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Abstract

Strong [O III]λλ4959,5007+Hβ emission appears to be typical in star-forming galaxies at z>6.5. As likely
contributors to cosmic reionization, these galaxies and the physical conditions within them are of great interest. At
z>6.5, where Lyα is greatly attenuated by the intergalactic medium, rest-UV metal emission lines provide an
alternative measure of redshift and constraints on the physical properties of star-forming regions and massive stars.
We present the first statistical sample of rest-UV line measurements in z∼2 galaxies selected as analogs of those
in the reionization era based on [O III]λλ4959,5007 equivalent width (EW) or rest-frame U− B color. Our sample
is drawn from the 3D-HST Survey and spans the redshift range  z1.36 2.49. We find that the median Lyα and
CIII]λλ1907,1909 EWs of our sample are significantly greater than those of z∼2 UV-continuum-selected star-
forming galaxies. Measurements from both individual and composite spectra indicate a monotonic, positive
correlation between CIII] and [O III], while a lack of trend is observed between Lyα and [O III] at
EW[O III]1000Å. At higher EW[O III], extreme Lyα emission starts to emerge. Using stacked spectra, we find
that Lyα and CIII] are significantly enhanced in galaxies with lower metallicity. Two objects in our sample appear
comparable to z>6.5 galaxies with exceptionally strong rest-UV metal line emission. These objects have
significant CIVλλ1548,1550, HeIIλ1640, and OIII]λλ1661,1665 emission in addition to intense Lyα or CIII].
Detailed characterization of these lower-redshift analogs provides unique insights into the physical conditions in
z>6.5 star-forming regions, motivating future observations of reionization-era analogs at lower redshifts.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); H II regions (694); Emission line
galaxies (459)

1. Introduction

Characterizing galaxies prior to and during the reionization
epoch remains a forefront goal for galaxy formation studies.
At z>6.5, where Lyα is significantly attenuated by the
increasingly neutral intergalactic medium (IGM; Stark et al.
2010; Vanzella et al. 2011; Treu et al. 2012; Pentericci et al.
2014; Schenker et al. 2014; Itoh et al. 2018), spectroscopic
confirmation of these early galaxies has proven to be extremely
challenging. Thus far, the vast majority of information obtained
for z>6.5 galaxies is through deep photometry (Labbé et al.
2013; Bouwens et al. 2015; Finkelstein et al. 2015; Stark 2016).
Integrated galaxy properties, such as stellar mass, age, and star
formation history can be inferred from modeling galaxy
spectral energy distributions (SEDs; Finkelstein et al. 2013;
Bouwens et al. 2014; Schmidt et al. 2017). In addition, Spitzer/
IRAC infrared broadband colors have been used to estimate the
rest-optical emission properties of z>6.5 galaxies (Ono et al.
2012; Smit et al. 2014, 2015; Roberts-Borsani et al. 2016;
Laporte et al. 2017).

In light of the difficulty of using Lyα as a redshift probe, the
CIII]λλ1907,1909 emission doublet—typically the second
strongest rest-UV emission feature after Lyα—has been used
to measure the spectroscopic redshifts of a small sample of
z>6.5 galaxies (Stark et al. 2015b, 2017; Hutchison et al.
2019). In addition, CIII], in combination with other rest-UV
emission lines, such as CIV]λλ1548,1550, HeII, and OIII]
λλ1661,1665, provides valuable constraints on various galaxy
physical properties. Key quantities include the C/O abundance

ratio, ionization parameter, gas-phase oxygen abundance (i.e.,
metallicity6), and ionizing photon production efficiency. Stellar
population parameters can also be inferred using models
that attempt to describe broadband photometry and nebular
emission lines in concert (Sobral et al. 2015; Stark et al.
2015b, 2017; Schmidt et al. 2017).
Based on Spitzer/IRAC photometry and a small number of

near-IR spectroscopic measurements, the sample of z>6.5
star-forming galaxies studied thus far appears to have
significantly stronger nebular and recombination emission
compared to typical “main-sequence” star-forming galaxies at
lower redshifts (e.g., z∼ 2−3; Shapley et al. 2003; Steidel et al.
2014; Kriek et al. 2015; Reddy et al. 2018). Specifically,
intense [O III] or [O III]+Hβ is ubiquitously inferred at z>6.5
(Ono et al. 2012; Finkelstein et al. 2013; Labbé et al. 2013;
Smit et al. 2014; Roberts-Borsani et al. 2016; Stark et al. 2017).
In addition, among the small number of z>6.5 sources
confirmed spectroscopically, several rest-UV emission line
measurements have been obtained, from both metals and HeII
(Sobral et al. 2015; Stark et al. 2015b; Laporte et al. 2017).
Through photoionization modeling and SED fitting, these
galaxies are found to have low stellar masses (109 M☉), high
specific star formation rates (sSFRs); (10 Gyr−1), low gas-
phase metallicities (0.2 Z☉), hard radiation fields, large
ionizing photon production rates (log(ξion/erg

−1 Hz)25.6),
and low dust content (V-band optical depth τV 0.05);
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6 In this work, we use the terms “metallicity” and “gas-phase oxygen
abundance” interchangeably.
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(Ono et al. 2012; Finkelstein et al. 2013; Stark et al.
2015b, 2017). Although such extreme systems may have been
detected due to observational biases, the typical star-forming
galaxy at z>6.5 is also found to have an [O III]
λλ4959,5007+Hβ equivalent width (EW) of at least several
hundred angstroms (Labbé et al. 2013; Smit et al. 2015). All
evidence combined points to the distinct physical properties of
z>6.5 galaxies compared to their lower-redshift counterparts.
Robust characterization of the massive stars and interstellar
medium (ISM) in star-forming galaxies at z>6.5 is crucial to
our understanding of reionization, which will require a
statistical sample of at least moderate signal-to-noise ratio
(S/N) spectra for such galaxies.

However, the possibility of obtaining such a sample is
limited by the low S/N of data attainable with 8–10 m class
ground-based telescopes and state-of-the-art near-IR spectro-
graphs, and the only small to moderate EWs of rest-UV metal
lines. An alternative approach to learn about z>6.5 star-
forming galaxies is to search for and study lower-redshift
analogs, which show similar emission line properties. With
lower-redshift observations, for example at z∼2 during
the peak epoch of star formation, we can obtain detailed
information, with higher S/N, on the physical properties (e.g.,
gas-phase metallicity, ionization parameter, dust extinction)
from rest-UV and optical spectroscopy, and infer key stellar
population parameters from SED fits using multiwavelength
photometry.

In fact, studies of extreme emission line galaxies (EELGs) at
lower redshifts have already been carried out. Stark et al.
(2014) studied a sample of 17 gravitationally lensed galaxies at
z∼2. These galaxies are faint, low-mass systems with large
CIII] EWs (median EWC III]= 7.1Å) and numerous other rest-
UV metal line detections. While these galaxies were not
originally selected based on the presence of strong emission
lines, their inferred properties (e.g., metallicity, stellar age,
ionization parameter) are comparable to those of the z>6.5
galaxies. Mainali et al. (2019) found similar results for a new
sample of four low-mass, gravitationally lensed galaxies at
1.6�z�1.7. Unlensed high-redshift analogs have also been
discovered. For example, Amorín et al. (2017) identified a
sample of 10 z∼3 galaxies within the VUDS survey showing
simultaneous detections of Lyα, CIII], and OIII]λλ1661,1665.
These galaxies are characterized in the median by low stellar
mass (<109 Me), significantly subsolar oxygen abundance, and
high sSFR.

There have also been attempts to select high-redshift analogs
according to rest-optical emission line properties. Erb et al.
(2016) studied a sample of 14 low-metallicity, high-ionization
galaxies at z∼2. Eleven out of these 14 galaxies have Lyα
EW  20Å, with a median Lyα EW of 36Å. A comparably
high fraction of strong Lyα emission is also seen among
EELGs in the nearby universe. Yang et al. (2017) investigated
a sample of 43 compact, star-forming galaxies with strong
[O III]λ5007 emission lines at z∼0.2, and found that two-
thirds of the galaxies show intense (rest-frame EW  20Å)
Lyα emission. Finally and most relevant to the current work,
Tang et al. (2019) studied a sample of 227 galaxies selected
based on their intense [O III]λλ4959,5007 emission at 1.3<
z<2.4. The targets were selected such that their [O III]+Hβ
EWs span the typical range observed at z>6 (Labbé et al.
2013). By modeling rest-optical line fluxes and broadband
photometry simultaneously, these authors found that the

hydrogen ionizing production efficiency increases with increas-
ing [O III] EW. Their result suggests that the large ionizing
efficiency at high [O III] EW is expected to boost the intrinsic
Lyα EW, leading to a positive correlation between [O III] and
Lyα EWs.
While Tang et al. (2019) presented a large rest-optical

spectroscopic sample of z>6.5 analogs, rest-UV spectroscopy
was not available for those targets. Accordingly, it was not
possible to directly connect extreme ionization conditions in
the rest-optical with the emission properties of Lyα and rest-
UV metal lines. While Mainali et al. (2019) present both rest-
optical and rest-UV spectroscopy for their four gravitationally
lensed z>6.5 analogs, the sample was too small to investigate
systematically the connection between rest-optical and rest-UV
spectra. In this paper, we assemble and present the first
statistical sample of preselected z>6.5 analogs at z∼2 with
rest-UV spectroscopy. The targets were selected based on their
strong [O III]λλ4959,5007 EW or blue rest-frame U− B color,
both of which are shown to be linked with strong CIII]
emission (Stark et al. 2014; Berg et al. 2016; Jaskot &
Ravindranath 2016; Du et al. 2017) and therefore hint at
extreme ionization conditions. By selecting galaxies with
[O III] EW comparable to those at z>6.5 (Labbé et al.
2013), we aim to conduct a comprehensive examination of how
rest-optical and rest-UV emission line properties relate. Our
sample provides a unique window into modeling the physical
conditions (e.g., Lyα escape fractions) of these z>6.5
analogs, and indicates a path forward for targeting such objects
at lower redshifts in future observations.
This paper is organized as follows. In Section 2, we discuss

the sample selection, observations, redshift estimates, and the
final sample properties. We describe the measurements in
Section 3, including SED modeling, systemic redshift determi-
nation, construction of composite spectra, and measurements of
spectral lines. We present the Lyα and CIII] EW distributions
in Section 4, along with the correlations between [O III]
λλ4959,5007 and rest-UV emission lines (i.e., Lyα, He II,
O III], and C III]), and between metallicity and Lyα and CIII]
emission line strengths. We also report two objects with
extreme rest-UV emission properties in Section 4. Finally, we
discuss the implications of our results in Section 5 and
summarize the key findings in Section 6.
Throughout this paper, we adopt a standard ΛCDM model

with Ωm=0.3, ΩΛ=0.7, and H0=70 km s−1. All wave-
lengths are measured in vacuum. Magnitudes and colors are on
the AB system.

2. Sample and Observations

To characterize the physical properties of the galaxies likely
responsible for cosmic reionization, we aim to construct a
sample of z>6.5 analogs during the peak epoch of cosmic star
formation. In this section, we describe the criteria used for
selecting galaxies at z=1.2–2.3 that potentially show strong
emission lines in the rest-UV (Section 2.1), the collection
and reduction of new spectroscopic data with the Low
Resolution Imager and Spectrometer (LRIS, Oke et al. 1995;
Steidel et al. 2004) on the KeckI telescope (Section 2.2.1), the
estimate of galaxy redshifts based on rest-UV spectral features
(Section 2.3), and the sample properties (Section 2.4).

2
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2.1. Selection of Potential z>6.5 Analogs

Previous work has indicated multiple paths in the search for
galaxies with strong nebular emission properties. For example,
the strengths of rest-UV and rest-optical emission lines are
highly correlated. Galaxies with strong rest-UV emission lines
(such as Lyα and C III]λλ1907,1909) tend to show large [O III]
λλ4959, 5007 or Hα EW, as suggested by both photoioniza-
tion models (e.g., Jaskot & Ravindranath 2016) and observa-
tions (e.g., Stark et al. 2014; Maseda et al. 2017; Senchyna
et al. 2017; Harikane et al. 2018). Additionally, Lyα, CIII]
λλ1907,1909, and other rest-UV emission lines are found to be
stronger in galaxies with bluer rest-optical or rest-UV colors
(Shapley et al. 2003; Stark et al. 2010, 2014; Du et al. 2017).

In light of these correlations, we selected targets primarily
based on their strong rest-frame [O III]λλ4959, 5007 or Hα
emission. These objects are considered EELGs that represent
the high-EW tail of the distribution of star-forming galaxies.
We drew our sample from the COSMOS and AEGIS fields
covered by the 3D-HST Survey (Momcheva et al. 2016), which
provides a multidimensional description of each galaxy.
Multiwavelength imaging (spanning from the X-ray to radio)
is publicly available for these fields, as well as optical and IR
photometry, grism spectra, emission line measurements, rest-
frame colors, grism and photometric redshifts, and stellar
population parameters. The WFC3/G141 grism has a wave-
length range of 1.1–1.7 μm, providing the spectral coverage of
[O III]λλ4959,5007 at z=1.2–2.3.

Following the criteria adopted in Tang et al. (2019), we
selected targets with EW[O III]λλ4959,5007  300Å or EWHα 
300Å in the 3D-HST grism catalog (Momcheva et al. 2016) in
the COSMOS field. For targets in the AEGIS field, we adopted
slightly more stringent criteria, with EW[O III]λλ4959,5007 
500Å or EWHα 400Å.7 A total of 112 EELGs were selected
in this manner based on their [O III] or Hα EW, 33 of which we
were able to assign slits to on LRIS masks (as described in
Section 2.2.1). In practice, all but one of the objects in our
sample had EW[O III]λλ4959,5007  300Å; therefore, our sample
is effectively [O III]-selected. We note that our EELG targets
have galaxy properties resembling those described in Tang
et al. (2019), with a slightly higher median [O III] EW, i.e.,
EW[O III]λλ4959,5007,med=758Å (Figure 1).

The analysis of Du et al. (2017) suggested that the strength
of rest-UV emission lines is correlated with rest-frame U− B
color. Given that we do not completely fill an LRIS mask with
emission line selected galaxies, we adopted blue rest-frame
U− B color as a secondary selection criterion. Du et al.
(2017) showed based on both individual and composite
spectra that CIII]λλ1907,1909 emission is strongest in the
bluest (U− B0.4 mag) galaxies. We therefore adopted
U− B<0.4 mag as the secondary selection criterion to
maximize the possibility of selecting strong CIII] emitters and
therefore potential EELGs. Twenty-two objects were selected
based on their rest-frame U− B color listed in the 3D-HST
photometric catalog (Skelton et al. 2014), and the median
U− B color of this sample is 0.32 mag. We list the number of

EELGs and U− B objects in each field, along with the number
of targets with redshift measurements in each category, in
Table 1.

2.2. Data and Observations

2.2.1. LRIS Spectroscopy

Multislit spectroscopy was obtained in the COSMOS and
AEGIS fields using Keck/LRIS, a dichroic spectrograph. Fifty-
five galaxies were targeted (28 in the COSMOS field, and 27 in
the AEGIS field), and details of these objects are listed in
Table 3. LRIS data were collected on 2017 March 29–30 using
multiobject slit masks with 1 2 slits. The targets were observed
with the 400 lines mm−1 grism blazed at 3400Å (435 km s−1

FWHM) on the blue side, the d500 dichroic, and the 600 lines
mm−1 red grating blazed at 5000Å (220 km s−1 FWHM) on
the red side. This setup enabled continuous spectral coverage
between the blue and red spectra across the dichroic. As a
result, the LRIS spectra cover a large set of rest-UV emission
lines, including Lyα, CIVλλ1548,1550, HeIIλ1640, OIII]
λλ1661,1665, and CIII]λλ1907,1909. Conditions during the
observations were fair and stable with moderate (0 8–1 0)
seeing. The integration time for the masks is 9 hr for the
COSMOS field and 8.3 hr for the AEGIS field.
The data were primarily reduced using IRAF scripts,

following similar procedures described in Steidel et al.
(2003). The multiobject slitmask images were cut up into
individual slitlets, flat fielded using twilight flats for the blue
side and dome flats for the red side, cleaned of cosmic rays, and
background subtracted. Individual exposures were then com-
bined to create the final, two-dimensional science spectrum
for each object, which was extracted into one dimension,
wavelength and flux calibrated, and shifted into the vacuum
frame. To avoid potential oversubtraction of the background,
we followed the procedures outlined in Shapley et al. (2006),
excluding the region of the central trace (where the object
continuum locates) when estimating the background. The
initial wavelength solution was derived by fitting a fourth-order
polymonial to the arc lamp spectra, with a typical residual of
0.2–0.3Å on the blue side, and ∼0.05Å on the red side. The
initial wavelength solution was then shifted in zero-point so
that bright sky lines appeared at the correct wavelengths. Flux
calibration was performed in two stages. The spectra were first
calibrated using the observations of a spectrophotometric
standard star, observed through a long slit and the 400/3400
grism (600/5000 grating) on the blue (red) side. We then used
the CFHT/MegaCam u-band transmission curve for the
blue side and Hubble Space Telescope (HST)/ACS F606W
transmission curve for the red side to perform bandpass
spectrophotometry on the flux-calibrated spectra. The blue- and
red-side spectra for each galaxy were scaled such that their flux
levels matched the u-band and F606W total fluxes, respec-
tively, listed for the galaxy in the 3D-HST catalog. The blue-
and red-side continua in the resulting spectra in general agree
well near ∼5000Å in the observed frame, where they connect
at the dichroic cut-off. In one case (21918 in the AEGIS field)
where the blue- and red-side continua were offset from one
other at observed-frame ∼5000Å, we scaled both sides of the
spectra to match the best-fit SED model inferred from
BEAGLE (see Section 3.1), and adopted the final scaled
version for measurements.

7 In fact, we started with the more stringent target selection criteria for both
AEGIS and COSMOS fields while designing LRIS slit masks. However, due to
the smaller number of resulting EELG targets in the COSMOS field, we
relaxed the criteria in COSMOS for [O III] and Hα EWs to 300 Å to achieve a
comparable number of targets to that in the AEGIS field. We note that both the
COSMOS and AEGIS EELG subsamples provide fair representations of the
parent sample from Tang et al. (2019).
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2.2.2. MOSFIRE Spectroscopy

Out of 55 LRIS targets, seven (five EELGs and two U− B
objects) have available rest-optical spectra obtained from the
Multi-object Spectrometer for Infrared Exploration (MOS-
FIRE; McLean et al. 2012) on the Keck I telescope. These
seven targets (two at z= 1.5–1.6 and five at z= 2.1–2.2) were
observed as part of the MOSFIRE Deep Evolution Field
(MOSDEF) survey (Kriek et al. 2015). Six targets have spectral
coverage in the J, H, and K filters and exposure times of ∼2 hr

per filter, and one target has only J and H coverage and
exposure times of ∼1 hr per filter. For the targets at
z=2.1–2.2, [O II] is covered in J, Hβ and [O III] are covered
in H, and Hα, [N II], and [S II] are covered in K. For the targets
at z=1.5–1.6, Hβ and [O III] are covered in J and Hα, [N II],
and [S II] are covered in H. The MOSFIRE spectral resolution
is R=3000, 3650, and 3600, respectively, for the J, H, and
K bands. The MOSFIRE spectra were reduced, optimally
extracted, and placed on an absolute flux scale as described in
Kriek et al. (2015).

2.2.3. MMIRS Spectroscopy

For a subset of 15 objects in our LRIS sample (14 EELGs
and one U− B object), there are rest-optical spectra from the
Magellan Infrared Spectrograph (MMIRS; McLeod et al. 2012)
on the MMT telescope. Among these 15 objects, two also have
available MOSFIRE spectra (Section 2.2.2). Eleven out of 15
MMIRS spectra have coverage of [O III]λλ4959,5007, and
were used for the rest-optical line measurements presented
in Section 3.4.1. The spectra were taken using three

Figure 1. Galaxy properties of the LRIS sample. Upper left: redshift distribution of LRIS targets. Solid blue, dashed red, and open black bars represent EELGs, U − B
objects, and the sum of the two, respectively. Upper right: rest-frame [O III]λλ4959, 5007 EW distribution of the LRIS sample. Color coding of the histograms is the
same as in the top left panel. The median value of each subgroup is shown with a dashed vertical line in the corresponding color. Bottom left: SFR vs. stellar mass.
Both SFR and stellar mass are derived from SED modeling assuming a Chabrier initial mass function as described in Section 3.1. Blue and red circles represent
EELGs and U − B objects in the LRIS sample, respectively, while light gray circles indicate the EELG sample from Tang et al. (2019). Error bars in SFR and stellar
mass indicate the associated 68% confidence intervals. The two objects marked with open green circles are COSMOS-7686 and COSMOS-4064, which show
exceptionally strong emission lines in both the rest-UV and rest-optical (see Section 4.4). The parent EELG sample from Tang et al. (2019) lies on a similar SFR vs.
mass relation to that of the z∼6 galaxies presented in Salmon et al. (2015), although the z∼6 galaxies in Salmon et al. (2015) have a higher typical stellar mass (log
(M*/M☉)∼9–10). Bottom right: rest-frame [O III]λλ4959, 5007 EW vs. sSFR. The sSFR is derived from SED fitting, and the [O III] EW is calculated as described in
Section 3.4.1. The [O III]λ5007 EW from Tang et al. (2019) was converted in the [O III]λλ4959, 5007 EW assuming a doublet ratio EW[O III]λ4959:EW[O III]λ5007=1:2.98.
Color coding of the symbols is the same as in the bottom left panel. Downward-pointing arrows mark 3σ upper limits for [O III] nondetections.

Table 1
LRIS Targets

Field NEELG
a NEELG,z

b NU − B
a NU − B,z

b

COSMOS 15 15 13 11
AEGIS 18 17 9 6

Notes.
a Number of EELG or U − B targets observed.
b Number of EELG or U − B targets with LRIS redshift measurements.
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configurations: J grism with zJ filter, H3000 grism with H
filter, and K3000 grism with Kspec filter, with the resolving
power of R=960, 1200, and 1200, respectively. These three
grism and filter sets have a spectral coverage of 0.95–1.50 μm,
1.50–1.79 μm, and 1.95–2.45 μm, respectively, where the full
suite of strong rest-optical emission features ([O II], Hβ, [O III],
and Hα) can be probed for galaxies at  z1.55 1.70 and
2.09z 2.48. The total integration time ranges from 1 hr to
8 hr per filter. A full description of the MMT/MMIRS
observations and data reduction can be found in Tang et al.
(2019) and Chilingarian et al. (2015).

2.3. Redshift Measurements

Galaxy redshifts can be inferred from multiple types of
spectral features, including Lyα emission, low-ionization
interstellar (LIS) absorption lines, and nebular emission lines
(e.g., C III]λλ1907,1909 and [O III]λλ4959,5007). Accurately
determining galaxy redshifts is crucial for establishing a
systemic rest frame for each galaxy, and for constructing
composite spectra. In this section, we describe how we
estimated galaxy redshifts from Lyα emission, LIS absorption,
and CIII] emission features. In Section 3.2, we further explain
how galaxy systemic redshifts were determined from these
measurements (i.e., from zLyα, zLIS, and zC III], respectively).

We adopted the methods described in M. W. Topping (2020,
in preparation) for estimating redshifts based on rest-far-UV
lines. First, we obtained the grism redshift from the 3D-HST
catalog as an initial guess for redshift for each object. We
then simultaneously modeled Lyα and six interstellar absorp-
tion features, namely, SiIIλ1260, OIλ1302+SiIIλ1304,
CIIλ1334, SiIIλ1526, FeIIλ1608, and AlIIλ1670. The
science spectrum of each object was perturbed 100 times by
its corresponding error spectrum. For each “fake” spectrum,
Lyα emission was fit with a Gaussian on a quadratic continuum
(in order to better describe the curved continuum near the
feature), while individual LIS absorption lines were fit with a
Gaussian profile on a linear continuum. The resulting Lyα
redshift was calculated based on the average Lyα centroids
from those 100 fake spectra, and the redshifts measured from
individual LIS absorption lines were based on the averaged
centroids of corresponding lines. The uncertainties on zLyα and
each individual LIS feature contributing to zLIS were derived
from the standard deviation of the 100 centroid measurements
of each respective feature. Before finalizing the redshift
measurements, we visually inspected the fits of individual
spectral features (Lyα and six LIS absorption lines) for each
object, and excluded the lines with unreasonable fits or those
not covered in the spectrum. In the process of calculating the
overall zLIS, we assigned different priorities to those six LIS
absorption lines. The three lines that were considered
“kinematically accurate” are SiIIλ1260, CIIλ1334, and
SiIIλ1526 , which do not have potential contamination from
adjacent features to possibly bias the line centroid measurement
(Shapley et al. 2003). Whenever one or more of these lines
were available, the weighted mean redshift was taken as the
final zLIS. If none of these preferred lines was available,
the redshift of AlIIλ1670 was subsequently adopted. The
uncertainty on the resulting zLIS was calculated through error
propagation of the redshift uncertainty of each contributing LIS
feature.

The CIII] redshift was derived using a different approach.
Due to the moderate resolution of the LRIS data, the CIII]

doublet is typically not resolved in the blue-side spectra,
although, in principle, the higher-resolution red-side spectra
could resolve it. In fact, in only a few cases of red-side CIII]
spectra do we significantly detect a double-peaked profile (EW
S/N> 3). Consequently, we adopted the single-component
Gaussian fit as a simple but sufficient model to characterize the
CIII] emission profile, and verified that separately modeling
the doublet members in the “resolved” cases (where double
peaks are shown in detected C III] lines) on average gives us the
same measurement in both EW and centroid within the 1σ
uncertainty.
To measure zC III], we adopted zLyα (whenever available) or

zLIS as the initial guess for redshift, and used the grism redshift
when neither zLyα or zLIS was available. We estimated, in the
flux-calibrated spectra, the continuum flux level, continuum
slope, line centroid, EW, and Gaussian FWHM of the CIII]
feature using the program splot in IRAF. These parameters,
along with individual error spectra, were then used as inputs to
the IDL least-square-fitting program MPFIT (Markwardt 2009).
The fitting was performed over a wavelength range of
(1.0+ zest)×1900Å to (1.0+ zest)×1920Å, where zest is
the estimated redshift from zLyα, zLIS, or the grism redshift. The
best-fit line centroid and associated 1σ uncertainty returned by
MPFIT were used to determine zC III]. For this analysis, we
assumed a doublet ratio of I[C III]λ1907/ICIII]λ1909=1.53, i.e., in
the low-electron-density limit (Osterbrock & Ferland 2006),
based on recent, resolved observations of CIII] (Maseda et al.
2017).
The above fitting methods result in 31 objects with zLyα (17

EELGs and 14 U− B objects), 31 objects with zLIS (22 EELGs
and nine U− B objects), and 20 objects with zC III] (19 EELGs
and one U− B object). All objects with a zC III] estimate were
required to have a significantly detected CIII] feature (3σ
EW) to make sure that zC III] is reliable. In comparison, the
visual inspection of Lyα in determining the availability of zLyα
corresponds to a 3σ EW in Lyα emission8 for 22 out of 31
objects with zLyα (27 objects have a Lyα EW  2σ). As for
zLIS, the visual inspection results in an equivalent 3σ EW
measurement of combined LIS features for 22 out of 31 objects
with zLIS (29 objects have a combined LIS EW 2σ). For the
remaining objects where zLyα (or zLIS) was determined based
on a <2σ Lyα (or LIS) measurement, the validity of zLyα (or
zLIS) was verified by available zC III] or additional inspection of
the spectra.

2.4. Sample

As listed in Table 3, our target sample consists of 33 EELGs
and 22 (U− B)-selected objects. We measured LRIS redshifts
for 32 EELGs and 17 (U− B)-selected objects. The confirmed
LRIS sample of 49 objects spans in redshift z=1.36–2.49,
with a median of zmed=1.94. The EELGs have a slightly
lower median redshift (zmed= 1.91) compared to the U− B
objects (zmed= 2.16).
The rest-frame [O III]λλ4959, 5007 EW was measured

following the methods described in Section 3.4.1. The EELGs
range in [O III] EW from 240 to 1940Å with a median of
758Å, while the U− B objects range from 38 to 931Å with a

8 The Lyα EW estimated for the purpose of validating zLyα is different from
that derived from the method described in Section 3.4.2, which accounts for the
absorption bluewards of the Lyα emission peak. As zLyα was measured solely
on Lyα emission, we calculated the EW significance by only including the flux
density between the bases of the Lyα emission profile.
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median of 222Å. In fact, four U− B objects in our sample now
also satisfy the “EELG” criterion according to their updated
300Å [O III]λλ4959, 5007 EW measurements (derived from
the more robust method described in Section 3.4.1). However,
due to the lack of robust EW measurements from the grism
catalog at the time of mask design, these objects were not
initially designated as EELGs. In this work, we retain them in
the U− B category to reflect how they were initially selected.
The redshift and [O III] EW distributions of the LRIS sample
are shown in the top panels of Figure 1.

3. Measurements

3.1. SED Modeling

To derive the integrated galaxy properties, we fit the
broadband fluxes using BayEsian Analysis of GaLaxysEds
(BEAGLE; Chevallard & Charlot 2016), a tool that consis-
tently models the production of stellar radiation and its transfer
through the ISM and IGM. Here we provide an overview of the
modeling procedure and refer the readers to Tang et al. (2019)
for a detailed description. The optical and near-IR broadband
photometry of the targets was obtained from the publicly
available 3D-HST catalog (Skelton et al. 2014). Employing
Bruzual & Charlot (2003) stellar population templates and the
photoionization modeling code CLOUDY (Ferland et al.
2013), BEAGLE simultaneously fits the broadband fluxes for
each galaxy and the available strong emission lines in the rest-
frame optical (e.g., [O II]λλ3727, 3729, Hβ, [O II]λλ4959,
5007, and Hα). We adopted a constant star formation
history, assuming a Chabrier (2003) initial mass function
and Calzetti et al. (2000) extinction curve. Additional
parameterization of the BEAGLE model includes the stellar
metallicity, log(Z*/Z☉), which is allowed to range within
-  Z Z2.2 log 0.25;*( )☉ interstellar metallicity, ZISM,
which is assumed to be the same as Z*; dimensionless HII
region ionization parameter, U=nLyC/nH, where nLyC is the
volume density of hydrogen ionizing photons and nH is the
hydrogen gas volume density, and the log of U varies between
−4.0 and −1.0; and dust-to-metal mass ratio, ξd, which spans
the range 0.1–0.5. We also fixed the C/O ratio at 0.44, equal to
the standard value in nearby galaxies (Gutkin et al. 2016), and
assumed that 40% of dust optical depth arises from grains in
the diffuse ISM.

The output galaxy properties from BEAGLE include stellar
mass, age, SFR, sSFR, and V-band dust attenuation optical
depth. For each parameter, the median value of the posterior
probability distribution was adopted as the best-fit value, and
the 1σ error bar indicates the 68% confidence interval. We list
the range and median value of best-fit galaxy properties for the
EELG and U− B subsets in Table 2. On average, the EELGs
have comparable stellar mass, much larger SFR and sSFR,
slightly younger age, and larger V-band dust attenuation optical

depth (τV) than the U− B objects. Figure 1 shows the stellar
mass, SFR, and sSFR of the LRIS targets in comparison with
the sample presented in Tang et al. (2019).

3.2. Systemic Redshift

As described in Section 2.3, the redshift estimates for each
object in our sample come from three types of features: Lyα
emission, LIS absorption, and CIII] emission. Ideally, we
would be able to infer the systemic redshift of each object
directly from the nebular emission lines (e.g., C III]). However,
given that over half of the sample does not have a valid zC III],
we used zLyα and zLIS as complementary redshift indicators.
One caveat about Lyα and the LIS absorption lines is that
these features do not appear at the galaxy systemic redshift
because of the presence of neutral gas outflows in galaxies.
Lyα emission is typically redshifted with respect to the
systemic redshift, while the LIS absorption lines are generally
blueshifted.
To compensate for the velocity shifts imprinted by outflows,

we followed the procedures described in Rudie et al. (2012)
and assumed that Lyα is redshifted by 300 km s−1 (for galaxies
with rest-frame Lyα EW < 20Å) and the LIS absorption lines
are blueshifted by 160 km s−1. For galaxies with EWrest,Lyα 
20Å, Lyα emission is found to have a smaller offset
(∼200 km s−1) redward of the systemic redshift (Trainor
et al. 2015). Because of the prominence and associated higher
S/N of the Lyα emission feature, we assigned higher priority
to zLyα than to zLIS. Accordingly, the Lyα velocity correction
was applied when zLyα was available (31 objects), and the LIS
correction was applied to those with a valid zLIS but either
lacking coverage of Lyα or only showing Lyα in absorption
(14 objects).
For the four remaining objects with LRIS redshifts, neither

zLyα nor zLIS was measured, but CIII] was detected and used to
estimate the systemic redshift. Somewhat unexpectedly, in
cases where we had both LRIS CIII] measurements and rest-
optical [O III] measurements from either MMIRS or MOS-
FIRE, we found a typical blueshift of ∼200 km s−1 for zC III]
relative to the systemic redshift indicated by [O III]. For those
galaxies with only zC III] we therefore assumed the same
blueshift of 200 km s−1 for CIII]. While we could not fully
pinpoint the origin of the velocity offset between CIII] and
[O III], we argue that the main focus of this work is on the
strength instead of kinematic properties of rest-UV and rest-
optical emission lines. Therefore, this potential kinematic
discrepancy does not affect the results and conclusions we
present here.
The scatter in the assumed velocity rules is the dominant

factor in the uncertainty on the systemic redshift, which is
estimated to be ∼125 km s−1 (Steidel et al. 2010). The systemic
redshift, as derived above, was used to transform each spectrum
to the rest frame. While we did not verify the establishment of

Table 2
Galaxy Properties of LRIS Targets

Subgroup

Stellar Mass
(log(M*/M☉))

SFR
(M☉ yr−1)

sSFR
(Gyr−1)

Age
(log(tage/yr)) τV

Range Median Range Median Range Median Range Median Range Median

EELG 7.37−9.45 8.94 3.0−122.6 18.4 4.4−455.3 25.1 6.35−8.36 7.60 0.013−1.001 0.481
U − B 6.94−9.95 8.94 1.6−18.6 4.9 0.9−552.2 5.5 6.26−9.05 8.28 0.053−0.551 0.235
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systemic redshift for individual galaxy spectra, the rest-frame
composite spectra shown in Figure 2 indicate a close alignment
with the systemic velocity. Specifically, the measured rest-
frame wavelength of the CIIIλ1176 stellar absorption
feature is 1175.7Å, which translates into a velocity offset of
∼–80 km s−1. This offset is within the uncertainty on the
systemic redshift. We list the numbers for redshift measure-
ments in each field and category in Table 1.

3.3. Composite Spectra

To investigate how rest-UV emission properties correlate
with rest-optical line strengths and oxygen abundance, we
created composite spectra by dividing the sample (49 objects
with redshift measurements) into four bins in most cases, with
each bin containing nearly the same number of galaxies (but
see Section 4.3). We chose [O III]λλ4959,5007 EW as the main
sorting parameter to probe the emission properties of our LRIS
galaxies, as the strength of this feature is known to correlate
with that of multiple rest-UV emission lines (Maseda et al.
2017; Yang et al. 2017). In order to account for the potentially
different nature of EELGs from the U− B objects, we
constructed two types of composite spectra: the “EELG-only”
stacks and the “all” stacks, the latter of which include both
EELGs and U− B objects. One exception to the binning rules
described above is in Section 4.3, where we divided the subset
of objects with metallicity measurements into two bins to
achieve higher S/N of the composite spectra.

As galaxies in the same bin have roughly the same spectral
coverage in the observed frame, the difference in their redshifts
results in different rest-frame coverage. In the composites we
constructed, we required that the same set of objects contribute
to all wavelengths of the measured spectral feature in each
composite spectrum. For example, we only allowed objects
with a minimum wavelength 1200 Å to be included in the

composites for the measurement of Lyα. Similarly, we required
a minimal coverage of 1500–1600Å for the measurement of
CIVλλ1448, 1550, 1600–1700Å for the measurement of
HeIIλ1640 and OIIIλλ1661, 1665, and 1895–1920Å for the
measurement of CIIIλλ1907, 1909. In general, this extra
requirement regarding spectral coverage resulted in a minimal
reduction of the sample size for line measurements within rest-
frame 1500–2000Å, which is a natural outcome of the
continuous spectral coverage between the blue and red spectra
provided by our observational setup. In our sample, 6 out of 49
objects do not have Lyα coverage, and are therefore not
included in the composites made to measure the rest-frame
Lyα EW.
We created the composite spectra by first smoothing the red-

side spectra to the resolution of the blue-side spectra. Given
that features beyond rest-frame 1430Å (e.g., C IV, He II, O III],
and C III]) may either fall within the blue- or the red-side
spectrum, depending on the redshift, we need to ensure that
blue- and red-side spectra combined in spectral stacks at the
same rest wavelength also have the same resolution. We then
interpolated individual spectra onto a grid with 0.2Å incre-
ments in wavelength, and performed median stacking to
construct a composite spectrum. Figure 2 shows the composite
spectrum created by combining 32 individual EELG spectra
with redshift measurements, as well as that constructed by
including all 49 LRIS targets where valid redshifts were
measured. Strong emission and absorption features are marked.
Composite error spectra were created using the Monte Carlo

method. In particular, we bootstrap-resampled the objects in
each bin and perturbed each individual spectrum in the
bootstrap sample according to its own error spectrum. The
perturbed spectra in the bootstrap sample were then combined
to create a new composite spectrum. The process was repeated
100 times and the standard deviation of these 100 fake

Figure 2. Composite rest-frame UV spectra of 49 LRIS targets (black) and 32 EELGs (blue) with redshift measurements. Key emission (dotted lines) and absorption
(dashed lines) features are labeled. At the resolution of the LRIS spectra, the individual doublet members of CIVλλ1548,1550, CIII]λλ1907,1909 are blended. The
“EELG-only” composite is plotted in addition to the overall stack to show its potentially distinct features (e.g., more prominent O III]λ1665 emission.)
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composites at each wavelength was adopted as the composite
error spectrum for each bin.

3.4. Spectral Line Measurements

3.4.1. [O III]λλ4959, 5007

Given that not all U− B objects in our sample have a valid
[O III] EW listed in the 3D-HST catalog, we developed the
following method to measure the [O III] EW for both EELGs
and U− B objects in a consistent manner. First, we calculated
the total flux of [O III]λλ4959, 5007 from the HST/G141 grism
spectra (38 out of 49 objects), and from the MMIRS spectra
whenever available (11 out of 49 objects) given its higher
spectral resolution. The [O III] doublet members are resolved in
the MMIRS spectra, but not in the grism spectra. Accordingly,
we fit a single Gaussian profile to the unresolved [O III]
λλ4959, 5007 feature in the grism spectra, and to individual
[O III] doublet members in the MMIRS spectra to determine the
total flux of [O III]λλ4959, 5007. The [O III]λλ4959, 5007 EW
was then derived by dividing the [O III] flux by the continuum
flux density inferred from the best-fit SED model output by
BEAGLE.

For EELGs showing a continuum S/N 4 in the vicinity of
[O III], the [O III] EWs determined using the method described
above (hereafter the SED-based EW) are in good agreement
with those listed in the 3D-HST grism catalog. For two objects,
AEGIS-28358 and AEGIS-33462, the [O III] doublet resides
near sky line residuals and the fluxes are therefore potentially
contaminated. To that end, we adopted the SED-based [O III]
EW measurements for these two objects, with the line fluxes
estimated from the grism spectra. In summary, the final [O III]
λλ4959, 5007 EWs we used for this work were determined
based on: (1) the SED-based [O III] EW for objects with
MMIRS spectra (nine objects); (2) the grism [O III] EW from
the 3D-HST catalog for EELGs without MMIRS spectra but
with continuum near [O III] characterized by S/N  4 in the
grism spectra (20 objects); and (3) the SED-based [O III] EW
for the rest of the objects (EELGs with S/N< 4 in the
continuum in the grism spectra, all U− B objects, and AEGIS-
28358 and AEGIS-33462) where MMIRS spectra are not
available (20 objects). The final sample of [O III]λλ4959, 5007
EWs is listed in Table 3.

3.4.2. Lyα

We measured the rest-frame Lyα EW in both individual and
composite spectra following the procedures described in
Kornei et al. (2010) and Du et al. (2018). Forty-three (26
EELGs and 17 U− B selected targets) have Lyα coverage and
a secure redshift enabling the measurement of Lyα EW. The
spectral morphology of Lyα in individual galaxy spectra is
classified into four categories through visual inspection:
“emission,” “absorption,” “combination,” and “noise.” “Emis-
sion” objects show dominant Lyα emission in the spectra,
while for “combination” objects the Lyα emission is super-
imposed on a large absorption trough. The Lyα morphology is
classified as “absorption” when a broad absorption trough
resides around the rest-frame wavelength of Lyα, and as
“noise” when the spectrum is featureless near Lyα.

Due to the nature of our sample selection, galaxies in our
sample were mainly categorized as “emission” and “combina-
tion” objects (11 and 22 galaxies, respectively), with a small
fraction being classified as “absorption” (five galaxies) and

“noise” objects (five galaxies). For each object, regardless of
their spectral morphology, the blue and red side continuum
levels were estimated over the wavelength range of
1120–1180Å and 1225–1255 Å, respectively. For “emission,”
“combination,” and “absorption” objects, the Lyα flux was
integrated between the blue and red wavelength “boundaries,”
where the flux density level on either side of the Lyα feature
(either emission or absorption) first meets the blue and red side
continuum level, respectively. The blue boundary was fixed at
1208Å for the “emission” objects and forced to be no bluer
than 1208Å for the “combination” objects (Du et al. 2018).
For “noise” objects, the Lyα flux was integrated over
1199.9–1228.8Å, the boundaries adopted in Kornei et al.
(2010). Finally, we computed Lyα EW by dividing the
enclosed Lyα flux by the red side continuum flux-density
level. There are three objects that have spectral coverage less
than 20Å in the 1120–1180Å window, making the estimation
of the blue side continuum not reliable. Consequently, we
measured, in each Lyα morphology category, the relative level
of the blue and red side continua from objects with sufficient
spectral coverage on both sides. The median blue-to-red
continuum ratio in corresponding Lyα morphology category
was then applied as a rough proxy of the blue continuum for
those three objects lacking sufficient blue-side spectral cover-
age. We list the measured rest-frame Lyα EW in Table 3.
Lyα EW in the composite spectra was measured in the same

manner as in the individual spectra, except that there are only
“emission” and “combination” morphologies given the higher
S/N of the composites and the predominant presence of Lyα
emission in the individual spectra. We perturbed the composite
science spectra 100 times with the corresponding composite
error spectra, and measured the Lyα EW in the 100 fake
composite spectra. The sigma-clipped average and standard
deviation of those 100 measurements were adopted as the final
Lyα EW and the 1σ uncertainty, respectively, for each
composite spectrum.

3.4.3. Other Rest-UV Emission Lines

Within the coverage of the LRIS spectra there are many rest-
frame far-UV emission features in addition to Lyα. These
include CIVλλ1548,1550, HeIIλ1640, OIII]λλ1661,1665,
and CIII]λλ1907,1909. The CIII] emission doublet is the
strongest feature in the far-UV after Lyα, which enables us to
model the line profile in individual spectra. The CIII] EW
measurement was performed on continuum-normalized spectra,
using the method outlined in Du et al. (2018). In short, the rest-
frame spectra were continuum normalized using spectral
regions identified in Rix et al. (2004) that are clean of spectral
features, and with a spline3 function in the IRAF continuum
routine. We used order=8 in the spline3 function to model the
continuum regions near the CIII] feature. Additional spectral
regions customized for each object were added to provide a
reasonable fit to the continuum when the original regions failed
to provide a proper description of the observed spectrum.
To fit the CIII] emission profile, we used MPFIT with the

initial values of continuum flux level, line centroid, EW, and
Gaussian FWHM estimated from the IRAF routine splot. The
best-fit parameters were determined where the χ2 of the fit
reached a minimum, and the 1σ error bar associated with each
parameter was derived from the covariance matrix. We then
iterated the fitting over a narrower wavelength range: centroid
−4σ<λ<centroid+4σ, where the centroid and σ are,
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respectively, the returned central wavelength and standard
deviation of the best-fit Gaussian profile from the initial MPFIT
fit to the CIII] profile over λrest− 10Å to λrest+10Å. We list
the individual measurements of CIII] EW in Table 3.

Given the weak nature of CIV, OIII], and HeII, these
features are not detected in most individual spectra. As a result,
we only modeled these lines in composite spectra and in special
cases where they are detected on an individual basis (e.g.,

Table 3
Spectral Line Measurements of LRIS Targets

Field ID Redshift Category EW[O III]λλ4959,5007 EWLyα EWCIII]λλ1907,1909

(Å) (Å) (Å)

COSMOS 521 2.1996 U − B L 5.3±1.7 1.1±0.3
COSMOS 1151 2.2475 U − B L 2.7±2.2 1.5±0.5
COSMOS 1619 L U − B L L L
COSMOS 1762 1.4093 EELG 1022±159 L 5.1±0.7
COSMOS 2129 2.4205 U − B 111±62 0.8±1.6 <3.0
COSMOS 2814 1.7052 U − B 38±32 −8.6±4.2 <1.5
COSMOS 3164 2.0435 U − B L −7.1±3.2 <0.2
COSMOS 3403 2.0413 EELG 862±225 19.4±10.6 <4.8
COSMOS 3480 1.6474 EELG 311±35 32.1±5.2 <1.8
COSMOS 3839 L U − B L L L
COSMOS 4064 1.5058 EELG 1940±403 L 6.9±0.3
COSMOS 4156 2.1904 EELG 1234±205 22.2±1.3 7.8±0.5
COSMOS 4205 1.8400 EELG 555±50 33.1±3.8 L
COSMOS 4788 1.4083 EELG 240±34 L 2.1±0.5
COSMOS 5281 1.8326 EELG 353±38 −24.3±1.7 7.9±1.7
COSMOS 5283 2.1771 EELG 919±66 12.5±0.4 2.9±0.2
COSMOS 5593 2.1040 EELG 601±30 10.4±1.3 3.0±0.4
COSMOS 6283 2.2263 EELG 367±28 −11.5±2.8 1.0±0.3
COSMOS 6332 2.1769 U − B 180±125 9.0±1.6 <3.4
COSMOS 6348 2.0983 EELG 758±76 −0.8±3.4 5.1±1.0
COSMOS 7672 2.1945 U − B L 7.9±1.2 1.3±0.4
COSMOS 7686 1.8026 EELG 1417±236 131.6±10.9 13.2±0.8
COSMOS 7883 2.1565 EELG 598±54 17.7±1.6 5.0±0.9
COSMOS 8067 2.2016 U − B 121±34 22.7±2.3 <1.1
COSMOS 8383 2.0933 EELG 1302±65 51.5±4.3 <2.2
COSMOS 8711 1.8073 U − B 100±42 3.9±3.2 <1.2
COSMOS 9983 1.8525 U − B 256±66 22.1±4.3 <1.2
COSMOS 10155 2.4945 U − B L 3.4±2.5 <2.0
AEGIS 3057 2.2808 EELG 690±83 3.3±1.0 3.5±0.6
AEGIS 3455 1.9397 U − B 240±30 15.4±1.2 4.4±0.7
AEGIS 4656 1.3588 EELG 931±165 L 3.7±0.6
AEGIS 8907 1.5909 U − B 95±14 3.8±6.4 1.3±0.3
AEGIS 9939 1.9328 EELG 835±104 4.7±1.9 <0.8
AEGIS 12032 1.8615 EELG 1168±147 2.5±1.5 L
AEGIS 13602 L U − B 291±135 L L
AEGIS 14156 1.6757 U − B 344±36 37.6±14.9 8.2±2.0
AEGIS 16874 1.8883 U − B 455±63 6.3±3.8 <1.3
AEGIS 17160 2.1561 U − B 561±81 12.4±1.8 3.6±0.7
AEGIS 17514 2.0157 EELG 748±72 −4.4±0.7 2.7±0.3
AEGIS 17842 2.2949 U − B 931±83 10.7±1.9 10.5±1.4
AEGIS 18543 2.1421 EELG 876±88 −0.8±0.3 2.5±0.3
AEGIS 18729 2.2125 EELG 377±22 8.0±0.7 3.6±0.4
AEGIS 19696 L U − B 203±30 L L
AEGIS 20987 2.1617 EELG 512±103 −5.4±2.0 <1.0
AEGIS 21918 1.9066 EELG 697±67 −55.8±22.8 1.8±0.3
AEGIS 22858 1.3983 EELG 753±187 L 6.9±1.7
AEGIS 24181 1.3928 EELG 930±56 L 6.2±0.8
AEGIS 24314 L EELG 1139±168 L L
AEGIS 24857 1.9083 EELG 1382±170 1.4±1.0 6.6±0.6
AEGIS 26531 1.5902 EELG 408±71 13.8±7.1 4.1±0.9
AEGIS 28358 1.5741 EELG 437±32 −7.9±4.1 5.7±1.2
AEGIS 33462 2.2688 EELG 308±31 −5.2±2.3 <1.2
AEGIS 33688 1.7176 EELG 1142±139 35.8±2.3 3.8±0.3
AEGIS 35021 1.7778 EELG 762±74 3.2±2.8 2.2±0.4
AEGIS 38677 L U − B L L L

Note. The EW values listed in this table are in the rest-frame. Individual CIII] detections are listed with the best-fit EW value and associated 1σ uncertainty. For CIII]
features that are not significantly detected, a 3σ upper limit is reported.
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COSMOS-4064 and COSMOS-7686, see Section 4.4 for
details). We followed the same procedures described above
for fitting the line profiles of HeII and OIII]λ1665 (O III]
λ1661 is typically much weaker than O III]λ1665 in the
spectra, and is therefore hardly detected even in composite
spectra or in the spectra of COSMOS-4064 and COSMOS-
7686). As for CIV, the observed profile is a superposition of
interstellar CIV and a P-Cygni profile that originates from the
stellar wind common in O and B stars. The measurement of the
interstellar CIV emission may be biased without properly
removing the underlying P-Cygni profile. Therefore, we
determined and separated the stellar component following the
method presented in Du et al. (2016). In short, the blue wing of
the observed CIV absorption profile was bracketed by two
spectra of synthetic stellar populations from the model grids of
Leitherer et al. (2010). The two bracketing models are at
adjacent grid-points in metallicity. We produced a linear
combination of these two model spectra such that the resulting
combined spectrum produces the best fit to the blue wing of the
observed CIV profile. We then divided out the best-fit model
from the observed spectrum. The remaining interstellar CIV
emission profile was modeled with a single Gaussian, given
that the CIV doublet is not resolved in the LRIS spectra.

4. Results

4.1. Lyα and C III] EW Distributions

We measured Lyα EWs based on the method described in
Section 3.4.2 for 43 objects with valid redshift measurements
and Lyα coverage in our sample. As shown in the left panel of
Figure 3, the median Lyα EW is very similar between EELGs
and U− B objects, although EELGs span a wider range in Lyα
EW. The EELGs range in Lyα EW from −55.8 to 131.6Å
with a median of 4.0Å, while the U− B objects range from
−8.6 to 37.6Å with a median of 6.3Å. Our LRIS sample has a
systemically higher average Lyα EW compared to the z∼2
Lyman Break Galaxy (LBG) sample presented in Du et al.
(2018), reflecting the different sample selection criteria (i.e.,
strong rest-optical nebular emission for EELGs versus rest-UV

continuum selection for LBGs). In terms of the fraction of Lyα
emitters (LAEs; rest-frame EWLyα  20Å), the percentage is
23% for EELGs, and 18% for U− B objects. This value is
higher than the LAE percentage in the z∼2 LBGs (8%;
Du et al. 2018), but very similar to that in the z∼3 LBG
sample (25%; Shapley et al. 2003).
Forty-eight objects in the LRIS sample have spectral

coverage of CIII]λλ1907,1909. All of these objects have a
CIII] measurement except for AEGIS-12032, the red-side
spectrum of which is contaminated by a nearby source. In the
right panel of Figure 3, we plot 32 objects with significant
CIII] detection (EWC III]  3σ). The EELGs have stronger
typical CIII] emission than the U− B objects, spanning in
CIII] EW from 1.0 to 13.2Å with a median of 4.0Å. The
U− B objects, on the other hand, range in CIII] EW from 1.1
to 10.5Å, with a median of 2.6Å. Of the EELGs and U−B
objects with C III] measurements, 37% and 12%, respectively,
have a rest-frame CIII] EW  5Å, and therefore qualify as
CIII] emitters (as defined in Rigby et al. 2015). In comparison,
z∼1 star-forming galaxies have a median CIII] EW of ∼1Å
with no single CIII] emitter identified out of 183 CIII]
detections (Du et al. 2017). As for the z∼2 LBG sample
presented in Du et al. (2018), while individual CIII] EW
measurements were not available, CIII] in the composite made
out of the highest-Lyα quartile only has an EW of 3.4Å. Both
the median CIII] EW and the detection rate of CIII] emitters
indicate that the EELG/U− B objects we selected here are
distinct from the typical star-forming galaxy population at
similar redshifts. However, we note that our LRIS sample has a
much lower characteristic CIII] EW compared to those
observed at z>6.5, which are typically 10Å (Stark et al.
2015a, 2017; Zitrin et al. 2015; Mainali et al. 2018; Hutchison
et al. 2019). It is worth keeping in mind that these individual,
large CIII] EW measurements at z>6.5 are likely not
representative of the average CIII] strength among z>6.5
star-forming galaxies, due to observational bias. The fact that
only 2 out of 32 LRIS objects with CIII] detections show a
10Å CIII] EW indeed signals the rarity of these intense CIII]
emitters. In Section 5.2, we present a more detailed discussion

Figure 3. Left: rest-frame Lyα EW distribution of the LRIS sample. Color coding of the histograms is the same as in Figure 1. The open green bar indicates the z∼2
LBG sample presented in Du et al. (2018), normalized to the same vertical scale as the overall LRIS sample (black open bar). The median Lyα EW of each subgroup is
shown with a dashed vertical line in the corresponding color. The median EWs are 5.3 Å, 4.0 Å, and 6.3 Å, respectively, for the overall LRIS sample (43 objects),
EELGs (26 objects), and U − B objects (17 objects) with Lyα EW measurements. Our new LRIS sample of EELGs and blue U − B objects has a systematically
higher median Lyα EW than that of the continuum-selected z∼2 LBGs (median EW −6.1 Å). Right: rest-frame CIII]λλ1907,1909 EW distribution of the LRIS
sample. Objects shown in the histogram have3σ CIII] EW detections. Color coding of the histograms and dashed lines is the same as in the left panel. The median
CIII] EWs of the overall LRIS sample (32 objects), EELGs (24 objects), and U − B objects (eight objects) are 3.8 Å, 4.0 Å, and 2.6 Å, respectively.
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of how representative our LRIS sample is, in the context of
extreme and typical star-forming galaxies at z>6.5.

4.2. Rest-UV Spectra versus [O III]

One of the key goals of this work is to test the
correspondence between the strength of rest-optical emission
lines (e.g., [O III]) and those in the rest-UV (e.g., Lyα, C IV,
He II, O III], and C III]). In particular, we examined how the
EWs of Lyα and CIII], the two most prominent emission
features in the rest-UV, correlate with the strength of [O III]
λλ4959,5007. In Figure 4, we plot Lyα (left) and CIII] EWs
(right) versus [O III] EW, in both individual measurements and
from composite spectra. We performed two types of stacking,
binary and quartile, binned according to [O III] EW. Bins were
constructed to contain roughly equal numbers of galaxies.
Binary stacks have higher S/N because a larger number of
galaxies are included in each bin, and are a good tracer of the
overall trend between the line strengths within the dynamic
range probed. The quartile composites, on the other hand, are
useful in revealing underlying trends, if any, that are obscured
by a simple binary division. We also created the composite
spectra using the entire LRIS sample (both EELGs and U− B
objects with valid redshifts and available [O III]λλ4959,5007
measurements; 44 objects) and EELGs only (32 objects with
reliable redshifts, and [O III] EW measurements satisfying the

criteria described in Section 2.1), in case EELGs and U− B
objects follow distinct relations between rest-optical and rest-
UV lines.
The strengths of Lyα and CIII] show strikingly different

trends with [O III] EW. Both individual measurements and
composite spectra suggest that the Lyα EW stays fairly flat with
[O III] EW when EW[O III]1000Å. Among nine objects with
EWLyα>20Å, roughly half of them (four out of nine) have an
[O III] EW > 1000Å. The composite spectra also suggest that
the Lyα emission does not become prominent (20Å) in stacks
except for one representing the strongest-[O III] quartile, where
the median [O III] EW is well above 1000Å. This relatively
flat trend between Lyα and [O III] at lower [O III] EW
(EW[O III] 1000Å) indicates that the observed Lyα and [O III]
EWs are not correlated on the lower [O III]-EW end. Although
the intrinsic production rate of Lyα photons in general increases
with increasing [O III] EW (as a result of the stronger ionizing
radiation fields produced by the associated young, metal-poor
stars), the dominant factor modulating the strength of Lyα
emission in this regime appears to be the resonant scattering of
Lyα photons by the neutral hydrogen gas in the galaxies. This
effect is reflected in the well-explored anticorrelation between
Lyα and LIS EWs (Shapley et al. 2003; Du et al. 2018), along
with the fact that the LIS EW is a proxy for the covering fraction
of neutral gas (Reddy et al. 2016). Our results suggest that, at

Figure 4. Lyα EW (left) and CIII] EW (right) vs. [O III]λλ4959,5007 EW from individual measurements (top) and composite spectra binned according to [O III] EW
(bottom). Color coding of the upper panels is the same as in Figure 1. Error bars shown in the figures indicate 1σ uncertainties for detected lines (EW 3σ), while left-
and downward-pointing arrows mark 3σ upper limits for nondetections. The bottom panels show the Lyα (left) and CIII] (right) EWs measured from composites
including all LRIS targets (black) and only EELGs (blue) with Lyα or CIII] coverage. Measurements from binary bins (quartiles) are shown in lighter (darker)
corresponding colors. The median [O III] EW in individual bins is plotted.
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EW[O III]1000Å, differences in the neutral gas covering
fraction along the line of sight play a more important role than
differences in the intrinsic Lyα production rate in determining
the variations in the observed Lyα EW.

Galaxies in the quartile with the highest [O III] EW are
among the lowest metallicity systems probed within the EELG
sample, as suggested by the negative correlation between
oxygen abundance and [O III] EW found in previous studies
(e.g., Jones et al. 2015) and Figure 6. At the same time,
environments favorable for [O III] production are also con-
ducive to higher Lyα production and large Lyα escape
fractions ( fesc,Lyα). The hard ionizing spectrum associated with
metal-poor star formation in these galaxies not only boosts the
intrinsic Lyα production, but also further ionizes the neutral H I
gas in the ISM. This effect in turn reduces the covering fraction
of neutral gas, enhancing the escape of Lyα photons and
resulting in a larger Lyα EW (Trainor et al. 2015; Erb et al.
2016). Accordingly, at the high-[O III] extreme of the EELG
sample, the increase in average Lyα EW traces an increase in
the intrinsic Lyα production rate—not only a difference in the
neutral gas covering fraction.

When examining the relation between CIII] and [O III] EWs,
we find that stronger CIII] appears in galaxies with stronger
[O III], as shown in both individual measurements and the stacks.
This monotonic trend between CIII] and [O III] is not surprising,
as both features are nebular, collisionally excited transitions
whose strengths peak in HII regions with strong radiation fields
and relatively low metallicities (Jaskot & Ravindranath 2016;
Maseda et al. 2017; Senchyna et al. 2017; Nakajima et al. 2018b;
Mainali et al. 2019). The similar dependence on HII region
properties makes [O III] a good tracer of CIII], providing an
important pathway in searching for potential CIII] emitters
based on rest-optical spectra.

Lastly, we explored how the strengths of weaker rest-UV
transitions, i.e., HeII and OIII]λλ1661,1665, depend on [O III]
λλ4959,5007 EW. Considering that these weak lines are not
typically detected on an individual basis, we measured the EW
of HeII and OIII] only in composite spectra. As shown in
Figure 5, HeII is not significantly detected in stacks with a
median EW[O III]450Å. The EW of detected HeII stays
largely the same (∼0.5Å) with increasing [O III] EW above the
∼450Å threshold. As the HeII profile is a superposition of a
narrow, nebular component and a broad component originating
from stellar winds, EW measurements alone cannot capture the

detailed change in the line profile. Senchyna et al. (2017)
demonstrate that the profile of HeII varies with gas-phase
metallicity, such that at lower metallicity (higher [O III]
λλ4959,5007 EW), the nebular component becomes stronger
while the stellar component becomes weaker. We do not observe
an apparent, monotonic change in the width of the HeII
emission line across the [O III] stacks, which possibly results
from the fact that the metallicity regime 12+log(O/H)8.0 is
not being probed in our LRIS sample (also see Section 4.3).
As for the measurement of OIII]λλ1661,1665, the weaker

doublet member, OIII]λ1661, is not detected in all [O III]
stacks. Hence, we report the results based on OIII]λ1665 in
Figure 5.9 Similar to HeII, OIII]λ1665 is not detected in most
cases below a certain threshold, EW[O III]900Å. However,
the EW of OIII]λ1665 increases with that of [O III]
λλ4959,5007 above the threshold, and reaches ∼1.0Å in the
highest-[O III] quartile. The positive trend between OIII]λ1665
and [O III]λλ4959,5007 stems from the fact that these features
are both enhanced in lower-metallicity environments with both
harder stellar ionizing spectra and hotter electron temperatures.

4.3. Rest-UV Spectra versus Metallicity

Previous work has suggested that gas-phase oxygen
abundance moderates the strength of the most prominent rest-
UV emission lines, including Lyα (e.g., Erb et al. 2016;
Trainor et al. 2016; Yang et al. 2017; Nakajima et al. 2018a)
and CIII] (e.g., Jaskot & Ravindranath 2016; Maseda et al.
2017; Senchyna et al. 2017, 2019; Nakajima et al. 2018b).
These emission features are observed to be stronger in galaxies
with lower metallicities. To investigate whether the same trend
is observed in our LRIS sample, we measured metallicity from
individual targets in our sample, stacked the spectra according
to metallicity, and compared the rest-UV spectra of the stacks.
For a subset of the sample where the objects fall in the

redshift range of z=1.95–2.39, [O II]λλ3727,3729, Hβ, and
[O III]λλ4959,5007 are simultaneously covered by the WFC3/
G141 grism, enabling measurements of gas-phase metallicity.
To maximize the number of objects from which metallicity can
be measured, we used the indicator O32≡I[O III]λ5007/
I[O II]λλ3727,3729 to estimate nebular oxygen abundance. O32 is

Figure 5. HeII and OIII]λ1665 EWs vs. [O III]λλ4959,5007 EW in composite spectra binned according to [O III]λλ4959,5007 EW. Color coding of the symbols is
the same as in the bottom panels of Figure 4. Downward-pointing arrows mark 3σ upper limits for HeII or OIII]λ1665 nondetections in the composites.

9 Given the fixed ratio of 1:2.5 for OIII]λ1661 and OIII]λ1665, this
correlation also holds for the sum of the rest-UV OIII] doublet, up to a scaling
factor.
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most directly tied to the ionization parameter, but, due to the
well-known anticorrelation between ionization parameter and
metallicity (Pérez-Montero 2014), O32 displays a negative,
monotonic trend with oxygen abundance across a wide range in
metallicity (7.8< 12+ log(O/H)<8.6; Jones et al. 2015),
making it a reliable metallicity indicator. MMIRS or MOSFIRE
line flux measurements were used whenever available, given
the high quality and resolution of the spectra. When both
MMIRS and MOSFIRE spectra are available, the flux
measurements from MOSFIRE spectra were adopted. For
objects where only the grism spectrum is available, an intrinsic
doublet ratio of I[O III]λ4959:I[O III]λ5007=1:2.98 was assumed in
order to estimate the dust-corrected [O III]λ5007 line flux.

Twenty-five objects have spectral coverage of both [O III]
λ5007 and [O II]λ3727,3729 features. The [O III] flux is
detected at 3σ across the entire subsample. We obtained an
O32 value for 11 objects with 3σ [O II] flux measurements,
and an O32 lower limit for 14 objects where [O II] is not
significantly detected (flux s3 ) by adopting the 3σ upper limit
of the [O II] flux. Due to differential dust extinction, the
observed emission line fluxes need to be corrected for
reddening. We assumed that E(B− V )gas inferred from a
Cardelli et al. (1989) law is equal to E(B− V )star derived from
a Calzetti et al. (2000) law. Our analysis of the EELG sample
from Tang et al. (2019) suggests that E(B− V )gas is overall
consistent with E(B− V )star, with a scatter of ∼0.1 dex at lower
(450Å) [O III] EW (but see Reddy et al. 2015) . Furthermore,
given that the LRIS objects in general contain little dust
(median E(B− V )gas=E(B− V )star=0.09), a different rela-
tion between E(B− V )gas and E(B− V )star does not signifi-
cantly change the results presented here.

Accordingly, we corrected [O II] and [O III] line fluxes with
E(B− V )gas=E(B− V )star, where E(B− V )star is the best-fit
stellar extinction parameter from BEAGLE. This way, we
obtained dust-corrected O32 values and lower limits for the
25 objects in our sample with [O III] and [O II] coverage. The
1σ uncertainty on the O32 value (where both [O II] and [O III]
are significantly detected) was estimated using the Monte
Carlo method. More specifically, we perturbed both [O II]
and [O III] line fluxes according to their corresponding
uncertainties 100 times, dust corrected the “fake” line fluxes
in each realization, and adopted the standard deviation of the
distribution of simulated, dust-corrected O32 as the 68th-
percentile confidence interval. Finally, we placed the O32
values, confidence intervals, and lower limits on the oxygen
abundance scale following the calibration of Jones et al.
(2015).

Figure 6 shows the relation between [O III] EW and oxygen
abundance for 25 objects with O32 values and upper limits, as
well as COSMOS-4064 with an oxygen abundance estimated
based on O3N2. We note that neither of COSMOS-4064 nor
COSMOS-7686, the two objects that show extremely strong
rest-UV emission lines, has a metallicity measurement based
on O32 due to the lack of [O II] coverage. Therefore, we
determined their oxygen abundances using other metallicity
indicators. COSMOS-4064 has available [O III]λ5007, Hβ,
Hα, and [N II]λ6584 line fluxes measured from MOSFIRE
spectroscopy, hence the metallicity was estimated based on
O3N2≡O3/N2=([O III]/Hβ)/([N II]/Hα); (Pettini & Pagel
2004). For COSMOS-4064, all lines but [N II] are detected
at the 3σ level. Accordingly, we obtained a lower limit of
130.0 on O3N2, translating into an upper limit in oxygen

abundance 12+log(O/H)=8.05 using the Jones et al.
(2015) calibration. As for COSMOS-7686, given the lack
of high-resolution MOSFIRE or MMIRS spectra, the line
fluxes were measured from the grism spectra, where [N II] is
blended with Hα. Instead, we performed a coarse “metallicity”
estimate based on O3≡[O III]/Hβ. The O3 value for
COSMOS-7686 is 6.32, which is close to the peak in the
log(O3) versus 12+log(O/H) relation in Maiolino et al.
(2008), corresponding to 12+log(O/H)∼8.0. We note that
although there may be potential systematic offsets among the
O32, O3N2, and O3 indicators, we can still infer that
COSMOS-4064 and COSMOS-7686 are among the lowest
metallicity objects in the LRIS sample, as also suggested by the
SED fitting results that take into account the observed rest-UV
line EWs (see Section 4.4).
Individual galaxies in Figure 6 display a negative correlation

between [O III] EW and gas-phase metallicity. This relationship
is consistent with the anticorrelation observed between [O III]
EW and nebular oxygen abundance in the z∼2 MOSDEF
sample (Reddy et al. 2018), and can be explained in terms of
the harder stellar ionizing spectrum, hotter HII region
temperature, and higher nebular excitation in lower-metallicity
star-forming regions.
Our main motivation here is to examine how metallicity

affects the rest-far-UV spectrum of distant star-forming
galaxies, both in terms of strong emission features (e.g., Lyα,
C III]) and weaker ones (e.g., He II, O III]). As we do not
typically detect weak lines at >3σ level in the vast majority of
the sample, except for COSMOS-4064 and COSMOS-7686,
we created binary stacks in metallicity to compare the strength
of different emission features. The high-metallicity stack
includes five objects with 12+log(O/H) values, and has a
median metallicity of 12+log(O/H)=8.25. The low-metal-
licity composite contains six objects with 12+log(O/H)
values, and four objects with 12+log(O/H) upper limits that
are smaller than the lowest 12+log(O/H) value in the high-
metallicity bin. The stacks were constructed in this manner to
(1) equally divide the 12+log(O/H) values into the low- and
high-metallicity bins, (2) achieve a higher S/N by including the
12+log(O/H) upper limits, and (3) ensure that the 12+log
(O/H) upper limits included in the composite indeed belong to
the lower half of the subsample in metallicity. The resulting

Figure 6. [O III] EW vs. oxygen abundance from individual measurements in
the LRIS sample. Color coding of the symbols is the same as in Figure 4. The
green open circle marks COSMOS-4064.
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median metallicity for the low-metallicity bin, after accounting
for the 12+log(O/H) upper limits, is 12+log(O/H) < 8.17.

Figure 7 shows portions of the rest-UV spectra of low- and
high-metallicity stacks, zoomed in on Lyα and CIII]. The low-
metallicity composite shows significantly stronger Lyα and
CIII] than its high-metallicity counterpart. We do not detect a
S/N  3 HeII line in the high-metallicity stack or a S/N  3
OIII]λ1665 in either stack. The line profiles as well as EWs of
HeII and (rest-UV) OIII] show no apparent differences with
metallicity.10 We summarize the EW measurements of the rest-
UV lines from the metallicity stacks in Table 4.

4.4. Two Extreme Objects

Strong rest-UV line emission from metals and HeII appears
to be fairly common at z>6.5 (Stark et al. 2015a; Hutchison
et al. 2019). Therefore, the z>6.5 analogs at lower redshifts
are also expected to show not only prominent Lyα and CIII]
emission, but also weaker lines such as CIVλλ1548,1550,
HeIIλ1640, and OIII]λλ1661,1665. Within our LRIS sample,

nine objects (six EELGs and three U− B targets) are LAEs, and
13 objects (11 EELGs and two U− B targets) are CIII] emitters.
Among these, only two objects (COSMOS-4064 and COSMOS-
7686, both EELGs) show detectable CIVλλ1548,1550,
HeIIλ1640, and OIII]λλ1661,1665, as observed in a handful
of spectroscopically confirmed z>6.5 galaxies (e.g., Stark et al.
2015a).
COSMOS-4064 and COSMOS-7686 first stand out because of

their extremely strong emission in [O III], Lyα, and CIII]. Their
rest-frame far-UV spectra are shown in Figure 8. COSMOS-
7686, with an EW[O III]λλ4959,5007=1417±236Å, has the
strongest emission in Lyα (EWLyα= 131.6± 10.9Å) and CIII]
(EWC III]λλ1907,1909= 13.2± 0.8Å) among the LRIS targets. As
for COSMOS-4064, although the LRIS spectrum does not cover
Lyα, its [O III]λλ4959,5007 EW (1940± 403Å) is the largest in
our LRIS sample. We note that neither COSMOS-4064 nor
COSMOS-7686 is identified as an X-ray source in the Chandra
COSMOS Legacy Survey (Civano et al. 2016). In the discussion
that follows, we interpret the strong emission lines in these two
sources as due primarily to active star formation. As shown in the
lower panels of Figure 1, both objects fall on the high-[O III]-EW
and high-sSFR tail of galaxy distributions, revealing their unusual
nature even among the EELGs.
For both objects, we additionally identified CIV, HeII, and

OIII] emission in the spectra, and measured the EWs of these
features following the procedures described in Section 3.4. We
refined the SED fitting results for these two objects by
including the observed rest-UV metal line EWs in the
BEAGLE model, in addition to the available rest-optical line
fluxes and broadband photometry.11 The rest-UV EW mea-
surements and the resulting integrated galaxy properties are
summarized in Table 5.
Considering the low-metallicity nature of COSMOS-7686

and COSMOS-4064, their C/O abundance ratios are expected
to be lower than (C/O)☉ given the dependence of C/O on
metallicity (Erb et al. 2010). Therefore, instead of assuming
C/O=(C/O)☉ as described in Section 3.1, we experimented
with a range of lower C/O abundance ratios, finding that the
model with C/O=0.52(C/O)☉=0.23 yields the best-fitting
results for both objects. The best-fit model can well produce the
rest-optical line fluxes and the galaxy SED, with the predicted
and observed line fluxes agreeing typically within 1σ.
Furthermore, the OIII]λ1665 and CIII] EWs predicted by
the best-fit model match with the observed values within the 1σ
uncertainties for COSMOS-7686, although the CIV EW is not
reproduced (significantly underestimated).12 As for COSMOS-
4064, all of CIV, OIII]λ1665, and CIII] can be reproduced
within the 1–2σ uncertainties.
As listed in Table 5, COSMOS-4064 and COSMOS-7686

share some similarities in integrated galaxy properties. They
are both of low stellar mass with exceptionally high sSFRs and
extremely young stellar populations. Moreover, they are both
characterized by high ionization parameters and are especially
metal-poor. We note that the inferred absolute value of the

Figure 7. Comparison of the rest-UV spectra for the low- (orange) and high-
metallicity (purple) stacks, zoomed in on regions near Lyα (top) and CIII]
(bottom). The region near Lyα is shown in flux density space, while that near
CIII] is shown in normalized flux. Dashed black lines mark the rest-frame
wavelengths of key spectral features. The gray shaded area indicates the 1σ
uncertainty range of the low-metallicity stack.

10 Although there is a small but significant HeII detection in the low-
metallicity stack, the EW of the HeII detection is consistent with the HeII EW
upper limit in the high-metallicity stack.

11 We did not attempt to fit the HeII emission, as the BEAGLE models are
known to be incapable of reproducing strong nebular HeII emission
(Chevallard et al. 2018).
12 While using models with lower C/O ratios (C/O=0.27 (C/O)☉ or
0.1(C/O)☉) can increase the predicted CIV EW, the predictions of CIII]/OIII]
λ1665 and CIV/OIII]λ1665 ratios are systemically lower than the observed
values in these models. As a result, we still consider the C/O=0.52 (C/O)☉
model as the best-fit model, despite the discrepancy between the observed and
predicted CIV EWs.
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gas-phase oxygen abundance for these two galaxies depends
on whether rest-optical strong-line metallicity indicators or
BEAGLE fitting to broadband photometry, rest-UV and rest-
optical spectroscopy is used. However, in a relative sense,
based on rest-optical strong-line ratios, COSMOS-7686 and
COSMOS-4064 are at the high-excitation, low-metallicity
extreme of the LRIS sample.

The galaxy properties inferred for COSMOS-4064 and
COSMOS-7686 are consistent with the emerging physical
picture for EELGs (Stark et al. 2014; Tang et al. 2019).
Accordingly, in EELGs with extreme emission from high-
ionization nebular features the hard radiation field generated by
young, metal-poor stars ionizes the ISM and elevates the
electron temperature in the HII regions (Stark et al. 2014).
With large sSFRs, the free electron density increases as a result
of more ionizing photons being produced per unit mass, giving
rise to large EWs in OIII]λλ1661,1665, CIII]λλ1907,1909,
and [O III]λλ4959,5007 (Stark et al. 2014; Jaskot &
Ravindranath 2016). In the meantime, the hard ionizing
spectrum in these galaxies leads to a larger fraction of high-
energy, ionizing photons, resulting in a high ionization state of
carbon and strong emission in CIII] and CIV. This physical
picture can further explain the more prominent CIII] and CIV
emission observed in COSMOS-7686 than in COSMOS-4064,
as a result of its significantly lower gas-phase metallicity and
younger stellar populations (Senchyna et al. 2019). Finally,
although COSMOS-4064 and COSMOS-7686 show the most
intense CIII] and CIV emission within our z∼2 LRIS
sample, the EWs of these features are still not quite as high
(i.e., rest-frame EW20Å) as those of the strongest metal
emission lines detected at z>6.5 (Stark et al. 2015a,
2015b, 2017), perhaps indicating even more extreme condi-
tions in such z>6.5 galaxies.

5. Discussion

5.1. A Closer Look at the Lyα versus [O III]λ5007 Relation

Extensive effort has been made to characterize Lyα visibility
during and prior to the reionization epoch, which potentially

provides valuable constraints on the IGM neutral fraction (e.g.,
Mason et al. 2018, 2019; Hoag et al. 2019). Observationally, it
has been suggested that the Lyα detection rate and EW at
z>6.5 are enhanced in galaxies with large [O III] or [O III]
+Hβ EW, as inferred from the Spitzer/IRAC [3.6] and [4.5]-
band photometry for galaxies at z∼7. Ono et al. (2012)
examine 11 “dropout” galaxies at z∼7, 3 of which have
significantly detected Lyα emission, with a rest-frame EW of
∼30–40Å. Among these three LAEs, a large [O III] EW that
accounts for ∼60% of the Spitzer/IRAC [4.5] flux is inferred
for one galaxy at z∼7.2 (no information is available on [O III]
EW for the other two LAEs given their relatively lower
redshifts). Similarly, Finkelstein et al. (2013) report a S/N=
7.8 Lyα detection at z=7.51, accompanying an inferred
[O III] EW of 560–640Å from Spitzer/IRAC photometry.
More recently, Roberts-Borsani et al. (2016) present a
sample of four z=7–9 galaxies with inferred [O III]+Hβ
EWs1500Å. All four galaxies show S/N6 Lyα
detections in spectroscopic follow-up observations (Oesch
et al. 2015; Zitrin et al. 2015; Stark et al. 2017).
The connection between Lyα and rest-optical emission lines

has been considered at lower redshifts as well. For example,
Erb et al. (2016) examine 14 z∼2 low-metallicity (12+log
(O/H)8.0) galaxies selected based on their evidence for
high nebular excitation in the [O III]λ5007/Hβ versus [N II]
λ6584/Hα diagnostic diagram. This sample also contains a
high fraction (79%; 11 out of 14 objects) of LAEs. Conversely,
Trainor et al. (2016) study the rest-optical spectroscopic
properties of a sample of 60 LAEs at á ñ »z 2.56, finding that
their average [O III]λ5007/Hβ and [N II]λ6584/Hα ratios are
consistent with the low-metallicity, high-excitation extreme of
the continuum-selected star-forming galaxy population (Steidel
et al. 2014). In other work, Hagen et al. (2016) compare the
properties of LAEs and [O III]-selected galaxies at z∼2 and
claim no significant difference in galaxy properties between the
two samples. In the nearby universe, Yang et al. (2017) study
the Lyα emission feature in the HST/COS spectra of 43 Green
Pea galaxies at z∼0.2, which are compact, star-forming
galaxies that show strong [O III]λ5007 emission. These authors

Table 4
Rest-UV Emission Line EW Measurements in Metallicity Stacks

Stack Median 12+log(O/H) Lyα HeII OIII]λ1665 CIII]λλ1907,1909
(Å) (Å) (Å) (Å)

Low-metallicity <8.17 12±1.05 0.44±0.12 <0.41 3.84±0.24
High-metallicity 8.25 −0.03±1.45 <0.52 <0.84 1.71±0.24

Table 5
Rest-UV EW and Integrated Galaxy Properties of COSMOS-7686 and COSMOS-4064

Object Lyα CIVa HeII OIII]λ1665 CIII]
(Å) (Å) (Å) (Å) (Å)

COSMOS-7686 131.6±10.9 8.8±1.0 <1.41 5.3±0.9 13.2±0.8
COSMOS-4064 L 1.5±0.2 1.7±0.3 1.5±0.3 6.9±0.3

Object Stellar Mass Stellar age sSFR Ionization Parameter Gas-phase Oxygen Abundance
(log(M*/M☉)) (Myr) (Gyr−1) (log(U)) (12+log(O/H))

COSMOS-7686 7.860.06
0.06 8.01.0

1.0 12010
11 -1.130.11

0.09 7.620.06
0.07

COSMOS-4064 8.600.07
0.05 163

2 616
11 -2.150.06

0.05 8.130.03
0.03

Note.
a EW of interstellar CIV emission, obtained by removing the P-Cygni stellar profile.
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find that 28 out of 43 objects (65%) have EWLyα 20Å, with a
Lyα EW distribution similar to that of a high-redshift LAE
sample at z∼2.8 (Zheng et al. 2016). Our own results in
Section 4.2 suggest a more nuanced relationship between
[O III]λ5007 and Lyα emission, in which there is no significant
positive correlation between Lyα and [O III]λ5007 EW
emission strengths until the [O III]λ5007 exceeds ∼1000Å.

To further examine how Lyα EW varies with the [O III]
strength, we compiled data from the literature for galaxies with
measurements of both of those features to compare with our
own Lyα and [O III]λ5007 measurements shown in the upper
left panel in Figure 4. This comparison is shown in Figure 9.
Compared to the EELGs and U− B objects in our LRIS
sample, the targets in the Erb et al. (2016) and Yang et al.
(2017) samples have systematically higher Lyα at fixed [O III]
λ5007 EW (Figure 9, left panel). This discrepancy is likely a
result of the adoption of different selection criteria. By design,
objects in the Erb et al. (2016) and Yang et al. (2017) samples
were selected in the high-ionization tail of the star-forming
sequence, as opposed to a simple [O III] criterion, and therefore
they display a noticeably higher typical O32 value than the
LRIS galaxies at fixed [O III]λ5007 EW (Figure 9, right panel).
In fact, no LRIS galaxies in the subset with O32 measurements
have O32 > 5, while a decent fraction of nearby Green Peas
and z∼2 low-metallicity galaxies (40% and 50%, respec-
tively13) have an O32 above such value, extending to
O32 ;10.

Studies have shown that O32, as a proxy for the ionization
parameter, is correlated with both intrinsic Lyα production
(Trainor et al. 2016; Nakajima et al. 2018a; Shivaei et al. 2018)
and the escape fraction of Lyα photons through the neutral ISM
(Yang et al. 2017; Trainor et al. 2019). A high O32 value is

typically associated with a large ionizing photon production
efficiency (Shivaei et al. 2018; Tang et al. 2019). Given that
Lyα photons are produced by the reprocessing of hydrogen
ionizing photons, environments with high ionizing efficiencies
(and larger O32 values) should boost the intrinsic Lyα EW. On
the other hand, several models have been proposed to explain
how the ionization state of gas in HII regions is connected to
the Lyα optical depth. These include effects from intense
radiation and/or enhanced stellar feedback (Clarke &
Oey 2002; Jaskot & Oey 2013; Stark et al. 2017) and
density-bounded nebula and gas geometry (Nakajima &
Ouchi 2014; Jaskot et al. 2019). In both scenarios, Lyα
photons escape through passageways with low HI column
density and/or covering fraction. Collectively, these results
suggest a positive correlation between O32 and the observed
Lyα EW. Hence, we conclude that the larger fraction of LAEs
in the samples of Erb et al. (2016) and Yang et al. (2017)
relative to that in our LRIS EELG sample is likely a
consequence of the different rest-optical selection criteria
adopted, which correspond to different O32 distributions. In
fact, galaxies with higher O32 values, i.e., in the samples of Erb
et al. (2016) and Yang et al. (2017), follow a different Lyα EW
versus [O III] EW relationship from that of the LRIS EELGs,
such that Lyα is stronger in higher-O32 galaxies at fixed [O III]
EW because of the combination of higher Lyα production
efficiency and lower Lyα optical depth.
In summary, our results indicate that [O III] EW alone is not

an effective predictor of Lyα EW. The Lyα versus [O III]
relation observed among galaxies with strong rest-optical
emission lines at z�2 further poses a question on the nature of
the intrinsic Lyα EW distribution in typical z>6.5 star-
forming galaxies (e.g., Labbé et al. 2013). While all three z�2
samples discussed above were selected based on rest-optical
emission properties, we must determine if the intrinsic Lyα EW
distribution at z>6.5 is closer to that of our z∼2 LRIS
EELG sample, signaling a relatively lower LAE fraction and

Figure 8. Flux-calibrated rest-UV spectra of COSMOS-7686 (z = 1.8026; top) and COSMOS-4064 (z = 1.5058; bottom). Strong emission features are identified with
green dashed lines. The inset panel shows the full Lyα profile of COSMOS-7686, using the same y-axis units as in the main panels. The emission feature at a rest
wavelength of 1385 Å in the spectrum of COSMOS-4064 corresponds to unidentified serendipitous emission at an observed wavelength of 3470 Å. If this feature is
Lyα, it corresponds to a redshift of z=1.85, but we have not identified the foreground emitter in the HST image.

13 Restricting the [O III]λ5007 EW range of the Yang et al. (2017) and Erb
et al. (2016) samples to that of the LRIS sample brings the corresponding high-
O32 fractions down to 26% and 46%, respectively. Yet the percentages of high
(>5) O32 are still larger than that of the LRIS sample.
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mean Lyα EW, or is more similar to that of the z∼0 Green
Peas or z∼2 BPT-selected galaxies, with a systematically
larger typical Lyα EW. Rest-optical spectroscopic data
obtained at z>6.5 will help differentiate the scenarios here,
through detailed characterization of the O32 and oxygen
abundance distributions of “average” z>6.5 star-forming
galaxies.

5.2. Extreme and Typical Galaxies at z∼6.5

Strong rest-UV metal line (e.g., N V, C IV, O III], and C III])
and HeII emission is commonly detected at z>6.5 in bright,
lensed systems (Stark et al. 2015a, 2015b, 2017) and LAEs
(Sobral et al. 2015; Laporte et al. 2017; Shibuya et al. 2018;
Hutchison et al. 2019). Through photoionization modeling and
SED fitting, these galaxies are found to have lower stellar
masses, higher sSFRs, younger stellar ages, lower dust
attenuations, harder radiation fields, and lower gas-phase
metallicities compared to the typical star-forming galaxy
populations at lower redshifts. These properties have been
used to extend observational efforts in searching for and
identifying intense rest-UV line emitters at z∼0–2 (Stark et al.
2014; Du et al. 2017; Maseda et al. 2017; Berg et al. 2019;
Mainali et al. 2019; Senchyna et al. 2019).

As noted earlier, star-forming galaxies at z>6.5 show
prominent [O III]+Hβ emission (rest-frame EW670Å), as
suggested by the Spitzer/IRAC [3.6]–[4.5] color (Labbé et al.
2013; Smit et al. 2015). The strong emission from [O III], as a
result, indicates one possible path toward selecting z>6.5
analogs at lower redshifts. It is therefore of great interest to
obtain rest-UV spectra of these analogs—selected based on
their [O III] EWs—and characterize their physical properties
using rest-UV spectral features.

In this work, we designed our observations to select galaxies
at z=1.2–2.3 with properties similar to those at z>6.5, based
on their rest-optical [O III]λλ4959,5007 strength. We find that
13 out of 47 objects (28%) with CIII] EW measurements have
CIII] EW  5Å. If matching in [O III] EW alone was a
sufficient condition in selecting lower-redshift analogs, our

results would suggest that most typical z>6.5 galaxies
(probed by their stellar continuum, as presented in Labbé et al.
2013) will not exhibit strong (5Å) CIII] emission—given
that the LRIS/EELG subsample has a very similar character-
istic [O III] EW to that of the z>6.5 galaxies in Labbé et al.
(2013). Just as in the case of inferring the intrinsic Lyα
distribution at z>6.5, we must allow for the possibility that,
at fixed [O III] EW, galaxies at z>6.5 have larger O32 and
lower oxygen abundance than our z∼2 LRIS EELG sample.
Such differences may translate into differences in the observed
frequency of galaxies with strong (5Å) CIII] emission.
Additional information collected from the “average” galaxies
at z>6.5, such as the excitation state of the gas (as probed by
O32), will greatly help determine if [O III] EW alone is
sufficient for selecting analogs at lower redshifts.
We note that those two intense rest-UV metal line emitters

(COSMOS-7686 and COSMOS-4064) reported in Section 4.4
should not be taken as analogs of typical z>6.5 galaxies, as
their inferred galaxy properties are instead comparable to—
though not quite as extreme as—those of z>6.5 galaxies that
show intense (rest-frame EW20Å) emission in CIII] and
CIV (Stark et al. 2015a, 2015b, 2017). In fact, Mainali et al.
(2018) finds that the fraction of z>5.4 galaxies with a >20Å
CIII] EW is only 14%, and this percentage goes down to ∼1%
at lower redshifts (i.e., z∼ 2−3; Le Fèvre et al. 2019).
Although extreme, objects similar to COSMOS-7686 and

COSMOS-4064 serve as unique laboratories for characterizing
not only rest-UV metal emission features, but also Lyα and
Lyman Continuum (LyC) escape fractions ( fesc,LyC) in systems
with intense radiation fields. Such systems potentially shed
light on the reionization of the early universe. It is therefore
important to consider how to increase the success rate in
searching for similar galaxies at z∼2, during the peak epoch
of cosmic star formation, where more extensive and higher
S/N multiwavelength data are available. Adopting a selection
threshold of a few hundred angstroms in [O III]λλ4959,5007
and Hα EWs will result in a sample of analogs of the typical
star-forming galaxies at z>6.5, where the fraction of objects

Figure 9. Left: Lyα EW vs. [O III]λ5007 EW for different samples, with measurements drawn from the literature. Measurements from the EELGs and U − B objects
in our LRIS sample are shown with blue and red circles, respectively. Yellow circles represent z∼2 BPT-selected galaxies presented in Erb et al. (2016), while green
circles indicate nearby Green Pea galaxies presented in Yang et al. (2017). Error bars shown in the figure represent 68% confidence intervals, while left-pointing
arrows show 3σ upper limits in [O III]λ5007 EW. The [O III]λ5007 EW is directly measured from the high-resolution MMIRS spectra whenever available. A doublet
ratio of 1:2.98 is assumed for estimating the [O III]λ5007 EW for objects that only have grism spectra. Right: [O III]λ5007 EW vs. O32 for the same set of samples.
The O32 values are calculated based on dust-corrected flux ratios of [O III]λ5007/[O II]λλ3727,3729. Legends are the same as in the left panel. Right-pointing arrows
denote 3σ lower limits in O32.
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similar to COSMOS-7686 and COSMOS-4064 is low. On the
other hand, the results presented in Section 4.4 suggest
that a selection criterion based on the high-EW tail
(EW[O III]λλ4959,5007 1000Å) of the EELG distribution will
maximize the chances of targeting galaxies with moderately
low gas-phase metallicity (12+log(O/H)8.0, or ∼0.2 Z☉)
and hard ionizing spectra. We note that this [O III] EW
threshold is a necessary but insufficient condition in observing
galaxies similar to z∼6.5 extreme emitters, as out of eight
galaxies with [O III] EW > 1000Å within the LRIS sample, not
all are classified as LAEs or CIII] emitters. However, within
the subsample where objects have an [O III] EW > 1000Å, the
fractions of detected LAEs and CIII] emitters are significantly
higher (67% and 71%, respectively) compared to the LRIS/
EELG subset (23% and 37%, respectively) or the overall LRIS
sample (21% and 28%, respectively). These differences
indicate the effectiveness of the proposed higher threshold in
[O III] EW.

Adoption of the [O III] EW∼1000Å threshold in selecting
galaxies comparable to those at z>6.5 with extreme rest-UV
emission lines is further supported by the results of Tang et al.
(2019). These authors find that large (6.5) O32 value and
moderate (10%) fesc,LyC are commonly associated with
galaxies showing [O III]λλ4959,50071000Å. As fesc,LyC is
typically lower than fesc,Lyα (Kimm et al. 2019), fesc,LyC10%
corresponds to at least fesc,Lyα10%, which translates into a
20Å Lyα EW in the rest-frame (the definition of LAEs),
based on an empirical relation between fesc,Lyα and Lyα EW
calibrated for LAEs (Sobral & Matthee 2019). This
piece of evidence further justifies the criterion of [O III]
λλ4959,50071000Å for targeting LAEs with much higher
success rates. A larger sample of EELGs selected based on
extreme (1000Å) [O III] EW is needed to further investigate
the relationships among [O III] EW, O32, Lyα EW, and fesc,Lyα
at z>6.5, ideally through lower-redshift analogs.

6. Summary and Conclusions

Effectively searching for and characterizing the lower-
redshift analogs of z∼6.5 star-forming galaxies greatly
improves, by proxy, our knowledge of the properties of the
galaxies that contributed to the reionization of the universe. In
this paper, we examine multiple correlations between rest-UV
and rest-optical emission properties for a statistical sample
of 49 galaxies at z∼1.2–2.3, selected based on [O III]
λλ4959,5007 EW or rest-frame U− B color. Our key results
are listed below.

1. EELGs and the U− B objects have similar overall Lyα
EW distributions, with a median EWLyα of 4.0Å and
6.3Å, respectively. The LRIS sample overall shows a
much higher median Lyα EW compared to continuum-
selected star-forming galaxies at similar redshifts. We
find that 23% of z∼2 EELGs and 18% of U− B objects
are LAEs (rest-frame Lyα EW  20Å). These percen-
tages are very similar to the fraction of LAEs among
z∼3 LBGs (Shapley et al. 2003), but are higher than the
LAE fraction within z∼2 UV-continuum-selected star-
forming galaxies (Du et al. 2018).

2. The EELG subsample on average has stronger CIII]
emission than the U− B-selected subsample (with
median EWs of 4.0Å and 2.6Å, respectively), likely as
a result of having more intense ionization conditions as

suggested by the systematically larger [O III] EWs in the
EELG subsample. Both EELG and U− B subsamples are
found to have greater median CIII] EWs compared to
typical continuum-selected star-forming galaxies at z∼1
−2. The fraction of CIII] emitters (rest-frame C III] EW
 5Å) is 37% for EELGs and 12% for U− B objects.

3. From both individual measurements and composite
spectra, we found that Lyα does not display any apparent
correlation with [O III] EW at EW[O III]1000Å,
and only becomes prominent (EW20Å) in the tail
of high (1000Å) [O III] EW. The observed trend
supports a physical picture in which the emergent Lyα
EW is modulated by both the neutral hydrogen covering
fraction along the line of sight and the intrinsic Lyα
production rate, which, respectively, dominate the low-
and high-EW[O III] regimes of the Lyα versus [O III] EW
relation.

4. The correlation between CIII] and [O III] appears to be
monotonic, as suggested by individual measurements and
composite spectra. This correspondence suggests that
environments that favor [O III] production (low gas-phase
metallicity, hard radiation field, large ionization para-
meter, higher sSFR) also boost CIII] emission, primarily
by maintaining an elevated electron temperature (from
reduced metal cooling) for the production of collisionally
excited emission lines (Jaskot & Ravindranath 2016).

5. We used composite spectra to study the correlation
between weak rest-UV emission lines, HeIIλ1640 and
OIII]λ1665, and (rest-optical) [O III]. Neither rest-UV
metal emission line feature is detected in stacks at the
low [O III]-EW end (EW[O III] 450Å for He II and
EW[O III] 900Å for O III]). Among the composites
where the features are significantly detected, HeII
appears decoupled from [O III], while the strength of
OIII]λ1665 increases with increasing [O III] EW.

6. We estimated the oxygen abundance based on O32 in 25
galaxies with spectral coverage of [O II], [O III], and Hβ.
A negative correspondence is observed between [O III]
EW and oxygen abundance. By creating binary stacks in
metallicity, we find that the low-metallicity stack shows
significantly stronger Lyα and CIII] emission than its
high-metallicity counterpart. Lyα emission is enhanced in
low-metallicity environments, as such systems tend to
have higher ionization parameter and lower HI optical
depth. Our results are also in agreement with predictions
from photoionization models, where the harder ionizing
spectrum and higher nebular gas temperature at lower
oxygen abundance lead to enhanced CIII].

7. We reported two extreme emission galaxies in our LRIS
sample, COSMOS-7686 and COSMOS-4064, the proper-
ties of which resemble those of the small sample of
z>6.5 galaxies with detections of CIII] and CIV
emission lines (e.g., Stark et al. 2015a, 2015b, 2017).
These two galaxies show noticeably strong emission from
CIII], CIV, HeII, and OIII]λ1665. After incorporating
the observed rest-UV line EWs into SED modeling, we
discovered that both objects have low stellar masses
(log(M/M☉)8.60), exceptionally young stellar popu-
lations (<20 Myr), large sSFRs (>60 Gyr−1), high
ionization parameters (log(U)−2.0), and low gas-
phase metallicities (0.25 Z☉).
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8. Objects in our LRIS sample have a systemically lower
Lyα EW compared to other rest-optical-selected galaxies
in Erb et al. (2016) and Yang et al. (2017). We attribute
this discrepancy to different selection criteria adopted for
these samples. Compared to our LRIS sample, the nearby
Green Peas in Yang et al. (2017) and z∼2 low-
metallicity galaxies in Erb et al. (2016) have significantly
higher O32 values. An enhanced O32 is correlated not
only with increased intrinsic Lyα production, but also
with lower Lyα optical depth, increasing fesc,Lyα and thus
the emergent Lyα EW (Stark et al. 2017; Shivaei et al.
2018). The high-O32 galaxies, therefore, have higher
Lyα EWs at fixed [O III] EW than the EELGs in our
LRIS sample.

9. If matching in [O III] EW alone is a sufficient condition in
selecting z>6.5 analogs at lower redshifts, our results
then suggest that LAEs and CIII] emitters are not
common at z>6.5. However, if [O III] EW is not the
only criterion needed for selecting z>6.5 analogs, we
must take into account other physical parameters
(e.g., O32) as suggested by the comparison to the Erb
et al. (2016) and Yang et al. (2017) samples. In terms
of effectively targeting galaxies comparable to those
extreme ones at z>6.5 with intense emission in CIII],
CIV, and Lyα, we propose a selection criterion of [O III]
λλ4959,5007 EW1000Å. Galaxies with [O III] EW
above the proposed threshold are likely to have a large
(6.5) O32 that is typically correlated with strong
(20Å rest-frame EW) Lyα emission.

Characterizing detailed physical conditions of z>6.5 galaxies
and quantifying the fraction of extreme systems similar to
COSMOS-7686 and COSMOS-4064 are key steps to a
comprehensive understanding of the sources present during
and possibly responsible for cosmic reionization. Due to
observational biases, galaxies detected at z>6.5 so far with
extremely strong rest-UV and rest-optical emission may not be
representative of the underlying star-forming galaxy popula-
tions during this epoch. Furthermore, the information of typical
star-forming galaxies at z>6.5 has largely been obtained
through photometric measurements, which do not enable direct
measurements of ionization and emission properties through
spectral line diagnostics. The near-IR capabilities of the
upcoming James Webb Space Telescope will enable a large
sample of typical star-forming galaxies at z>6.5 to be
selected via the “drop-out” method, as well as follow-up
spectroscopic observations in rest-UV and rest-optical
(Williams et al. 2018). Such data will place unique constraints
on the physical conditions of average galaxy populations at
z>6.5 as well as those on the high-EW tail of the distribution
in the early universe that are now just barely within reach of the
largest current ground-based telescopes.
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