) = 4.048 from [Calzetti et all (2000).

b Best fit values from FAST assuming a delayed-7 star-formation history, a minimum age of 50 Myr, and

(2000) attenuation. Uncertainties quoted are 68% confidence intervals.
¢ Median values for LBG samples are quoted, along with values bracketing the inner 68% of the distributions.
¢ Best-fit stellar population parameters for 2.7 < z < 3.7 LBGs from (2012), assuming a
constant star-formation history, a minimum age of 50 Myr, and (2000) attenuation. Median
values are quoted, along with values bracketing the inner 68% of the distributions.
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LBG sample and those of the LBGs from [Reddy et all
(2012).

As the model fit to MD5b has a young age and
low stellar mass, two properties typical of LAEs (e.g.,
Gawiser et all, [2007; |Guaita et all, |2011), we also exam-
ined 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 [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 typ-
ical 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 MD5Db is shared by several ob-
jects in our H ST 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 ex-
ist 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 E3T), but its close proximity to
a foreground contaminant makes it impossible to dis-
tinguish between emission from MD34f and the fore-
ground contaminant in the seeing-limited NB3420 im-
age. 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 de-
tections 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 our LyC imaging. The Vo
magnitude of MD5b is mgos = 25.9, and its LyC detec-
tion is near the edge of our detection limit. The Vjo¢
magnitudes of the young LAEs in our sample (ages <
100 Myr) are much fainter on average, and range from
26.29 < mpyc < 29.14, with a median of 27.69. If these
objects have the same ratio of ionizing to non-ionizing
radiation as MD5b, 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 de-
tected in the LyC.

6.4. No Evidence for AGN

Vanzella et all (2015) discuss the possibility that some
portion of the leaking ionizing radiation from the LyC-

emitters fon! and Ion2 are due to contributions from
low-luminosity AGNs within these galaxies. We consid-
ered 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 mea-
sured by LRIS in 2007 (my = 24.96 + 0.11) and the
combined HST Vgps magnitudes of MD5a and MD5b
measured in 2013 (mgeos = 25.11 £ 0.08). Additionally,
the available spectra of MD5 do not show any high ion-
ization 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 / HS ratio
because HS falls on a sky line. We therefore find no ev-
idence for AGN activity in MD5b with the information
available.

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 con-
tamination 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 con-
taminants from the M13 sample, we then obtain a revised
estimate for the ionizing emissivity due to star-forming
galaxies at z = 2.85. Finally, we discuss the prospects for
future direct searches for LyC radiation in high-redshift
galaxies.

7.1. Comparison to Previous Contamination Estimates

We wish to address the question of whether or not the
simulations of foreground contamination from M13 ac-
curately predicted the number of contaminants in the
sample. The simulations (described in detail in M13;
Nestor et all, [2013) employed the surface density of ob-
jects in the NB3420 image and the offset of each NB3420
detection to estimate the number of foreground contami-
nants and a contamination-corrected NB3420 magnitude.
The simulations 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 sam-
ple 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 U336V606J125H160 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 ac-
count in the contamination simulations of M13. Accord-
ingly, 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
Uss6Vs06J125 H160 imaging. The revised simulations pre-
dict 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
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Figure 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

(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 MD5a and MD5b is indicated
by the black dashed vertical line. All parameters plotted are derived using the stellar population fitting methods described in

(2012), with assumptions of constant star formation histories, a minimum age of 50 Myr, and [Calzetti et all (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
third of the sample.

be expected. We conclude that the contamination sim-
ulations still serve as a useful, though blunt, tool for
evaluating the likelihood of foreground contamination.

7.2. Ionizing to Non-ionizing UV Fluz-density Ratios

One of the intriguing findings reported by all
three ground-based LyC studies of galaxy protoclusters
(Iwata et all, [2009; [Nestor et all, [2011; M13) was the
high apparent ratio of ionizing to non-ionizing radia-
tion in many of the candidate LyC-emitters, which ap-
peared to be in conflict with results from standard SPS
models. Several models have been proposed to address
this question. [Iwata et all (2009) proposed a top-heavy
IMF. [Nestor et all (2013) investigated the intrinsic non-
ionizing to ionizing UV flux-density ratios for two sets
of stellar population models at varying ages and metal-
licites. These authors examined both Bruzual & Charlof]
(2003) models and BPASS models, 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 all, [2014), as rapidly ro-
tating stars exhibit bluer spectra as well.

However, our new observations, along with all pre-
vious follow-up work aimed at investigating contami-
nation among candidate LyC-emitters (Vanzella et all,

(2012) sample, the LyC-emitting component MD5b stands out as being in the youngest

[2012; [Siana et all, [2015), have ruled out all objects with
high apparent ratios of ionizing to non-ionizing radia-
tion as contaminants. In our sample of 16 galaxies with
putative LyC emission, 10 had anomalous flux-density
ratios of (Fyv/Fryc)obs < 2.0. 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 NB3420 and
V —band imaging of M13, is Fyv /Fryc = 5.9 £2.0. Us-
ing our HST Usss and Vgos imaginﬂ to revise this
flux-density ratio to only include MD5b, the compo-
nent associated with the ionizing radiation, we obtain
a value of Fyv/Fryc = 4.0 £2.0. At the redshift
of MD5 (z = 3.14), the maximum IGM transmission
through the Uszg filter is ~ 60 — 70% (depending on
the absorber statistics used; see, e.g., Rudie et all, ;
Inoue et all, 2014), although IGM transmission varies
greatly along the line of sight. These maximum transmis-
sion values give rise to IGM-corrected flux-density ratios
of Fyy/Fryc = 2.4 — 2.8, demonstrating that the flux-
density ratio of MD5b is consistent with expectations
from BPASS models between the ages of ~ 10 — 50 Myr

17 We use Ussg rather than NB3420 to represent flux in the LyC
because the matched-PSF, matched-aperture photometry between
the Usszg and Vgoe images allows the most accurate calculation of

Fyv/Fryc.



22 Mostardi, R. E., et al.

Number of LAEs

Number of LAEs

0.0 0.1 0.2 0.3 0.4 0.5 0.6

E(B-V)

£
1

Number of LAEs
w

0.0 0.5 1.0 1.5 2.0 2.5
log(SFR) [M,,,/yr]

Number of LAEs

65 70 75 80 85 90 95 100
log(Age) [yr]

Figure 15. Histograms showing the stellar population parameters of MD5 calculated by FAST with respect to the distribution
of parameters for all LAEs with HST UsssVeosJ125 Hi60 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. Histogram colors are as in Figure 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 [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.

(see Table 7 of Nestor et all, 2013) in the lack of signifi-
cant IGM absorption.

In similar work investigating contamination in
candidate LyC-emitters, [Siana et all ) obtained
spatially-resolved spectroscopy of the five LBG candi-
dates for LyC emission presented in Nestor et all (2011)).
While unable to confirm any candidates, their data
showed that both galaxies in their sample with anoma-
lously high apparent ratios of ionizing to non-ionizing
radiation (MD32, aug96m16) are contaminated by lower-
redshift objects.  Additionally, neither of the LyC-
emitters Ionl or Ion2 , 12012, 2015) ex-
hibit 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
(Fuv/FrLyc)obs ratios have proven to be contaminants
may indicate that the anomalously high ratios of ionizing
to non-ionizing radiation originally inferred are simply a
result of foreground contamination.

7.3. Escape Fraction for MD5

We can estimate the relative and absolute escape
fractions of MD5b using the intrinsic luminosity-
density ratio (Lyv/Lryc)intr, observed flux-density ra-

tio (Fyv /FrLyc)obs, and IGM transmission factor (t7qar)
with the following equations:

FLe (Luv/Lryc)in, 1)
ese.rel = (Fyv [Fryc) . % tiam
LyC LyC Uv
fesiabs = fes‘z7 rel X Jesc (2)

The intrinsic luminosity-density ratio is highly un-
certain, and varies significantly with the stellar popu-
lation synthesis models used, as well as with the age
and metallicity of the stellar population (see Table 7 of
Nestor et all, 2013). Here, we bracket the full range of
possible values for the LyC escape fraction of MD5b by
using the lowest value of (Lyv/Lryc)intr = 2.1 (from
BPASS models of age 10Myr with 20% solar metallicity)
and a maximum IGM transmission of 70%. From these
values, we obtain fescrer = 75%, which must be inter-
preted as a lower limit such that the range of allowed rel-

ative escape fractions is ;‘fgﬁe’} = 75—100%. We use the
uv

value fo,o = 0.19 to estimate the UV escape fraction at
1500A, which is calculated from the E(B—VE of the best-
fit FAST model to MD5b, assuming the

(2000) attenuation curve. We thus obtain an absolute

escape fraction of fAD% =14 —19%. As the Usss flux

has photometric errors of roughly fifty percent, the un-
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Table 5
Contributions to the Ionizing Background.

LF? FUV/FLbe Magnitude range® eLyCd
LyC Detections: MD5 only®
(i) LBG 140779 Mup < —19.7 0.8+0.3
(i) LAE > 14 —19.7 < Map < 177 < 1.7
(iii) LBG > 14 —19.7 < Map <177 <73
(iv) LBG 140179 Mpp < -17.7 1.5+06
(v) LAE > 14 Mup < —17.7 <3.6
Total (lum.-dep.)f . Map < —17.7 0.8 + 3.7
Total (LAE-dep.)® Mg < —17.7 1.241.9
LyC Detections: MD5, D24, lae/680°
() LBG 74738 Map < —19.7 1.5+£0.4
i LAE 71432 —19.7 < Map < —17.7  0.3+40.1
18
iii LBG 71432 —19.7 < Map < —17.7 14405
18
(iv) LBG 74735 Map < —17.7 29408
(v) LAE 71738 Map < —17.7 0.740.2
Total (lum.-dep.)f Map < —17.7 3.0+ 0.9
Total (LAE-dep.)8 Map < —17.7 2.9+ 0.8

2 Luminosity function parameters are identical to those in M13.

b Sample average flux-density ratio corrected for IGM absorption, described in Section [T-4l

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

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

¢ As we do not have the full suite of Us3e Vs06 J125 H160 imaging for D24 and lae/ 680, we cannot
determine whether their NB3420 detections are true LyC emission or foreground contamina-
tion. 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 lae4680 are all true LyC-emitters.
f Total for the luminosity-dependent model, determined by summing rows (i) and (iii). Limits
are taken into account using the method described in Section [T.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 [Z.4}

certainty in fes. is also at minimum fifty percent.

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 Lmax
€Lyo = ( uv ) / L®dL (3)
FLyC corr v L

min

following the assumptions of M13 and [Nestor et all
(2013). In this expression, L is the non-ionizing UV
luminosity, ® is the non-ionizing UV luminosity func-
tion, and (Fyv /FrLyc)corr 1S the average flux-density ra-
tio of non-ionizing to ionizing UV radiation for the en-
tire galaxy sample, corrected for the mean IGM atten-
uation 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 all
(2008) for LBGs and [Ouchi et all (2008) for LAEs), and
combine the LBG and LAE emissivities to obtain a to-
tal 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 be-

18 To correct for absorption of LyC photons by neutral hydro-
gen in the IGM, we use the sample-averaged transmission values
calculated in M13: t; ap = 0.44 £0.03 and t;, g = 0.35 £ 0.04.

tween our calculation and that of M13 lies in our estima-
tion of the average flux-density ratio. Rather than esti-
mating the average amount of foreground contamination
from simulations, we instead know exactly which galax-
ies are contaminated based on the HST data. There
were only two NB3420-detected galaxies in the M 13 spec-
troscopic sample for which we were unable to acquire
Uss6VeosJ125 Higo imaging (D24 and lae/680), 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 MD5, D24, and
lae4680 are all true LyC-emitters. In addition to us-
ing the HST data to remove the NB3420 flux of fore-
ground contaminants, we also use these measurements
to estimate the percentage of contaminated flux in the
non-ionizing UV. All objects with foreground contami-
nants identified through the HST imaging are blended
in the LRIS V imaging, and it is impossible to isolate
the uncontaminated z ~ 2.85 flux in the LRIS V im-
age. Thus, for each contaminated object, we decrease its
LRIS V—band flux to match the fraction of uncontami-
nated Vo flux in the HST imaging. For objects that do
not have HST UssgVs06J125 H160 imaging and are unde-
tected in NB3420, we decrease their LRIS V —band flux
to match the average fraction of uncontaminated Vgog
flux in the full sample of HST-imaged galaxies with-
out NB3420 detections (99% for LBGs, 91% for LAEs).
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Finally, we use the same sample-averaged IGM correc-
tion to compute (Fyv/FrLyc)corr as described in M13,
employing statistics of HI absorbers from [Rudie et all
(2013). We note that the clustering of Lyman limit sys-
tems is not taken into account in these absorber statis-
tics, and thus the true mean IGM transmission may be
slightly higher than the values presented in M13 (see,
e.g., [Prochaska et all, [2014).

In order to estimate the total contribution of star-
forming galaxies to the ionizing emissivity at z ~ 2.85,
we estimate the emissivity due to LBGs and LAEs sep-
arately and use two different models (described in de-
tail in Nestor et all, [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 Fyv /Fryc values for LAEs are assumed to
represent those for star-forming galaxies with faint UV
continuum magnitudes (0.06L* < L < 0.34L*, corre-
sponding to 25.5 < V' < 27.5) while the Fyv /Fr,c val-
ues 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 systematically different Fyv /Fryc values
on average. In this model, LAEs are assumed to com-
prise 23% of the LBG population (Nestor et all, 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 [ we summarize the contributions to ez ¢ as
determined from galaxies in the HS1549 field. By consid-
ering 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
(Fuv/Fryc)bpy = 140557 and (Fuv /Fryo)ihy > 14.
If we include the NB3420 detections for D24 and lae4680

as well, these values become (Fyy /Fr,c)LB¢ = 74ﬁé

and (Fyv /Fryc)“AF = 71732, The uncertainties in the
flux-density ratios are dominated by the NB3420 photo-
metric errors, and are large because of significant uncer-
tainty in the average NB3420 flux due to our very few
NB3420 detections. We estimated the uncertainties in
the flux-density ratios using a Monte Carlo simulation.
The simulation calculates a distribution of average val-
ues for (Fyv /Fryc)corr based on random realizations of
our photometric data and IGM correction within their
Gaussian uncertainties. As the resulting distribution
is positively skewed, we quote error bars that bracket
the inner 68% of the distribution. Based on the val-
ues for (Fyv /FrLyc)corr, we infer revised values of the
comoving specific emissivity: considering NB3420 emis-
sion from MDS5 only (or from MD5, D24, and lae680)
we obtain er,c = 0.8 £ 3.7 (3.0 £ 0.9) x 10%** ergs s~!
Hz~! Mpc3 for the luminosity-dependent model and
eryc =1.24+1.9 (2.9+0.8) x 10** ergs s=! Hz~! Mpc—3
for the LAE-dependent model. The uncertainties in eryc
reflect only uncertainties in (Fyv / FLyc)corr, Which dom-
inate over uncertainties in the luminosity function. Each
total emissivity value represents the linear combination
of the LBG and LAE contributions to the emissivity,
which are characterized by distinct (Fyv /Fryc)corr val-

ues and integrals over the non-ionizing UV luminosity
functions. To determine the error bar for each contri-
bution to the emissivity, we divided the relevant non-
ionizing luminosity function integral by the correspond-
ing random distribution of (Fyv/FrLyc)corr values de-
scribed above. We then randomly drew linear combi-
nations of emissivities (a simple sum for the luminosity
dependent model, and a weighted linear combination for
the LAE-dependent model; see Table 5, notes f and g)
from the relevant distributions. To combine the LBG
and LAE emissivities in cases where the value of the
LAE emissivity is only an upper limit, we treated the
LAE emissivity as a normally distributed random vari-
able centered on zero, with a standard deviation equal
to its 1o limit. The resulting distribution of emissivities
was not skewed, so we report the standard deviation of
the distribution as the uncertainty in the emissivity.
The revised values of €7, are much lower than those
computed in M13: er,c = 15.0 & 6.7 x 10?* ergs s—*

Hz~! Mpc—3 for the luminosity-dependent model and
eLyc = 8.8+ 3.5 x 10?* ergs s7! Hz™! Mpc™2 for the
LAE-dependent model. The lower emissivity value cal-
culated 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 all, 2008)
to be €%c ~ 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 egysg ~

1.5 x 10%* ergs s7! Hz~! Mpc (Cowie et all, 2009) to
Echysg ~ 5.5 x 10%* ergs s™! Hz~! Mpc (Hopkins et all,
2007), our data indicate (with large uncertainties) that

star-forming galaxies provide roughly the same contribu-
tion as QSOs to the ionizing background at this redshift.

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 LAEs, the detection rate of LyC emitters at high
redshift is very small. While several interesting meth-
ods of indirectly identifying LyC-emitting galaxies have
been proposed — such as assessing the shape of the
Ly« emission line (Verhamme et all,[2014), observing re-
duced flux in nebular emission lines (Zackrisson et all,
2013), and observing residual flux in the cores of satu-
rated low-ionization absorption lines (Jones et all, 2013;
Heckman et all, 2011) — it will not be possible to verify
the validity these indirect methods without first obtain-
ing 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 target-
ing. Because the average surface density of LBGs
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down to R = 25.5 is roughly 1 — 2 galaxies per
square arcminute (Steidel et all, (1999, 2004), the pro-
cess of observing LBGs for LyC emission is greatly
streamlined by observing galaxy protoclusters, which
have an increased density of objects at a particu-
lar redshift.  Several galaxy protoclusters have al-
ready been identified in the literature at 2 < z < 4
(see, e.g., [Venemans et all, 2007; [Kodama et al), [2007;
Hatch et all, 12011); [Cucciati et all, 2014; [Lemaux et _all,
2014; [Shimakawa et all, 2014; [Diener et all, 2015). At
the rate of one LyC detection per protocluster, observa-
tions 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 un-
likely 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 es-
timate of the sample-averaged IGM transmission, which
enters into the calculation of the global ionizing emis-
sivity. 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 protoclus-
ters may be composed of galaxies with older stellar pop-
ulations on average (as we found in this work; also, see
Steidel et all, [2005). If LyC emission is primarily emit-
ted 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 observa-
tions. Spectroscopic redshifts must be measured for a
large sample of protocluster galaxies, as photometric red-
shifts are not sufficiently precise to determine whether or
not apparent LyC emission originates below 912A. Mul-
tiwavelength 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 cur-
rently available HST filters probes the LyC spectral re-
gion just bluewards of the Lyman limit (such as F'336W
for z > 3.06, or F275W for z > 2.38). 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 magni-
tudes. The faintest galaxies in our sample, LAEs, have
Vsoe 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 ob-
served for MD5b (Fyv/Fryc ~ 4) for the faintest LAE
(meos = 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 Uszg observations in
this current work. Larger objects, comparable in size
to MDb5b, would require imaging ~ 20 times deeper. In
practice, the best way to measure the average Fyv /Fryc
ratio for the faintest galaxies may be with stacked LyC
observations, or with the next-generation UV space tele-
scope (e.g., ATLAST; Postman et all, [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 the time-intensive
ground-based LyC imaging and analysis. The main ben-
efit 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 wave-
lengths where the LyC photons are most likely to ion-
ize hydrogen. Even so, these benefits do not outweigh
the cost in time and resources if HST filters are already
available at the correct wavelengths to probe LyC emis-
sion. For cluster redshifts where HST 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 contam-
inants) could be followed up individually with an AO-
assisted integral field spectrograph such as Keck/OSIRIS
(Larkin et all,2006). In all future LyC searches, it is im-
perative to obtain high-resolution imaging and redshift
confirmation of each galaxy sub-arcsecond component as-
sociated with apparent LyC emission in order to rule out
foreground contamination.

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 UszsVso6J125 H1i60 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 HST imaging, all of the candi-
dates for LyC emission exhibit significant substructure.
We have thus used the H ST imaging to obtain photomet-
ric redshifts of each galaxy sub-arcsecond component in
order to determine if the source of the NB3420 emission is
truly at z > 2.82, or if it is from a lower-redshift contam-
inant. Of the sixteen galaxies with NB3420 detections
imaged in UsseVeo6J125H160, nine were located near fore-
ground contaminants responsible for the NB3420 emis-
sion. 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 spec-
troscopic 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, mea-
sured from LRIS and MOSFIRE spectra containing Ly
and [OIII] emission lines, along with multiple coincident
interstellar absorption features, blueshifted with respect
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to the systematic redshift and indicative of an outflow
(Avrs ~ 280 km s—1). These spectra show no spurious
emission or absorption features indicating a foreground
contaminant. In the HST imaging, it becomes appar-
ent that MD5 is composed of two clumps (MD5a 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 detec-
tion. 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—1) for
such a low-mass object (5 x 10® My). 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 observed non-ionizing to ionizing UV flux-density
ratio of (Fyv/Fryc)ops = 4.0 £ 2.0 of MD5b is consis-
tent with predictions of the intrinsic flux-density ratio for
galaxies of 10—50 Myr from stellar population synthesis
models (Nestor et all;[2013), in the absence of significant
IGM absorption. With the assumption of maximum IGM
transmission at the redshift of MD5b (t7gar = 70%), the
observed flux-density ratio results in a relative escape

fraction of e]‘fc?rilj = 75 — 100% and an absolute escape

fraction of fMD5b — 14 — 19%. We also note that the

esc,abs
emission in the Ussg filter at the location of MD5b, which
probes LyC emission at z = 3.14, shows no spatial off-
set from the Vg emission, supporting the interpretation
that the ionizing photons are escaping either isotropi-
cally, 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 mini-
mum 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 con-
tinuum magnitudes (median mgog = 27.7). If the young
LAEs have the same ratio of non-ionizing to ionizing radi-
ation as MDb5b, then their median LyC magnitude would
be mryc = 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 estimate for the comoving
specific ionizing emissivity (eryc) at z = 2.85. We cal-
culated the emissivity associated with LBGs and LAEs
separately, and combined these values using two differ-
ent models, described in Section [Z.4l If we consider
MD5 as the only galaxy with a LyC detection, we obtain
eLyc = 0.8 £ 3.7 x 10?* ergs s=! Hz~! Mpc™2 for the
luminosity-dependent model and €r,,c = 1.2+ 1.9 x 10?4

ergs s~' Hz~! Mpc~3 for the LAE-dependent model.
If we also add in as true LyC detections the only two
galaxies (D24 and lae/680) for which we were unable

to obtain sufficient HST data to evaluate contamina-
tion, we obtain ery,c = 3.0 £ 0.9 x 10%* ergs s~! Hz ™!
Mpc ™ for the luminosity-dependent model and €r,c =
2.9 +£ 0.8 x 10** ergs s~! Hz~! Mpc~® for the LAE-
dependent model. These revised values of €r,c are much
lower than those computed in M13, and much more com-
patible with the total ionizing emissivity at z = 2.85
(eLyc = 5.6 £ 1.6 x 10** ergs s=! Hz~! Mpc3; M13).
Within the large photometric uncertainties, and uncer-
tainties 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 ap-
parent LyC leakers in our z ~ 2.85 sample was very high.
While the single detection in the LBG sample is con-
sistent with contamination 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 insuf-
ficient for obtaining a full understanding of LyC emission
from star-forming galaxies because they are so heavily
contaminated by foreground objects. In order to elim-
inate 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 observations 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 proper-
ties of LyC-emitters and the role of star-forming galaxies
in reionization is contingent upon two factors. First, ob-
servations of sufficient depth to probe ionizing radiation
in galaxies at the faint end of the luminosity function
must be obtained efficiently for a large sample of galax-
ies. 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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Figure 16.

3”73 x 2’8 postage stamp images of the photometric LAE candidate lae4070. From left to right, images displayed

include LRIS NB3420 (LyC emission), HST Usss (a combination of LyC and non-ionizing UV), HST Veoe (non-ionizing UV
continuum), HST Ji2s (optical, bluewards of the Balmer break), and HST Hiso (optical, redwards of the Balmer break). In
the high resolution Usss and Vsos images, lae4070 appears to be composed of two components (a and b, separated by 0724;
labeled on the Vsos 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[Gl The main qualitative difference between the SEDs of lae/070a and lae070b
is the magnitude in Ji25. 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 [£.3.2} it is thus
possible that this is a case of a LyC-emitting LAE (lae4070a) projected very close to a foreground contaminant (lae4070b).

of Hawaiian ancestry on whose sacred mountain we are
privileged to be guests. Without their generous hospital-
ity, most of the observations presented herein would not
have been possible.

APPENDIX
A. 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 available to confirm that the ob-
jects are indeed at z ~ 2.85. In total, we present three
photometric LAEs from the Appendix of M13 (lae4070,
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—0"6 seeing, but no redshifts were measured. For
lae4070, Keck/LRIS spectroscopy with a total exposure
time of 17400 seconds was attempted under suboptimal
conditions (intermittent clouds with seeing of 0”7—170
during clear spells), but again, no redshift could be mea-
sured. 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 col-
ors, as described in M13, and lae4070 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 lae4070 is fairly compact, it is
still composed of two clumps separated by 0724 (lae/070a
and lae4070b, indicated in Figure [I6]) for which we ana-
lyzed separate SEDs. Both of these clumps are associated
with NB3420 emission, and both clumps are detected in-
dividually in Uszg. Lae4070b has the typical SED shape
of a foreground contaminant. 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 laef070a is the large break between Jy25 and
Hi0, combined with a flat Vg — J125 color. In Figure
Bl lae4070a has colors that place it in the same region of
color-color space as typical LAEs and LBGs at z ~ 2.85
(J125 — Hlﬁo = 0.55, V6O6 — J125 = 018) The emis-
sion in the Usgg filter is anomalously high compared to
any model that provides a good fit Vo6, J125, and Higo-
While some of this emission may be contamination from
nearby lae4070b, there is definitely emission in the Ussg
filter at the location of laef070a, which was not the case
for any of the LAEs or LBGs without NB3420 detec-
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Figure 17. HST Vsos imaging of lae7180, along with the
corresponding Keck/LRIS spectrum. Thick red lines in the
HST Vgos 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
the z = 2.93 galaxy near to lae7180 was not visible
in the lower resolution LRIS imaging, and thus the bright
Lya 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).

tions. If lae4070a 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 lae4070b is
located so close along the line of sight to laef070a that
there is no way to distinguish the NB3420 fluxes of these
two objects with the 0”7 seeing in the LRIS NB3420 im-
age. 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 lae4070a in Vg,
Jios, and Higo, and this object lies near lae4070a in Fig-
ure (J125 — H160 = 060, ‘/606 — J125 = 006) The fact
that degeneracies still exist in this area of Jis5 — Higo
and Vgps — J125 color-color space where the majority of
z ~ 2.85 LAEs and LBGs 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 con-

sidered the possibility that a higher-redshift object with
very large Ly« equivalent width scattered into the LAE
sample, and therefore retained lae7180 for analysis in
M13. The HST imaging for this object, however, indi-
cates 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 [[7) suggests that lae7180
is offset by 1”713 from the location of the z = 2.930 emis-
sion. With the HST imaging we were able to identify
the true galaxy associated with the emission line, an ob-
ject 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 spec-
trum, 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 5] which may represent either
young, dusty, high-redshift galaxies or foreground con-
taminants. As shown in Figure [ for a spectroscopically
confirmed galaxy with an ambiguous SED shape, EAZY
gives a wide range of possible values for the redshift us-

ing both the PEGASE and SMC-reddened BPASS mod-
els. However, as Figure [0 also shows, the resulting red-
shift probability distributions may differ when using dif-
ferent sets of models. Thus, without spectroscopic red-
shifts, it remains unclear for these LAE photometric can-
didates with ambiguous SED shapes whether they are
low-redshift foreground galaxies with an old stellar pop-
ulation, or high-redshift LAEs with young, dusty stellar
populations and LyC detections. While we cannot abso-
lutely confirm if they are LyC emitters without spectro-
scopic redshifts, the high-resolution HST imaging and
SED fits can help narrow down the possible interpreta-
tions for these objects.

Figure[I8 shows the HST imaging and photometry for
the sub-arcsecond component of each LAE that is asso-
ciated with the NB3420 emission, along with the EAZY
redshift probability distributions for these components.
For each component, EAZY predicts a wide range of pos-
sible redshifts (0 < zphot < 4.5). Figure[I§shows BPASS
SED fits to the photometry both at low and high red-
shift, 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 photomet-
ric 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 photometric LAE candi-
dates (lae5200, lae6510, and lae7180) were incorrectly
identified as LAEs. Lae6510 and lae7180 have fairly
marginal V—NB4670 colors (0.68 and 0.63, respec-
tively) 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
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Figure 18. HST UsssVesosJ125 color-composite imaging (5" x 5”) and SED fits for the three photometric LAE candidates with
the ambiguous SED shape described in Section [5.Il 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 [l 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.

LAEs in M13, and indicate 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 LAESs, 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 photomet-
rically and confirm their possible LyC detections. One
object, 1(164070, has similar J125 — H160 and Vgog — J125
colors to many z ~ 2.85 galaxies in our sample and is the
most promising photometric LAFE candidate for true LyC
emission. The other three objects (lae5200, lae6510, and
lae7180) display the ambiguous SED shape described in
Section 5.1} which may describe galaxies at many red-
shifts. 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 conserva-
tive approach and do not count the NB3420 detections
for these objects as secure signatures of leaking LyC ra-
diation.

B. OBJECTS WITHOUT FULL HST COVERAGE

Here we present postage stamp images of galaxies with
NB3420 detections, but for which imaging was not avail-
able in all four HST filters (see Figure [[9). While insuf-
ficient photometric data prevents us from fitting SEDs

and determining photometric redshifts, we attempted to
examine the morphologies of these objects in the Vg
image, when available, to find objects with simple mor-
phology where the possibility of contamination is low.
However, none of the objects shown in Figure have
simple, compact morphologies in Vggg. All objects either
break into individual sub-arcsecond components or show
extended diffuse emission. As both clumpy z ~ 3 galax-
ies and foreground contaminants may be responsible for
these multi-component Vgos morphologies, we are unable
to draw any conclusions about the amount of contami-
nation in this galaxy sample.
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