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ABSTRACT

The reionization of intergalactic hydrogen contains important clues to the history

of cosmic structure formation. Galaxies in the reionization-era are found to present

prominent rest-frame optical emission lines, as expected for galaxies experiencing

rapidly rising star formation histories. Our knowledge of the physical properties

of this population is limited, making it challenging to understand the role of star

forming galaxies played in reionization and interpret the spectra emerging at z > 6.

To address this shortcoming, I have conducted a large spectroscopic survey target-

ing rest-frame UV and optical emission lines in extreme [O III] emitting galaxies

at z ⇠ 1 � 3. In this thesis, I present four projects, constraining the nature of

early star forming galaxies by studying the spectral properties of reionization-era

analogs. First, I present the results identifying rest-frame optical emission lines

in 227 extreme [O III] emitters. By quantifying the ionizing production e�ciency

and [O III]/[O II] ratio, I find that the most extreme [O III] emitters are the most

e↵ective ionizing agents. Second, I present the results identifying rest-frame UV

emission lines in extreme [O III] emitters. I show that the intense C III] and C IV

emission seen at z > 6 are not entirely driven by a shift toward larger [O III] EW,

but may also be driven by a shift toward lower metallicities at earlier times. Third,

using the Ly↵ EWs measured for extreme [O III] emitters, I discuss the implica-

tions for Ly↵ visibility at z > 7 and the contribution of extreme [O III] emitters

to reionization. Fourth, I explore potential hidden older stellar population and gas

properties of the most extreme [O III] emitters. Finally, I conclude my thesis by ex-

ploring the upcoming spectroscopic studies of reionization-era galaxies with JWST.

My results of reionization-era analogs at z ⇠ 1�3 will provide an empirical baseline

for comparison with future z > 6 results.
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CHAPTER 1

Introduction

Understanding the history of the Universe is one of the primary objectives of extra-

galactic astronomy. Roughly 400, 000 years after the Big Bang (z ' 1100), the hot

electrons and protons in the Universe had cooled and finally combined into neutral

hydrogen atoms, in which the period is known as recombination. The decoupling

of baryons and photons in recombination left a surface of last scattering, which is

observed as the cosmic microwave background (CMB) today, providing our first pic-

ture of the Universe. After the epoch of recombination, the Universe entered the

Dark Ages where the hydrogen was mostly neutral. The Dark Ages ended when

the first generation of stars, galaxies, and accreting black holes started forming.

The ultraviolet (UV) photons with energies > 13.6 eV emitted from the first lu-

minous objects reionized the hydrogen in the intergalactic medium (IGM), leaving

the highly ionized IGM as well as a large population of galaxies and quasars seen at

z < 6. This process is known as reionization, and the investigation of which is one of

the frontiers in astronomy. Studying the process of reionization provides important

clues to understand the history of cosmic structure formation.

My thesis work aims to investigate the physical nature of galaxies at z > 6 and

their role in reionization. To achieve this goal, I will focus on the spectroscopy of

reionization-era analogs at z ' 1 � 3, where these systems can be studied in greater

detail. In the following, I will first discuss the reionization of intergalactic hydrogen

(Section 1.1), then briefly review the observations of galaxies at z > 6 (Section 1.2)

and reionization-era analogs at lower redshifts (Section 1.3). Finally, I will present

the outline of this thesis (Section 1.4).
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1.1 The Reionization of Neutral Hydrogen in the Intergalactic Medium

Reionization of the intergalactic hydrogen started when the first luminous objects

had formed. The theoretical scenario indicates that this process began around a

few 100 million years after the Big Bang (z ' 20 � 30; Barkana and Loeb 2001).

In the standard ⇤ cold dark matter (⇤CDM) model, the first generation of stars

formed out of metal-free gas (so-called Population III or Pop III stars) in minihalos

(⇠ 106
M�) at that time (Bromm et al., 2009). Then the gas was enriched with

heavy elements by the first supernovae, reaching the critical metallicity required for

the formation of Population II stars in the first galaxies (see Bromm and Yoshida

2011 and Dayal and Ferrara 2018 for a review). The hydrogen ionizing photons

produced from early stars and galaxies first ionized the surrounding IGM, creating

ionized regions around themselves. Over time, the isolated ionized regions grew and

overlapped with each other, and finally the intergalactic hydrogen in the Universe

was completely reionized (see Barkana and Loeb 2001 for a review).

The timeline of reionization has been constrained by a series of observational

studies. Thomson scattering between the free electron generated during the epoch

of reionization and CMB photons produces CMB polarization. Measurement of the

Thomson scattering optical depth for the CMB radiation can be used to probe the

reionization history. The most recent results of Thomson optical depth measurement

from the Planck team indicate a mid-point of reionization (i.e., half of the IGM was

reionized) at z ⇡ 7.7 (Planck Collaboration VI, 2018).

Observations of Ly↵ emission and photons bluewards of Ly↵ in the spectra of

distant galaxies and quasars also provide useful constraints on the ionization state

of the IGM. Since Ly↵ photons are resonantly scattered by neutral hydrogen, the

neutral IGM along the line of sight will lead to significant absorption in the flux

bluewards of Ly↵ released by distant sources, which is called the Gunn-Peterson

trough (Gunn and Peterson, 1965). Complete Gunn-Peterson absorption has been

observed in the spectra of quasars at z > 6 (e.g. Becker et al., 2001; Fan et al.,

2006). And the evolution of Gunn-Peterson optical depth measured in z > 5.7
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quasars suggests an end of reionization by z ⇡ 6 (e.g. Fan et al., 2006; McGreer

et al., 2015).

Census of Ly↵ emitting galaxies provides additional probe of the IGM neutral-

ity. If the IGM is partially neutral at z ⇠ 6 � 7, the fraction of Ly↵ emitting

galaxies would be expected to drop significantly due to the resonant transition of

Ly↵. Spectroscopic observations have found a downturn in Ly↵ emitter fraction at

z & 6.5 (e.g. Stark et al., 2011; Schenker et al., 2014), suggesting that the IGM is

considerably neutral (xHI ⇠ 0.5) at z ⇠ 7 (e.g. Mesinger et al., 2015; Mason et al.,

2018b). Taken the above observational constraints together, the majority of the

reionization process occurs in the ⇠ 500 million years between z ⇠ 10 and z ⇠ 6.

While the IGM has been shown to be mostly ionized around z ' 6 (i.e., about

one billion years after the Big Bang) and later, the primary sources responsible for

reionization of the intergalactic hydrogen is still a matter of debate. Two most likely

sources of reionization are active galactic nuclei (AGNs) and star forming galaxies.

Quasar and other AGN activity peaks at 2 < z < 3 (e.g. Richards et al., 2006) and

dominates the ionizing background at z . 2.5 (e.g. McQuinn et al., 2009). However,

the number density of luminous AGNs decreases dramatically at higher redshifts. It

has been argued that AGNs cannot provide enough ionizing photons to fully ionize

the Universe at z ' 6 (e.g. Onoue et al., 2017) unless a numerous population of

faint AGNs exists at z > 6 (e.g. Madau and Haardt, 2015).

On the other hand, massive stars in galaxies have been suggested as the major

sources of reionization with a few assumptions. The contribution of star forming

galaxies to the ionizing budget can be quantified by computing the cosmic ionization

rate ṅion (Robertson et al., 2015):

ṅion = fesc · ⇠ion · ⇢UV,

where fesc is the fraction of ionizing photons that escape to the IGM, ⇠ion is the

ionizing photon production rate per unit UV luminosity at 1500 Å (so-called the

ionizing photon production e�ciency), and ⇢UV is the UV (1500 Å) luminosity

density. We now go through each of these three quantities to explore whether star



14

forming galaxies provide su�cient ionizing output to achieve reionization by z ' 6.

The UV luminosity density (⇢UV) can be estimated by integrating the UV lumi-

nosity function. The Hubble Space Telescope (HST) has revealed a large population

of star forming galaxies at z > 6 (e.g., Bouwens et al. 2015b; see Section 1.2),

allowing us to measure the luminosity function of reionization-era galaxies. Re-

cent studies have found that the UV luminosity function of star forming galaxies

at z ⇠ 7 � 9 must extend to MUV ' �13 (if the faint end slope of the luminosity

function remains steep) in order to fully reionize the IGM by z ' 6 (e.g. Finkelstein

et al., 2012a; Robertson et al., 2013). This luminosity is below the detection limit

of HST, and deep imaging with future space telescopes will be required to constrain

the density of very faint star forming galaxies at z > 6.

The value of ionizing photon production e�ciency (⇠ion) depends on the hard-

ness of the ionizing spectrum. Reionization calculations in the past few years use

⇠ion estimated from stellar population synthesis models with UV spectral slope con-

straints, with a value of log [⇠ion/(erg�1Hz)] = 25.2 � 25.3 (e.g. Finkelstein et al.,

2012a; Robertson et al., 2013). More recently, photoionization modeling of spectra

of individual z > 7 galaxies showing strong high-ionization carbon emission lines

(C IV, C III]) indicates much larger values of log [⇠ion/(erg�1Hz)] = 25.6 � 25.7 (e.g.

Stark et al., 2015b, 2017). Using H↵ fluxes, Bouwens et al. (2016) also estimated a

larger value of log [⇠ion/(erg�1Hz)] ' 25.3 for galaxies at z ⇠ 4 � 5. These may pro-

vide hints that early galaxies are likely more e↵ective ionizing agents. However, the

⇠ion of the general population of reionization-era galaxies is still poorly constrained.

The escape fraction (fesc) regulates how much ionizing photons would directly

contribute to reionizing the IGM. For star forming galaxies to be the dominant

ionizing agents at z > 6, large ionizing photon escape fractions (fesc ' 20%) are

required at early times (e.g. Robertson et al., 2015). Although such large escape

fractions have been measured in a handful of galaxies at lower redshifts (z ⇠ 0 � 3;

e.g., de Barros et al. 2016; Shapley et al. 2016; Izotov et al. 2018, most of the galaxies

at z ⇠ 0 � 3 show much lower values with fesc < 10% (e.g. Steidel et al., 2018).

E↵orts now have been focused on understanding why star forming galaxies at z > 6



15

might have much larger ionizing photon escape fractions.

What has been described above points out two critical unknowns in the reioniza-

tion calculation: the ionizing photon production e�ciency and the escape fraction

of star forming galaxies at z > 6. Constraining these two quantities requires de-

tailed understanding of the physical properties of galaxies in the reionization-era,

including the ionizing spectrum, the stellar population, and the physical conditions

of the interstellar medium (ISM) and the circumgalactic medium (CGM). In the

next section, I will overview the observational studies of z > 6 galaxies and what

has been known about their physical nature.

1.2 Galaxies in the Reionization-Era

E↵orts on identifying galaxies in the early universe can be traced back to more than

50 years ago. Partridge and Peebles (1967) suggested that the Ly↵ emission line

could be a useful feature for detecting high redshift galaxies, which might contain

6 � 7% of the total luminous emission of a young galaxy. Using this technique, a

star forming galaxy at z > 5 has been first spectroscopically confirmed (Dey et al.,

1998). Later on, Hu et al. (2002) reported the discovery of a galaxy at z = 6.56,

being the first spectroscopically confirmed star forming galaxy at z > 6.

One of the most commonly used method for identifying high redshift galaxies

nowadays is the Lyman break technique. The hydrogen ionizing photons produced

by hot stars in the galaxy are partially or fully absorbed by the neutral hydrogen in

the ISM and the CGM, creating a break in the galaxy spectrum below the Lyman

limit (rest-frame wavelength �rest = 912 Å). Thus, a star forming galaxy can be

identified via its rest-frame UV colors obtained from multi-wavelength imaging.

This technique first achieved success in selecting star forming galaxies at z ' 3

using U , G, and R filters, that the Lyman break results in very red U � G colors

while G � R colors remain fairly flat (Steidel et al., 1995). Redshifts of the Lyman

break selected z ⇠ 3 galaxies have been confirmed with follow-up Keck spectroscopy

(Steidel et al., 1996, 2003).
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At z & 6, the Lyman break shifts to the rest-frame wavelength of Ly↵

(�rest = 1216 Å) due to the increased Lyman series opacity in the IGM. Lyman

break galaxies (LBGs) at z ' 6 show extremely red i � z colors (i-dropouts). In

2002, the Advanced Camera for Surveys (ACS) was installed on HST and made sub-

stantial progress on identifying z ' 6 i-dropouts. Taking advantage of HST/ACS,

the Great Observatories Origins Deep Survey (GOODS; Giavalisco et al. 2004) and

Hubble Ultra Deep Field (HUDF; Beckwith et al. 2006) programs have uncovered

hundreds of LBGs at z ' 6 (e.g. Bouwens et al., 2007; Stark et al., 2009). The

follow-up spectroscopic programs have confirmed redshifts for many of these z ⇠ 6eq

candidates (e.g. Stark et al., 2010, 2011).

For star forming galaxies at z & 7, the Lyman break shifts to near-infrared

(NIR) wavelengths. Using the deep NIR imaging data obtained from the Near

Infrared Camera and Multi-Object Spectrometer (NICMOS) on HST, a handful

of LBGs at z ' 7 (z-dropouts) have been identified (e.g. Bouwens et al., 2004b,

2008). The breakthrough of detecting a large sample of star forming galaxies in the

reionization-era came following the delivery of the Wide Field Camera 3 (WFC3) on

HST in 2009, which increases the survey e�ciency of ⇠ 40⇥ comparing to NICMOS.

Over the past decade, thousands of LBGs at 6 < z < 11 have been uncovered in

deep imaging surveys with HST/WFC3 and ACS (e.g. Bouwens et al., 2015b, 2019;

Finkelstein et al., 2015; Livermore et al., 2017; Oesch et al., 2018), with the discovery

of the highest redshift candidate so far at z ⇡ 11 when the Universe is only 400

million years old (Oesch et al., 2016). Meanwhile, imaging campaigns utilizing NIR

instruments on ground-based telescopes also probed numerous bright LBGs at z & 7

(e.g. Bowler et al., 2012, 2014, 2020; Stefanon et al., 2019).

The progresses made on detecting z > 6 LBGs in the last two decades have

revealed an abundant population of star forming galaxies that likely dominate the

reionization of intergalactic hydrogen (e.g. Bouwens et al., 2015a; Robertson et al.,

2015). The multi-wavelength imaging observations have begun to characterize the

physical properties of star forming systems in the reionization-era (see Stark 2016

for a review). Measurements of galaxy sizes demonstrate that z > 6 galaxies are
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compact objects (e.g. Bouwens et al., 2004a; Oesch et al., 2010; Ono et al., 2013).

The rest-frame UV continuum slopes (�, where f� / �
�) of z ' 6 � 7 galaxies are

found to be very blue (� . �2.2), suggesting little dust extinction (e.g. Finkelstein

et al., 2012b; Bouwens et al., 2014). Studies of the spectral energy distributions

(SEDs) of z > 6 galaxies indicate low stellar masses and large specific star formation

rates (sSFRs; e.g., Stark et al. 2013; de Barros et al. 2014; Duncan et al. 2014; Salmon

et al. 2015), suggesting very rapid stellar mass growth in these systems.

The SEDs of z & 7 galaxies also indicate very strong rest-frame optical emis-

sion lines relative to the underlying continuum, as expected for large sSFRs. By

definition, the dominant young, massive stars in galaxies with large sSFRs power

strong nebular line emission, while the sub-dominant A stars produce relatively

weak rest-frame optical continuum emission, resulting in very large optical emission

line equivalent widths (EWs). At z > 6, strong rest-frame optical emission lines

(e.g., H�, [O III], H↵) shift to mid-infrared wavelengths (⇠ 3 � 5 µm). Using the

flux excess measured from Spitzer Space Telescope Infrared Array Camera (IRAC;

Fazio et al. 2004) filters, the average [O III]+H� EW inferred from stacked SEDs

of z ' 7 � 8 star forming galaxies is ' 670 Å (in rest-frame; Labbé et al. 2013; De

Barros et al. 2019), which is much larger than the value of typical z ⇠ 2�3 galaxies

(e.g. Reddy et al., 2018). Recent studies have revealed even more intense optical line

emission in individual z ' 7�9 systems, with [O III]+H� EW ' 1000�2000 Å (Smit

et al., 2014, 2015; Roberts-Borsani et al., 2016). These results suggest that galaxies

with extreme optical line emission become a common population in the reionization-

era. Therefore, in order to improve our knowledge of reionization process and early

star forming systems, it is crucial to understand the physical properties of extreme

emission line galaxies (EELGs).

In recent years, the first rest-frame UV (NIR) nebular spectra of z > 6 galaxies

began to emerge, providing insight into the nature of reionization-era systems. There

are two challenges in interpreting the current spectra of z > 6 galaxies. First, intense

highly ionized carbon emission lines (C III], C IV) have been detected in several

galaxies at z > 6 (Stark et al., 2015a,b, 2017; Mainali et al., 2017; Hutchison et al.,
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2019), implying very hard ionizing spectra which are rarely seen in star forming

galaxies at lower redshifts, while the origin of which remains a matter of debate.

Some suggest that an AGN contribution is necessary (e.g. Nakajima et al., 2018),

yet others argue that metal-poor young stellar populations are su�cient (e.g. Stark

et al., 2017). Second, spectroscopic surveys on Ly↵ have revealed a rapidly declining

Ly↵ emitter fraction at z > 6.5 as the IGM neutrality increases (e.g. Schenker

et al., 2014; Mason et al., 2018b), however, detecting Ly↵ emission in four luminous

z ' 7�9 galaxies with extremely large [O III]+H� EWs (' 1000�2000 Å; Roberts-

Borsani et al. 2016) reaches an anomalous 100% success rate (e.g. Stark et al., 2017).

Why Ly↵ photon escapes so e�ciently from this population while being strongly

attenuated in most other z ⇠ 7 systems is unclear. Addressing these questions

requires an improved understanding of the massive stellar populations and nebular

gas conditions that are presented in early star forming sources.

To understand the physical nature of reionization-era galaxies requires a com-

prehensive investigation of the spectral properties of galaxies in intense line emission

phase at high redshift. However, prior to the launch of the James Webb Space Tele-

scope (JWST), it is extremely di�cult to accomplish at z > 6, where rest-frame

optical nebular lines are not visible from the ground and the study of rest-frame

UV lines requires deep spectroscopy. The alternative way to achieve this goal is to

investigate a large sample of galaxies with similar nebular line properties of z > 6

systems at lower redshifts, for instance, EELGs at z ' 0 � 3 where both rest-frame

UV and optical nebular lines are visible from the ground or via HST. These systems

are served as analogs of reionization-era galaxies at low redshift and can be studied

in greater detail, providing valuable insight into the nature of early star forming

sources.

1.3 Reionization-Era Analogs at Lower Redshift

Although detailed spectroscopic investigation of reionization-era galaxies remains

challenging, meaningful constraints can be put by exploring the physical properties
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of the analogs of z > 6 galaxies at lower redshifts (z ' 0 � 3). Attention has long

been focused on identifying and studying galaxies with intense optical line emission

(H�, [O III] ��4959, 5007, H↵, etc.) in the local Universe. Selected by strong optical

emission lines, blue compact dwarfs (BCDs; Thuan and Martin 1981) are probed as

low mass, extremely metal poor (Z . 0.1 Z�) systems undergoing intense bursts

of star formation (see Kunth and Östlin 2000 for a review). The large EW line

emission (e.g. Östlin et al., 1996; Izotov et al., 2001) in BCDs is powered by the

radiation field produced by very young, hot stellar populations (e.g. Sargent and

Searle, 1970). These systems are considered to provide clues about the first stages

of galaxy formation and chemical evolution (e.g. Ekta and Chengalur, 2010), which

are also important to understand the earliest galaxies.

Over the last two decades, surveys targeting optical emission lines with broad-

band or narrowband imaging delivered a number of EELGs at z < 1 (e.g. Shim

and Chary, 2013; Amoŕın et al., 2015; Yang et al., 2017b), including extremely

metal-poor galaxies (XMPs) with large sSFRs (e.g. Kakazu et al., 2007; Hu et al.,

2009; Senchyna and Stark, 2019) and the Green Peas (GPs; Cardamone et al. 2009).

These systems are found to be compact, low mass, metal-poor (Z . 0.2 Z�) objects

with large sSFRs (⇠ 10 Gyr�1 and up to ⇠ 100 Gyr�1). Spectroscopic studies of

z < 1 EELGs reveal more extreme nebular line properties which are rarely seen in

typical star forming galaxies at the same redshift. Prominent rest-frame UV neb-

ular emission lines (C IV, He II, O III], C III]) have been detected in local extreme

star forming galaxies (e.g. Senchyna et al., 2017, 2019), indicating hard radiation

fields that e�ciently produce ionizing photons (Chevallard et al., 2018). A handful

of EELGs are also characterized by large ionization-sensitive emission line ratios

(e.g., [O III]/[O II]) which imply highly ionized ISM (e.g. Izotov et al., 2017; Yang

et al., 2017a), and weak low ionization absorption lines and narrow Ly↵ velocity

peak separation implying gas conditions which are linked to the escape of ionizing

photons (e.g. Yang et al., 2017a; Izotov et al., 2018; Jaskot et al., 2019).

The delivery of WFC3 with sensitive NIR filters on HST has significantly im-

proved the census of EELGs at z = 1 � 3. At these redshifts, strong rest-frame



20

optical emission lines shift to NIR bands. Thus, galaxies with intense optical line

emission can be identified via NIR flux excess. Using multi-wavelength photome-

try, van der Wel et al. (2011) selected 69 EELGs showing [O III] EW & 500 Å at

1.6 < z < 1.8, where the J125 flux is much greater than the fluxes in I814 and H160

bands due to the presence of intense [O III]+H� line emission. The results show that

these EELGs are undergoing an enormous starburst phase which is rarely found in

typical, more massive star forming galaxies at z ' 2 (e.g. Sanders et al., 2018) but

consistent with the large sSFRs seen at z > 6. This technique was also used in

Maseda et al. (2013, 2014), and the follow-up ground-based spectroscopic observa-

tions measured rest-frame optical spectra of 22 EELGs at 1 < z < 2. The results

support the picture that EELGs are low mass, metal-poor (Z < 0.3 Z�) galaxies

undergoing intense starburst episodes (sSFR ⇠ 10� 100 Gyr�1). More importantly,

the number density of EELGs ([O III] EW & 500 Å) at z ⇠ 2, though is still rare

comparing to the population of typical z ⇠ 2 star forming galaxies, is two orders of

magnitude more common than that in the local Universe (Kakazu et al., 2007; van

der Wel et al., 2011; Maseda et al., 2018). This allows us to probe a much larger

sample of EELGs at z ⇠ 2, enabling statistical studies of reionization-era analogs

at this redshift, providing a baseline for comparing to the results derived from local

EELGs and to the nature of z > 6 systems.

The low resolution (R ⇠ 100) NIR grism spectroscopic survey with HST provides

a much more e�cient way of identifying EELGs at z ' 1 � 3. The WFC3 Infrared

Spectroscopic Parallel (WISP) survey (Atek et al., 2010) and the 3D-HST survey

(Brammer et al., 2012; Skelton et al., 2014; Momcheva et al., 2016) have revealed

an abundant population of z ' 1 � 3 systems emitting intense [O II], H�, [O III], or

H↵ lines (e.g. Atek et al., 2014; Maseda et al., 2018). However, the ionizing spectra,

the massive stellar populations, and the nebular gas properties of a large statistical

sample of EELGs at z ' 1 � 3, of which the investigation requires high resolution

spectroscopy, are still poorly constrained. Without such knowledge, it would be

di�cult to test whether the preliminary results derived from local EELGs evolve

with redshift, and more importantly, to interpret the peculiar spectra emerging at
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z > 6 and the nature of reionization-era galaxies.

1.4 Outline of This Thesis

Motivated by the shortcomings described above, my thesis work have conducted a

large ground-based spectroscopic survey of extreme [O III] line emitting galaxies at

z ⇠ 1 � 3, targeting rest-frame optical (near-infrared) and UV (optical) nebular

emission lines in these systems. Using the data set from 3D-HST survey which

targets the well-studied fields in the Cosmic Assembly Near-infrared Deep Extra-

galactic Legacy Survey (CANDELS; Grogin et al. 2011; Koekemoer et al. 2011),

we identified more than a thousand z ⇠ 1 � 3 EELG candidates with [O III] EWs

spanning the full range measured at z > 6 (' 300 � 3000 Å; see Stark 2016 for a

review). We then put the EELG candidate catalog as the input of our follow-up

spectroscopic observations using MMT, Keck, and Magellan telescopes.

In my thesis, we aim to investigate the ionizing radiation field powered by massive

stellar populations and the ISM conditions of reionization-era analogs at z ⇠ 1 �
3. This will provide insight into whether early star forming systems are e↵ective

ionizing agents that are responsible for the reionization of the intergalactic hydrogen.

We also aim to interpret the spectra emerging at z > 6, including the intense C IV

and C III] line emission which is rarely seen at lower redshifts, and the anomalous

success rate of detecting Ly↵ in the most intense optical line emitters at z > 7 where

the IGM is mostly neutral (Section 1.2). Finally, we aim to provide an empirical

baseline with our nebular line spectra, for comparison with future observations of

z > 6 systems with JWST. The organization of this thesis is as following.

In Chapter 2, we present the first results of our near-infrared (rest-frame optical)

spectroscopic survey of over 200 EELGs at z ⇠ 1 � 3. Using the strong rest-frame

optical emission line ([O II], H�, [O III], and H↵) detections, we constrain the ion-

izing photon production e�ciency (⇠ion) and the ionization-sensitive line ratios. We

explore the ⇠ion and [O III]/[O II] ratio as a function of optical line EW, showing that

the most extreme [O III] emitters are the most e�cient in producing ionizing photons
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and present large [O III]/[O II] ratios associated with ionizing photon leakage.

In Chapter 3, we present the results of our optical (rest-frame UV) spectroscopic

survey of 138 EELGs at z ⇠ 1 � 3. We target the rest-frame UV nebular emission

lines (C IV, He II, O III], C III]). We investigate the ionizing sources powering these

UV emission lines. We quantify the fraction of z ⇠ 1 � 3 EELGs with intense C III]

and C IV line emission seen at z > 6. By comparing with the results derived from

z & 6 systems, we comment on the potential metallicity evolution from z ⇠ 1 � 3

to z > 6.

In Chapter 4, we present the results of Ly↵ equivalent widths of the z ⇠ 2 � 3

EELGs. We quantify the fraction of strong Ly↵ emitters in our sample. The data

set provide an empirical baseline at where the IGM is highly ionized, allowing us

to disentangle how the Ly↵ properties depend on the [O III]+H� EW. We then

explore how properties internal to galaxies and the IGM condition help to explain

the Ly↵ visibility seen at z > 7. using Ly↵ EW as a probe of the leakage of

Lyman continuum radiation, we also discuss implications for the contribution of

these extreme line emitting galaxies to reionization.

In Chapter 5, we present the stellar populations and nebular gas properties of the

most extreme [O III] emitters, which undergo intense bursts of star formation and

are found to be the most e↵ective ionizing agents. Using rest-frame near-infrared

photometry and dynamical mass measurements, we explore the hidden older stellar

population in these systems that is invisible in the rest-frame UV and optical. We

also characterize the metallicities and ionization parameters of the most extreme

[O III] emitters with rest-frame optical emission lines.

In Chapter 6, we present the conclusions of each chapter in this thesis, and the

future spectroscopic studies of reionization-era galaxies with JWST.



23

CHAPTER 2

MMT/MMIRS Spectroscopy of z = 1.3 � 2.4 Extreme [O III] Emitters:

Implications for Galaxies in the Reionization-Era†

Galaxies in the reionization-era have been shown to have prominent [O III]+H�

emission. Little is known about the gas conditions and radiation field of this popu-

lation, making it challenging to interpret the spectra emerging at z & 6. Motivated

by this shortcoming, we have initiated a large MMT spectroscopic survey identi-

fying rest-frame optical emission lines in 227 intense [O III] emitting galaxies at

1.3 < z < 2.4. This sample complements the MOSDEF and KBSS surveys, extend-

ing to much lower stellar masses (107 � 108
M�) and larger specific star formation

rates (5 � 300 Gyr�1), providing a window on galaxies directly following a burst or

recent upturn in star formation. The hydrogen ionizing production e�ciency (⇠ion)

is found to increase with the [O III] EW, in a manner similar to that found in local

galaxies by Chevallard et al. (2018). We describe how this relationship helps explain

the anomalous success rate in identifying Ly↵ emission in z & 7 galaxies with strong

[O III]+H� emission. We probe the impact of the intense radiation field on the ISM

using O32 and Ne3O2, two ionization-sensitive indices. Both are found to scale with

the [O III] EW, revealing extreme ionization conditions not commonly seen in older

and more massive galaxies. In the most intense line emitters, the indices have very

large average values (O32 = 9.1, Ne3O2 = 0.5) that have been shown to be linked

to ionizing photon escape. We discuss implications for the nature of galaxies most

likely to have O32 values associated with significant LyC escape. Finally we consider

the optimal strategy for JWST spectroscopic investigations of galaxies at z & 10

where the strongest rest-frame optical lines are no longer visible with NIRSpec.

†This chapter has been published as Tang et al. (2019).
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2.1 Introduction

Over the past decade, deep imaging surveys with the Hubble Space Telescope (HST)

have uncovered thousands of color-selected galaxies at z > 6 (e.g. McLure et al.,

2013; Bouwens et al., 2015b; Finkelstein et al., 2015; Livermore et al., 2017; Atek

et al., 2018; Oesch et al., 2018), revealing an abundant population of low mass

systems that likely contribute greatly to the reionization of intergalactic hydrogen

(Bouwens et al., 2015a; Robertson et al., 2015; Stanway et al., 2016; Dayal and

Ferrara, 2018). These galaxies have been shown to be compact with low stellar

masses, blue ultraviolet continuum slopes, and large specific star formation rates

(see Stark 2016 for a review).

The James Webb Space Telescope (JWST) will eventually build on this physi-

cal picture, providing spectroscopic constraints on the stellar populations and gas

conditions within the reionization era. Dedicated e↵orts throughout the last decade

have delivered our first glimpse of what we are likely to see with JWST. Ground-

based spectroscopic surveys have revealed a rapidly declining Ly↵ emitter fraction

at z > 6 (e.g. Caruana et al., 2014; Pentericci et al., 2014; Schenker et al., 2014), sug-

gesting that the intergalactic medium (IGM) is likely partially neutral at z ' 7 � 8.

While prominent Ly↵ emission is very rare in early galaxies, the rest-frame optical

emission lines are found to be very strong relative to the underlying continuum, as

expected for galaxies with large specific star formation rates (sSFR). The average

[O III]+H� equivalent width (EW) inferred from broadband flux excesses in stacked

spectral energy distributions (SEDs) at z ' 7 � 8 is found to be 670 Å (Labbé

et al., 2013, hereafter L13), while individual objects have been located with com-

bined [O III]+H� equivalent widths reaching up to 1000�2000 Å (Smit et al., 2014,

2015; Roberts-Borsani et al., 2016). While direct spectral measurements with JWST

will ultimately be required to confirm the z ⇠ 7 equivalent width distribution, these

measurements suggest large [O III] EWs (> 300 Å) are likely to be very common.

These results indicate that the majority of reionization-era galaxies are caught

in an extreme emission line phase, implying a large ratio of the flux density in the
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ionizing UV continuum (� < 912 Å) to that in the optical (� ' 4000 � 6000 Å).

There are a variety of ways a stellar population can produce such spectra. A likely

pathway follows a recent upturn in the star formation rate (SFR), as would occur

for systems undergoing rapidly rising star formation histories (which are expected at

z & 6; i.e. Behroozi et al. 2013) or punctuated bursts of star formation that greatly

exceed earlier activity. In both cases, the stellar population will be dominated by

recently formed stars, leading to an enhanced contribution from O stars relative to

the longer-lived main-sequence stars that dominate the non-ionizing UV continuum

and optical continuum. In this framework, the galaxies with the largest optical line

equivalent widths (i.e., those approaching EW = 1000 � 2000 Å) will be dominated

by extremely hot massive stellar populations, resulting in an intense extreme UV

(EUV) radiation field.

The interstellar gas reprocesses this radiation field, powering the observed neb-

ular emission lines. Uncertainties in the form of the ionizing spectrum thus have a

significant e↵ect on the interpretation of the nebular spectrum. While the imple-

mentation of new physics in population synthesis models (i.e., stellar multiplicity,

rotation) continues to improve predictions of the EUV radiation field (e.g. Levesque

et al., 2012; Eldridge et al., 2017; Götberg et al., 2018), the shape of the ionizing

spectrum between 1 and 4 Ryd remains very poorly constrained for a given age and

metallicity. This is perhaps especially true among the highest equivalent width line

emitters for which the EUV spectrum is extremely sensitive to the nature of the

hottest and most massive stars present in the galaxy. While large spectroscopic sur-

veys have begun to constrain the ionizing spectrum of typical galaxies at z ' 2 � 3

(e.g. Sanders et al., 2016; Steidel et al., 2016; Strom et al., 2017), much less work

has focused on the extreme emission line population.

As the first nebular spectra of z & 6 galaxies emerge, we are already beginning

to see indications that the ionizing spectra of reionization-era sources di↵er greatly

from typical galaxies at lower redshifts. Perhaps most surprising has been the de-

tection of strong nebular C IV emission in two of the first galaxies observed at z & 6

(Stark et al., 2015b; Mainali et al., 2017; Schmidt et al., 2017), implying a very hard
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EUV ionizing spectrum capable of triply ionizing carbon in the ISM. The presence

of C IV in a high redshift galaxy typically indicates the power law spectrum of an

active galactic nucleus (AGN). However, Mainali et al. (2017) have demonstrated

that the observed line ratios in one of the z > 6 C IV emitters requires a strong

break at the He+-ionizing edge, suggesting a metal poor (< 0.1 Z�) stellar ioniz-

ing spectrum is likely responsible for powering the nebular emission. The precise

form of the EUV spectrum produced by massive stars in this metallicity regime is

very uncertain, making it di�cult to reliably link the observed nebular emission to

a unique physical picture. Similar challenges have emerged following detections of

intense C III] emission in two galaxies at z & 6 (Stark et al., 2015a, 2017). Whereas

some have argued that the UV line emission can be powered by moderately metal

poor, young stellar populations (Stark et al., 2017), others suggest an AGN con-

tribution is necessary to explain the large C III] equivalent width (Nakajima et al.,

2018). Until more is known about the EUV radiation field of very young stellar

populations that dominate in extreme emission line galaxies (EELGs), it will be

di�cult to reliably interpret the the z & 6 nebular line spectra that will be common

in the JWST era.

The uncertainties in the EUV spectra of early galaxies also plague e↵orts to use

Ly↵ as a probe of reionization. The success of the Ly↵ reionization test hinges on

our ability to isolate the impact of the IGM on the evolving Ly↵ equivalent width

distribution, requiring careful attention to variations in the intrinsic production of

Ly↵ within the galaxy population. The intrinsic Ly↵ luminosity of a given stellar

population (per SFR) depends sensitively on the production e�ciency of Lyman

continuum (LyC) radiation (e.g. Wilkins et al., 2016), often parameterized as ⇠ion =

N(H0)/LUV, the ratio of production rate of hydrogen ionizing photons (N(H0))

and the continuum luminosity of non-ionizing UV photons (LUV). By definition,

the extreme emission line galaxies that dominate in the reionization era should

be extraordinarily e�cient at producing hydrogen ionizing radiation. E↵orts to

measure ⇠ion from both high quality spectra (e.g. Chevallard et al., 2018; Shivaei

et al., 2018) and narrowband imaging (Matthee et al., 2017) have ramped up in
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recent years. Chevallard et al. (2018) demonstrated a correlation exists between

⇠ion and [O III] EW among ten nearby galaxies, such that the most extreme line

emitters are the most e�cient in their ionizing photon production. The first hints

at high redshift suggest a similar picture (Matthee et al., 2017; Shivaei et al., 2018),

but the LyC production e�ciency of extreme emission line galaxies remains poorly

constrained. As a result, it is not known the extent to which ⇠ion varies over the

full range of equivalent widths present in reionization era galaxies (EW[OIII]+H� '
300�2000 Å), making it challenging to accurately account for how variations in the

radiation field are likely to impact Ly↵ visibility.

The limitations of our physical picture of Ly↵ production in the reionization

era has recently become apparent following the discovery of four massive z ' 7 � 9

galaxies with extremely large [O III]+H� equivalent widths (EW[OIII]+H� ' 1000 �
2000 Å; Roberts-Borsani et al. 2016, hereafter RB16). Spectroscopic follow-up has

revealed Ly↵ in each of the four galaxies from RB16 (e.g. Oesch et al., 2015; Zitrin

et al., 2015; Stark et al., 2017), corresponding to a factor of ten higher success rate

than was found in earlier studies (e.g. Schenker et al., 2014; Pentericci et al., 2014).

The association between Ly↵ and extreme EW [O III] emission is also seen in other

z > 7 Ly↵ emitters with robust IRAC photometry (Ono et al., 2012; Finkelstein

et al., 2013).Remarkably these results suggest significant di↵erences between the

Ly↵ properties of the extreme line emitters that are typical at z & 7 (EW[OIII]+H� '
670 Å) and massive systems with slightly larger equivalent widths (EW[OIII]+H� '
1000 � 2000 Å). This could imply that the transmission of Ly↵ is enhanced in

the higher equivalent width sources, as might be expected if these massive galaxies

trace larger-than-average ionized patches of the IGM. Or it could be explained if

the production e�ciency of Ly↵ is much larger in the higher EW sources. In this

case, e↵orts to model the evolving Ly↵ EW distribution would have to control for

the large intrinsic variations in the Ly↵ luminosity per SFR that accompany sources

of slightly di↵erent [O III] EW. Unfortunately without robust measurements of how

⇠ion scales with [O III] EW at high redshift, it is impossible to know which picture

is correct.
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The shortcomings described above motivate the need for a comprehensive inves-

tigation of the spectral properties of high redshift extreme emission line galaxies.

Prior to the launch of JWST, this is most easily accomplished at z ' 2 where both

rest-UV and rest-frame optical nebular lines are visible from the ground. In this

Chapter, we present the first results from a near-infrared spectroscopic survey tar-

geting rest-frame optical nebular emission lines in over 200 extreme emission line

galaxies at z = 1.3 � 2.4. Our sample is selected using a combination of HST grism

spectra (Brammer et al., 2012; Skelton et al., 2014; Momcheva et al., 2016) and

broadband photometry. Over the past 2.5 years, we have obtained ' 100 hours

of MMT and Keck spectroscopy following up this population in the near-infrared.

The program is ongoing, and we ultimately aim to obtain useful constraints on the

strongest rest-frame optical lines ([O II], [Ne III], H�, [O III], H↵, [N II]) for each

galaxy in our sample. This program complements the KBSS (Steidel et al., 2014)

and MOSDEF (Kriek et al., 2015) programs, including galaxies with lower masses

and larger specific star formation rates than are common in these surveys.

We focus on three key topics in this Chapter. First we use our spectra to char-

acterize how the production e�ciency of LyC (and hence Ly↵) photons scales with

the [O III] and H↵ EW. Using this information, we consider how variations in Ly↵

production e�ciency impact the visibility of Ly↵ at z > 7. Second, we investigate

how the intense radiation field of extreme emission line galaxies impacts the condi-

tions of the ISM, characterizing how rest-frame optical line ratios that are sensitive

to the ionization state of the gas vary with [O III] EW. We discuss the findings in the

context of results showing an association between ionization-sensitive line ratios and

the escape fraction of ionization radiation. Third we use our emission line measure-

ments to help optimize spectroscopic observations of the highest redshift galaxies

(z & 10) that JWST will target. At these redshifts, the strongest rest-frame optical

lines ([O III], H↵) are no longer visible with NIRSpec. We consider whether fainter

rest-frame optical lines (i.e., [O II], [Ne III]) will provide viable alternatives and make

predictions for the range of equivalent widths that are likely to be present in early

galaxies.



29

The organization of this Chapter is as follows. We describe the sample se-

lection and near-infrared spectroscopic observations in Section 2.2. We introduce

our photoionization modeling procedure in Section 2.3 before discussing the rest-

frame optical spectroscopic properties of the EELGs in Section 2.4. We discuss the

implications in Section 2.5, and summarize our results in Section 2.6.We adopt a

�-dominated, flat Universe with ⌦⇤ = 0.7, ⌦M = 0.3 andH0 = 70 km s�1 Mpc�1.

All magnitudes in this Chapter are quoted in the AB system (Oke and Gunn, 1983),

and all equivalent widths are quoted in the rest-frame. We assume a Chabrier (2003)

initial mass function throughout the Chapter.

2.2 Observations and Analysis

We have initiated a large spectroscopic survey of z ' 2 galaxies with extremely

large equivalent width optical emission lines. A complete description of the survey

and the galaxies targeted will be presented in a catalog paper following the end

of the survey. Here we provide a detailed summary of the survey and resulting

emission line sample, describing the pre-selection of targets (Section 2.2.1) and our

campaign to follow-up these sources with spectrographs on MMT and Keck (Section

2.2.2�2.2.4). We discuss the analysis of the spectra and our current redshift catalog

in Section 2.2.5.

2.2.1 Pre-Selection of Extreme Emission Line Galaxies

The first step in our survey is to identify a robust sample of extreme emission

line galaxies for spectroscopic follow-up. Since we aim to study how the radiation

field and gas conditions vary within the reionization era population, we must se-

lect galaxies at that span the full range of equivalent widths expected at z & 6

(EW[OIII]+H� ' 300 � 2000 Å; e.g., Stark 2016). This pre-selection is most e�-

ciently performed using publicly-available HST WFC3 G141 grism spectra in the

five CANDELS (Grogin et al., 2011; Koekemoer et al., 2011) fields. The G141 grism

covers between 1.1 µm and 1.7 µm, enabling identification of H↵ at 0.7 < z < 1.6
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and [O III] ��4959, 5007 (blended at the grism resolution) at 1.2 < z < 2.4. Four

of the fields (AEGIS, COSMOS, GOODS-S, UDS) have been targeted by the 3D-

HST program (van Dokkum et al., 2011; Brammer et al., 2012; Skelton et al., 2014;

Momcheva et al., 2016), and the fifth field (GOODS-N) was observed in GO-11600

(PI:Weiner). The latest 3D-HST public release brings together all the G141 data,

providing photometry (Skelton et al., 2014) and spectral measurements (Momcheva

et al., 2016) of galaxies in all five CANDELS fields.

Our primary selection is focused on systems in two redshift windows (1.37  z 
1.70, 2.09  z  2.48) where the full set of strong rest-frame optical lines ([O II], H�,

[O III], H↵) can be observed with ground-based spectrographs. At 1.37  z  1.70,

we can detect H� and [O III] in the J band, and H↵ in the H band. [O II] is

situated in the Y band at 1.55  z  1.70 and in the optical at z < 1.55.At

2.09  z  2.48, we can detect [O II] in the J band, H� and [O III] in the H band,

and H↵ in the K band. We also identify secondary targets at 1.70 < z < 1.90

and 2.02 < z < 2.09, where a subset of the lines are visible using ground-based

spectrographs. We will discuss the relative priorities we assign to galaxies when

introducing the near-infrared spectroscopic follow-up in Section 2.2.2.

As a first pass at our pre-selection, we use the 3D-HST v.4.1.5 grism catalogs (see

Momcheva et al. 2016) to select extreme line emitters in all five CANDELS fields.

These catalogs include extracted grism spectra for objects with WFC3 F140W mag-

nitude < 26.0.We aim to select galaxies with optical line equivalent widths similar

to those seen in the reionization era. Stacked broadband SEDs imply typical values

of [O III]+H� EW = 670 Å at z ' 8 (L13). To ensure our sample spans the full

range of line strengths seen at z ' 8, we consider all objects with [O III]+H� EW

> 340 Å, roughly a factor of two below the average value quoted above. We thus

select all galaxies in the grism catalogs with [O III] ��4959, 5007 EW > 300 Å.1 Here

we have assumed a flux ratio of [O III] �5007/H� = 6, consistent with measurements

of extreme emission line galaxies at z ' 2 (Maseda et al., 2014). For the sake of

1Adopting the theoretical flux ratio I(5007)/I(4959) = 3, this selection is equivalently stated

as [O III] �5007 EW > 225 Å.
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simplicity, we use the same equivalent width threshold for H↵. The precise value

we choose does not impact our results, as we will sample a wide range of equivalent

widths in our follow-up survey. For reference, if we crossmatch the MOSDEF spec-

troscopic sample to the 3D-HST grism catalogs (considering only galaxies in same

redshift range as in our EELG sample), we find that the median [O III] ��4959, 5007

EW is 154 Å for sources with S/N > 3 grism line detections. Our sample thus largely

probes a distinct [O III] EW regime.

The e�ciency of our follow-up spectroscopy program depends sensitively on how

accurately the equivalent widths can be measured from the grism spectra, requiring

robust measurements of both the line flux and the underlying continuum. To ensure

the line detections are robust, we only include sources with significant (S/N >

3) [O III] or H↵ flux and equivalent width measurements. However we find that

the equivalent width S/N threshold excises many extreme line emitters from our

sample owing to the low S/N continuum in many of the grism spectra. For these

fainter continuum sources, we can more reliably identify extreme line emitters using

the line flux from the grism catalogs and the continuum from the HST broadband

imaging data. We estimate the equivalent width errors for this subset by adding the

uncertainties of emission line fluxes and broadband photometry in quadrature. If

the rest-frame [O III] ��4959, 5007 or H↵equivalent width calculated in this manner

is above 300 Å with S/N > 3, we include the source in our catalog for follow-up

spectroscopy.

Finally we visually inspect the grism spectra and photometry of all galaxies that

satisfy these criteria, removing sources with grism spectra that are unreliable owing

to contamination from overlapping spectra or those that appear to have misidentified

emission lines. We are left with a sample of 1587 galaxies with grism measurements

that imply [O III] ��4959,5007 or H↵ rest-frame EW greater than 300 Å across the

five CANDELS fields. Examples of the broadband SEDs of the extreme emission

line galaxies in our sample are shown in Figure 2.1. In all cases, the measured flux

in the specific broadband filters that sample the strong nebular emission lines are

well above the flux of the underlying continuum.
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The grism observations cover ⇠ 75% of the area imaged by the CANDELS

survey. While our spectroscopic follow-up observations are centered in these regions,

often the edges of the slitmasks extend to areas of the CANDELS fields that lack

grism spectra. In these sub-regions, we use simple color cuts to identify extreme

emission line galaxies based on the characteristic shape of their broadband SEDs.

In the redshift range 1.6 < z < 1.8, galaxies with large equivalent width [O III]+H�

emission show a large flux excess in the J125-band (Figure 2.1). Previous studies have

successfully demonstrated that extreme [O III]+H� emitters can be easily selected

by identifying galaxies in which the J125-band flux is significantly greater than that

in the I and H160-bands (van der Wel et al., 2011; Maseda et al., 2014). We closely

follow these selections, identifying galaxies in the Skelton et al. (2014) photometric

catalogs that satisfy the following criteria: I � J125 > 0.3 + �(I � J125) and J125 �
H160 < �0.3��(J125 �H160), where � is the color uncertainty. The required J-band

flux excess is chosen to match the equivalent width threshold of our grism sample.

Whereas the grism selection identifies strong [O III] ��4959,5007 or H↵ emission,

the photometric selection picks out sources based on their combined [O III]+H�

emission. Under the same assumptions described above, our color cuts correspond

to a selection of galaxies at 1.6 < z < 1.8 with [O III]+H� EW > 340 Å. We have

verified (in fields where grism spectra are available) that this selection identifies the

same extreme emission line galaxies selected via the grism catalogs.

Following Maseda et al. (2014), we also select [O III]+H� emitter candidates

at 2.0 < z < 2.4 via an H160-band flux excess technique. Because of the limited

K-band sensitivity, the color cuts identify sources in which H160 is significantly in

excess of J125. To minimize contamination from Balmer break sources, Maseda et al.

(2014) introduce a requirement that galaxies additionally have blue UV continuum

(in V � I) slopes. We adopt similar color cuts, again making minor adjustments

to the required color excess for the sake of consistency with our grism selection. In

particular, we identify sources with V606 � I < 0.1 � �(V606 � I) and J125 � H160 >

0.36 + �(J125 � H160). We also require that the detections in V606, I, J125 and H160

have S/N > 5. The two color selection techniques provide an additional 612 targets,



33

resulting in a total sample of 2199 galaxies in our input catalog.

The final step is to remove galaxies that likely host AGNs from the sample.

While recent studies of EELG at z & 7 suggests that AGN may be present in several

of the sources for which we are obtaining spectra (e.g. Tilvi et al., 2016; Laporte

et al., 2017; Mainali et al., 2018), our goal is to focus first on the range of spectral

properties in galaxies dominated by star formation. We use the deep Chandra X-ray

imaging in AEGIS (Nandra et al., 2015), COSMOS (Civano et al., 2016), GOODS-N

(Alexander et al., 2003; Xue et al., 2016), and GOODS-S (Xue et al., 2011) fields,

as well as XMM X-ray imaging in UDS field (Ueda et al., 2008) to identify X-

ray sources in the sample. We match the coordinates of our EELG candidates to

the X-ray source catalogs using a 1.000 search radius. There are 26 sources in our

sample found to have X-ray counterparts within 1.000. We remove these 26 sources,

leaving 2173 targets in the final grism spectroscopy and photometry-selected EELG

candidate sample.

2.2.2 MMT/MMIRS Spectroscopy

We use the catalog of extreme equivalent width line emitters described in Section

2.2.1 as input for our ground-based spectroscopic follow-up program, the majority of

which is conducted at the MMT using the MMT and Magellan Infrared Spectrograph

(MMIRS; McLeod et al. 2012). MMIRS is a wide-field near-infrared imager and

multi-object spectrograph (MOS) with a field of view of 40 ⇥ 60
.9. We used the

“xfitmask2” software to design our MMIRS slit masks, using a slit length of 7.000 and

a slit width of 1.000 for science targets. Data were obtained over six observing runs

between the 2015B and 2018A semesters. Thus far, we have collected 81 hours of

on-source integration with MMIRS, allowing us to target 313 galaxies on 17 separate

masks, with 58 galaxies observed on two masks.

Our selection function is defined primarily by the redshift and equivalent width

of the targets. We first prioritize galaxies at 1.37  z  1.70 and 2.09  z  2.48,

where the full set of strong rest-frame optical emission lines can be obtained from

2
http://hopper.si.edu/wiki/mmti/MMTI/MMIRS/ObsManual/MMIRS+Mask+Making

http://hopper.si.edu/wiki/mmti/MMTI/MMIRS/ObsManual/MMIRS+Mask+Making
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[OIII]/[OII]=17.1

log ⇠
HII
ion =25.62

0 1 2 3

24

25

26

27

[O
II

I]

H
↵

z=1.6772

GOODS-N-36886

EW[OIII]�5007=1072Å
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[OIII]/[OII]=4.1

log ⇠
HII
ion =25.34

0 1 2 3
�obs (µm)

24

25

26

27

[O
II

I]

H
↵

z=1.6847

GOODS-N-29675

EW[OIII]�5007=561Å
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Figure 2.1: Examples of the broadband SEDs of the extreme [O III] line emitting
galaxies at z = 1.3 � 2.4 in our sample. The upper panels show three of the sources
with very large EWs in our sample ([O III] �5007 EW > 1000 Å) that similar to the
z > 7 galaxies in RB16. The lower panels show three of the sources with equivalent
widths slightly above the average EW of z > 7 galaxies ([O III] �5007 EW ' 450 Å;
L13). Observed broadband photometry is shown as solid black circles. The best-
fitting SED models (inferred from BEAGLE, see Section 2.3) are plotted by solid
blue lines, and synthetic photometry is shown as open green squares. Strong rest-
frame optical emission lines, [O III] �5007 and H↵, are highlighted by dashed black
lines. Spectroscopic redshift, object ID, and rest-frame [O III] �5007 EW are listed in
each panel. The LyC photon production e�ciency (⇠HII

ion ) and the ionization-sensitive
line ratio [O III]/[O II] of each object are also listed.
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ground-based observations. For galaxies at 1.37  z  1.70, we give the highest

priority to those at 1.55  z  1.70, where all strong rest-frame optical lines can be

probed by MMIRS observations. Galaxies at z < 1.55 will need additional follow-up

with red-sensitive optical spectrographs to detect the [O II] emission line. We next

adjust the target priority in each redshift interval based on the grism equivalent

width or the flux excess implied by photometry. Sources with the highest equivalent

widths are extraordinarily rare, with only 15 � 20 (3) galaxies per CANDELS field

with [O III] �5007 EW > 1000 (2000) Å. To ensure that our sample contains an

adequate number (i.e., 5 � 10) of the largest equivalent width galaxies, we increase

the priority of objects with the largest equivalent widths in each redshift interval.

This is the minimum number required for us to characterize the average line ratios

in this [O III] EW range. Finally, we prioritize grism-selected targets over those

identified by photometric excesses when both are available in the same region of a

slitmask.

The details of the MMIRS masks obtained to date are summarized in Table 2.1.

Spectra were taken with the J grism + zJ filter, H3000 grism + H filter, and K3000

grism + Kspec filter, providing wavelength coverage of 0.95�1.50 µm, 1.50�1.79 µm

and 1.95 � 2.45 µm, respectively. The 1.000 slit widths result in resolving power of

R = 960, 1200, and 1200 for J + zJ, H3000 + H, and K3000 + Kspec grism and

filter sets, respectively. The total integration time in each filter ranges from 1 hr to

8 hr, with the specific value chosen depending on the predicted brightness of the set

of emission lines we are targeting. The average seeing was between 0.006 and 1.006 (see

Table 2.1). The masks all contained an isolated star to monitor the throughput and

seeing during the observations and to compute the absolute flux calibration. For

each mask and filter combination, we also observed A0V stars at a similar airmass

to derive the response spectrum and correct for telluric absorption.

We reduced our MMIRS data using the publicly available data reduction

pipeline3 developed by the instrument team. The MMIRS data reduction pipeline

is implemented in IDL and described in Chilingarian et al. (2015). Individual two-

3
https://bitbucket.org/chil_sai/mmirs-pipeline

https://bitbucket.org/chil_sai/mmirs-pipeline
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dimensional (2D) spectra are extracted from the original frames and flat-fielded

after spectral tracing and optical distortion mapping. The wavelength calibration

uses atmosphere airglow OH lines, or the internal argon arc lamp if the OH based

computation fails. For sky subtraction, the pipeline creates a night sky spectrum

model using science frames and the precise pixel-to-wavelength mapping, and sub-

tracts the night sky emission from the 2D spectra. Finally, the pipeline provides

telluric correction by first computing the atmosphere transmission curve (including

spectral response function of the detector) from the observed telluric star spectra,

and then correcting the transmission using a grid of atmospheric transmission mod-

els to account for the airmass di↵erence between observations of the science target

and the telluric star. The pipeline outputs the sky-subtracted and telluric-corrected

2D spectra of every slit on the mask.

One-dimensional (1D) spectra are then extracted from the fully-reduced 2D spec-

tra. In cases where an emission line or continuum is detected with confidence, we

use an optimal extraction procedure (Horne, 1986). In all other cases we use a sim-

ple boxcar extraction, with the extraction aperture matched to the object spatial

profile. We have verified that the extraction method does not significantly impact

on the line flux measurements. The absolute flux calibration is then applied to the

extracted 1D spectra using the slit stars. Slit loss corrections are performed follow-

ing the similar procedures in Kriek et al. (2015). We first extract a postage stamp

of each galaxy from the HST F160W image (Skelton et al., 2014), then smooth the

postage stamp and fit the smoothed image with a 2D Gaussian profile. We compute

the fraction of the light within the slit to that of the total Gaussian profile. Each

spectrum is multiplied by the ratio of the in-slit light fraction measured for the slit

star to that for each galaxy.
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2.2.3 Keck/MOSFIRE Spectroscopy

We also obtained spectra from the Multi-object Spectrometer for Infrared Explo-

ration (MOSFIRE; McLean et al. 2012) on the Keck I telescope. We placed galaxies

on masks using the same selection function described in Section 2.2.2. We used

the MAGMA4 software to design the slit masks, and adopted a slit width of 0.007.

Data were obtained on observing runs in 2015 November (one mask in the COS-

MOS field, one mask in the GOODS-S field, and one mask in the UDS field), and

2016 April (two masks in the AEGIS field). We have summarized the details of the

Keck/MOSFIRE observations in Table 2.2. Spectra were taken in the Y, J, and H

bands, providing wavelength coverage of 0.972 � 1.125 µm, 1.153 � 1.352 µm, and

1.468�1.804 µm. The slit width of 0.007 results in resolving power of R = 3388, 3318,

and 3660 for Y, J, and H, respectively. The total integration time for each mask

in each band ranges from 0.5 hr to 4.3 hr. The average seeing during the observa-

tions was between 0.0046 and 0.0094. The masks all contained 1 � 2 isolated stars to

monitor the throughput and seeing. We use these stars to derive the absolute flux

calibration. We also observed A0V stars in Y, J, and H bands to derive the response

spectrum and correct for telluric absorption. In total, we observed 94 targets on 5

separate masks with MOSFIRE.

Our MOSFIRE data were reduced using the publicly available data reduction

pipeline5 (DRP), which is implemented in PYTHON. The MOSFIRE DRP first gen-

erates a flat-fielded image and traces the slit edge for each mask. Using a median-

combined image of all science exposures, wavelength solutions are fit interactively for

the central pixel in each slit using the night sky OH emission lines, and propagated

spatially along the slit. After wavelength calibration and background subtraction,

the two A�B and B�A stacks are shifted, combined and rectified to produce the

final 2D spectra. We derive the telluric correction spectra using longslit observa-

tions of a telluric standard star. The absolute flux scaling factors are computed by

comparing the count rates of slit star spectra with the flux densities in the 3D-HST

4
http://www2.keck.hawaii.edu/inst/mosfire/magma.html

5
https://www2.keck.hawaii.edu/inst/mosfire/drp.html

http://www2.keck.hawaii.edu/inst/mosfire/magma.html
https://www2.keck.hawaii.edu/inst/mosfire/drp.html
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photometric catalogs. Slit loss corrections were applied following the procedures in

Kriek et al. (2015) as described in Section 2.2.2.
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2.2.4 MMT/Red Channel Spectroscopy

For the subset of our extreme emission line sample at z < 1.55, we require optical

spectra to detect the [O II] doublet. As a first step toward obtaining such spectra,

we observed two galaxies at z < 1.55 from our spectroscopic sample using the Red

Channel Spectrograph (Schmidt et al., 1989) on the MMT telescope on 2018 January

09 (UT). The objects have extremely large [O III] ��4959, 5007 equivalent widths

(EW ' 2500 Å for UDS-29267; EW ' 650 Å for UDS-14019) and bright continuum

fluxes (V606 = 23.8 for both galaxies), making them ideal targets for securing [O II]

detections in feasible integrations with MMT Red Channel.

The observations are summarized in Table 2.3. We used the 1200 lines mm�1

grating centered at 9290 Å with a UV-36 order blocking filter, providing spectral

coverage of 805 Å. The observations were conducted in long slit mode, and we

used a 1.000 slit width, providing a spectral resolution of 1.8 Å. We observed object

UDS-29267 for 2 hours and UDS-14019 for 1.67 hours, with individual exposures

of 20 minutes. Thin clouds were present during observations of both sources. The

average seeing was 1.001 during the Red Channel observations of UDS-29267 and 1.003

for UDS-14019.

The Red Channel long slit spectra were reduced using standard IRAF routines.

Wavelength calibration was performed with HeAr/Ne arcs. We corrected the atmo-

sphere transmission and instrument response by using the standard star spectrum.

A slit star was also put on each slit, allowing us to perform an absolute flux cal-

ibration. Slit loss corrections were performed following the methods described in

Section 2.2.2.
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2.2.5 Emission Line Measurements

Examples of one-dimensional spectra are shown in Figure 2.2. Redshift confirma-

tion is performed by visual inspection of the MMT and Keck spectra. We require

two emission line detections for a robust redshift measurement. Currently we have

confirmed redshifts of 240 of the galaxies from our grism input catalog of extreme

line emitters (see Section 2.2.1). The success rate for redshift confirmation is 92%

for those objects with complete near-infrared spectral coverage. In the remaining

8% of objects for which we fail to measure a redshift, the spectra are either very low

S/N or the emission lines are contaminated by sky line residuals. The photometric

flux excess selection contributes an additional 18 galaxies, resulting in a total sam-

ple of 258 extreme emission line galaxies with follow-up near-infrared spectra. This

includes 227 galaxies in the redshift range 1.3 < z < 2.4; the remaining 31 galaxies

are z ' 1 H↵ emitters. Finally we measure redshifts for an additional 35 galaxies

(included as filler targets) with equivalent widths below our selection threshold.

The redshift distribution of the 227 galaxies at z = 1.3 � 2.4 is shown in Figure

2.3. The distribution peaks in the 1.55  z  1.70 redshift bin, with 85 of the 227

targets falling in this window. Roughly 29% of the sample (66/227) is at z > 2,

and an additional 21% (48/227) is at 1.37 < z < 1.55. As described above, this

latter subset will require optical spectroscopic follow-up for measurement of [O II]

and [Ne III]. Our ultimate goal is to provide spectra coverage between [O II] and H↵

for the majority of extreme line emitters in this sample. In our current sample, we

have obtained complete coverage for 53 of the 227 galaxies. The subset with spectral

coverage between H� and H↵ is larger (73), with 64 of the 73 sources having robust

detections (S/N > 3) of both H↵ and H�. The completeness of our survey and

the redshift distribution will change as we acquire more near-infrared and optical

spectra in the future.

Line fluxes are determined from fits to the extracted 1D spectra. We first fit

the [O III] �5007 emission line (or H↵ in the case that [O III] is not available)

with a single Gaussian function. The central wavelength from the fit is then used
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Figure 2.2: Examples of 1D MMT and Keck spectra of two extreme [O III] emitters
at z = 1.3 � 2.4. Wavelengths are shifted to the rest-frame. The upper panels show
the spectrum of a galaxy with similar equivalent width as the z ⇠ 7 galaxies in the
RB16 sample ([O III] �5007 EW = 814 Å). The lower panels show the spectrum of
a galaxy with similar equivalent width as the average value of z ⇠ 7 galaxies in L13
([O III] �5007 EW = 437 Å). The 1� error spectra are also shown as grey regions.
The locations of strong rest-frame optical emission lines are highlighted by black
dotted lines. Zoom-in spectra of relatively faint [O II] and [Ne III] emission lines
are shown in the left panels. Emission line spectrum of the EW = 814 Å galaxy
shows higher [O III]/[O II] and [Ne III]/[O II] ratios than that of the galaxy with EW
= 437 Å.
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Figure 2.3: The redshift distribution of the 227 spectroscopically-confirmed extreme
emission line galaxies with rest-frame [O III] ��4959, 5007 EW > 300 Å (or identi-
cally [O III] �5007 EW > 225 Å) at z = 1.3 � 2.4 in our sample.
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to compute the redshift of the object, which we in turn use to identify the other

emission lines. In cases where the lines are well-measured (i.e., S/N > 7), we

derive the flux using a Gaussian fit to the line profile; otherwise we derive the line

flux using direct integration. In cases where nearby lines are partially resolved by

MMIRS or MOSFIRE, we use multiple Gaussian functions to fit the data. If the flux

is measured with S/N < 2, we consider the line undetected and derive a 2� upper

limit. We correct the H↵ and H� fluxes for Balmer absorption using the best-fitting

stellar population synthesis models (described in Section 2.3). We find that median

correction for Balmer lines is less than 10% of the measured emission line fluxes.

The [O III] �5007 emission line fluxes for the extreme line emitters range be-

tween 1.1⇥10�17 erg s�1 cm�2 and 6.3⇥10�16 erg s�1 cm�2 with a median of

7.5 ⇥ 10�17 erg s�1 cm�2. The range of [O III] fluxes is very similar to those of

galaxies in the MOSDEF survey (Kriek et al., 2015); while the equivalent widths

in our sample are larger, the continuum magnitudes tend to be fainter than typical

MOSDEF sources. The H� fluxes of our galaxies are fainter than [O III], with a

median of 1.9⇥10�17 erg s�1 cm�2. The emission line fluxes we derive from our

ground-based spectra generally agree with the WFC3 grism spectra measurements.

We find a median o↵set of 7% and a scatter of 36%, in agreement with the com-

parison between MOSFIRE spectra and 3D-HST spectra reported by the MOSDEF

survey (Kriek et al., 2015).

We estimate the nebular attenuation by comparing the measured Balmer decre-

ment (i.e., the observed H↵/H� intensity ratio) with the value expected by Case B

recombination in the case of zero dust reddening, H↵/H� = 2.86 (assuming electron

temperature Te = 10, 000 K; Osterbrock and Ferland 2006). To facilitate comparison

with recent near-infrared spectroscopic studies of z ⇠ 2 galaxies (e.g. Reddy et al.,

2015; Steidel et al., 2016; Shivaei et al., 2018), we assume the Galactic extinction

curve in Cardelli et al. (1989) to compute the dust reddening toward H II regions.

We will discuss the extinction values implied by this analysis in Section 2.4.1.

To investigate how the average spectral properties vary with optical line equiv-

alent width, we create composite spectra by stacking galaxies in four bins of
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[O III] �5007 EW: 0 � 225 Å, 225 � 450 Å, 450 � 800 Å, and 800 � 2500 Å. We

first shift individual spectra to the rest frame using the redshifts measured from

[O III] �5007 emission lines. Each spectrum is then interpolated to a common rest-

frame wavelength scale of 1 Å and normalized by the individual H↵ luminosity

(when investigating the average [Ne III]/[O II] ratio in Section 2.4.3, we normalize

the individual spectrum by its [O III] luminosity since the H↵ may not be observed in

sources used for [Ne III]/[O II] analysis; see also Table 2.4). To minimize the contri-

bution of sky lines from individual spectra, we stack spectra using inverse-variance

weighted luminosities in each wavelength bin (i.e., weighted by 1/�2
i , where �

2
i is the

variation of the ith individual spectrum). To check that the resulting composites are

not dominated by a few individual spectra, we also create composites using uniform

weights and verify that the resulting spectra have similar line measurements as the

weighted composite.

The composite spectra for all the four [O III] �5007 EW bins are shown in

Figure 2.4. For these spectra, we have included the subset of our current sample

with complete coverage between [O II] and H↵. There are 7, 26, 13, and 14 galaxies

included in the 0�225 Å, 225�450 Å, 450�800 Å, and 800�2500 Å stacks shown

in this figure, respectively. We measure the luminosities of the strong rest-frame

optical lines ([O II], [Ne III], H�, [O III], and H↵) in each of the four composites. In

particular, we are interested in deriving the dependence of the Balmer decrement,

and the O32 and Ne3O2 indices on the [O III] �5007 equivalent width. Each line ratio

requires slightly di↵erent spectral coverage for a robust measurement. For example,

the Balmer decrement requires spectra that span between H� and H↵, whereas the

dust-corrected O32 measurement requires sources with coverage between [O II] and

H↵, and the Ne3O2 measurement requires sources with coverage between [O II] and

[O III]. Accordingly, we can include more objects in the stacks used to investigate

the dependence of the Balmer decrement on the [O III] �5007 EW. We will discuss

the resulting line ratios in Section 2.4. The detailed spectral coverage requirements

and the resulting number of objects included in the composite are summarized in

Table 2.4.
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Figure 2.4: MMT and Keck composite spectra of extreme [O III] emitters at z = 1.3�
2.4, grouped by sources with di↵erent [O III] �5007 EWs. The spectra are ranked
by [O III] �5007 EW ranges, from the most extreme line emitters ([O III] �5007 EW
= 800 � 2500 Å) on the top to the objects with similar EWs as the typical galaxies
at z ⇠ 2 ([O III] �5007 EW = 0 � 225 Å) in the bottom.The 1� error spectra are
also shown as grey regions. The locations of strong rest-frame optical emission lines
are highlighted by black dotted lines. Zoom-in spectra of relatively faint [O II] and
[Ne III] emission lines are shown in the left panels. The composite spectra of galaxies
with higher [O III] �5007 EWs show higher [O III]/[O II] and [Ne III]/[O II] ratios
than those of galaxies with lower EWs.
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2.3 Photoionization Modeling

We fit the broadband fluxes of galaxies in our spectroscopic sample using the

Bayesian galaxy SED modeling and interpreting tool BEAGLE (for BayEsian Analy-

sis of GaLaxy sEds, version 0.10.5; Chevallard and Charlot 2016), which incorporates

in a consistent way the production of radiation from stars and its transfer through

the interstellar and intergalactic media. Broadband photometry is obtained from

3D-HST using the Skelton et al. (2014) catalog, and we utilize multi-wavelength

data covering 0.3 � 2.5 µm. We also test the impact of adding Spitzer/IRAC con-

straints for the subset of galaxies that are not strongly confused. For each object, we

remove fluxes in filters that lie blueward of Ly↵ to avoid introducing uncertain con-

tributions from Ly↵ emission and Ly↵ forest absorption. We also simultaneously fit

the available strong rest-frame optical emission line fluxes ([O II] ��3727, 3729, H�,

[O III] ��4959, 5007, and H↵). The version of BEAGLE used in this work adopts

the recent photoionization models of star-forming galaxies of Gutkin et al. (2016),

which describes the emission from stars and interstellar gas based on the combina-

tion of the latest version of Bruzual and Charlot (2003) stellar population synthesis

model with the photoionization code CLOUDY (Ferland et al., 2013). The main

adjustable parameters of the photoionized gas are the interstellar metallicity, ZISM,

the typical ionization parameter of a newly ionized H II region, US (which charac-

terizes the ratio of ionizing-photon to gas densities at the edge of the Strömgren

sphere), and the dust-to-metal (mass) ratio, ⇠d (which characterizes the depletion

of metals on to dust grains). We consider models with C/O abundance ratio equal

to the standard value in nearby galaxies (C/O)� ⇡ 0.44. The chosen C/O ratio

does not significantly impact the results presented in this Chapter. We will explore

the impact of C/O variations on the derived gas properties in a follow-up paper

focused more closely on the photoionization model results. To account for the e↵ect

of dust attenuation, we first assume the Calzetti et al. (2000) extinction curve. We

also fit galaxies assuming the Small Magellanic Cloud (SMC) extinction curve in

Pei (1992). Finally, we adopt the prescription of Inoue et al. (2014) to include the
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absorption of IGM.

We assume constant star formation history for model galaxies in BEAGLE, and

parameterize the maximum age of stars in a model galaxy in the range from 1 Myr to

the age of the universe at the given redshift. We fix the redshift of each object to the

spectroscopic redshift measured from the MMIRS or MOSFIRE spectra. We adopt a

standard Chabrier (2003) initial mass function and assume that all stars in a given

galaxy have the same metallicity, in the range �2.2  log (Z/Z�)  0.25, where

BEAGLE uses the solar metallicity value Z� = 0.01524 from Ca↵au et al. (2011).

The interstellar metallicity is assumed to be the same as the stellar metallicity

(ZISM = Z?) for each object. The ionization parameter is allowed to freely vary

in the range �4.0  log US  �1.0, and the dust-to-metal mass ratio is allowed

to span the range ⇠d = 0.1 � 0.5. We adopt an exponential distribution prior

on the V-band dust attenuation optical depths, fixing the fraction of attenuation

optical depth arising from dust in the di↵use ISM to µ = 0.4 (see Chevallard and

Charlot 2016). With the above parameterization, we use the BEAGLE tool to fit

the broadband SEDs and available emission line constraints for the z = 1.3 � 2.4

galaxies in our sample. Emission line fluxes and broadband fluxes are put on the

same absolute scale using the aperture correction procedures described in Section

2.2.2. We obtain the output posterior probability distributions of the free parameters

described above, and those of other derived physical parameters such as the ionizing

photon production e�ciency inferred from model (⇠?
ion). We use the posterior median

value as the best-fitting value of each parameter. In Figure 2.1, we overlay the

best-fitting BEAGLE models on the broadband SEDs. It is clear that the models

generally do a good job recovering the shape of the continuum and the large flux

excesses caused by nebular emission.

The distribution of stellar masses implied by the BEAGLE models is shown in the

left panel of Figure 2.5. Here we include the 64 spectroscopically-confirmed extreme

[O III] emitters with spectral coverage between H� and H↵, and with significant

detections of H� and H↵ (S/N > 3). The median stellar mass in this sample is

4.9 ⇥ 108
M�, well below the typical stellar masses (' 1010

M�) found for z ' 2.3
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Figure 2.5: Stellar mass, star formation rate, and specific star formation rate distri-
butions for z = 1.3 � 2.4 extreme [O III] emitters ([O III] �5007 EW > 225 Å) with
robust H↵ and H� measurements (S/N > 3) in our sample (64 of total 73 extreme
[O III] emitters with spectral coverage between H� and H↵). Stellar masses, SFRs,
and sSFRs are derived from stellar population synthesis modeling using BEAGLE.
The median stellar mass is 4.9 ⇥ 108

M�, the median of SFR is 7.8 M� yr�1, and
the median of sSFR is 17 Gyr�1.

galaxies in the KBSS and MOSDEF surveys (e.g. Strom et al., 2017; Sanders et al.,

2018). We find that galaxies in our sample with the largest [O III] equivalent widths

have the lowest stellar masses (see the upper left panel of Figure 2.6). Among the

subset of sources with EW[OIII]�5007 in excess of 800 Å, the median stellar mass

is just 4.5 ⇥ 107
M�. This increases to 4.7 ⇥ 108

M� for sources with 450 Å <

EW[OIII]�5007 < 800 Å and 1.4 ⇥ 109
M� for 225 Å < EW[OIII]�5007 < 450 Å. This

variation is to be expected. The near-infrared filters which are sensitive to the

stellar mass are heavily contaminated by nebular emission (lines and continuum) in

the highest equivalent width systems, implying a smaller contribution from stellar

continuum for a given near-infrared magnitude. This e↵ect is further amplified by

the dependence of the stellar mass to light ratio on the age of the stellar population.

We note that our results do not change significantly when we add Spitzer/IRAC

constraints. In particular, we find that the derived stellar masses are always within

0.1 dex of the values derived without IRAC constraints.

In the middle and right panels of Figure 2.5, we show the best-fitting model SFR

and sSFR of the same 64 line emitters described above. The median of the SFR

distribution is 7.8 M� yr�1. In contrast to the stellar mass, we do not find strong
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variations in the SFR with [O III] EW. The median sSFR is 17 Gyr�1, well above

the average values (' 2 Gyr�1) for galaxies in the KBSS and MOSDEF surveys

(e.g. Strom et al., 2017; Sanders et al., 2018). As expected, the sSFR increases

with [O III] EW within our sample. The median sSFR ranges from 7.9 Gyr�1

(225 Å < EW[OIII]�5007 < 450 Å) to 21 Gyr�1 (450 Å < EW[OIII]�5007 < 800 Å) to

125 Gyr�1 (800 Å < EW[OIII]�5007 < 2500 Å). The strong variation in sSFR seen in

Figure 2.6 can equivalently be described as a trend in the luminosity weighted age

of the stellar population. Under our assumed constant star formation history, the

BEAGLE models predict that the median of the maximum stellar age parameter

is 130, 50, and 8 Myr for the three [O III] �5007 equivalent width bins described

above. These very young values only refer to the burst that is currently dominating

the observed SED and do not negate the presence of faint older stars from earlier

activity.

We re-calculate equivalent widths using the newly-obtained near-infrared spec-

tra together with the underlying continuum predicted by BEAGLE. The models

provide an improved determination of the continuum, accounting for the emission

line contamination in the near-infrared broadband filters. The ground-based spectra

provide higher S/N detections of the fainter lines, while also allowing us to separate

doublets that are blended in the grism spectra. We calculate the rest-frame equiv-

alent widths of [O II], H�, [O III] �5007, and H↵. We will use these measurements

when investigating trends with rest-frame optical equivalent widths. In Table 2.5,

we report the [O III] �5007 and H↵ equivalent widths of the 64 extreme line emit-

ters (EW[OIII]�5007 > 225 Å) at z = 1.3 � 2.4 with robust (S/N >3) H↵ and H�

detections. We will release the full optical line properties of our sample in a catalog

paper after the survey is completed.
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Figure 2.6: Physical parameters (stellar mass, star formation rate, specific star
formation rate, and stellar age) as functions of [O III] �5007 EW for the 77 emission
line galaxies with robust H↵ and H� measurements (S/N > 3) at z = 1.3 � 2.4 in
our sample (64 extreme [O III] emitters with EW[OIII]�5007 > 225 Å and 13 additional
galaxies with lower EWs). All the parameters are derived from stellar population
synthesis modeling using BEAGLE. The upper left, the upper right, the lower left,
and the lower right panel shows the stellar mass, the star formation rate, the specific
star formation rate, and the stellar age versus [O III] �5007 EW, respectively.
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The BEAGLE models allow us to characterize the production e�ciency of hy-

drogen ionizing photons in the EELGs. There are various definitions of this quantity

in the literature. We follow the nomenclature used in our earlier work (Chevallard

et al., 2018) which we briefly review below. First, we define ⇠
?
ion as the hydrogen

ionizing photon production rate (N(H0)) per unit UV stellar continuum luminosity

(L?
UV). The quantity L

?
UV is the luminosity produced by the stellar population prior

to its transmission through the gas and dust in the galaxy, and as such it does not in-

clude nebular continuum emission or absorption from the ISM. As is commonplace,

we evaluate the UV luminosity at a rest-frame wavelength of 1500 Å. BEAGLE in-

cludes a determination of ⇠
?
ion in its output parameter file for each source. Secondly,

we define ⇠ion, as the hydrogen ionizing photon production rate per unit observed

UV luminosity (LUV), again evaluated at 1500 Å. LUV includes emission from the

stellar population and nebular continuum and is not corrected for the attenuation

provided by the ISM. Finally we define ⇠
HII
ion as the hydrogen ionizing photon produc-

tion rate per unit L
HII
UV, the observed UV luminosity at 1500 Å (including nebular

and stellar continuum) corrected for dust attenuation from the di↵use ISM. This is

the most commonly used definition of the hydrogen ionizing production e�ciency in

the literature, and we will focus primarily on this quantity in the following section.

In deriving ⇠
HII
ion , we follow a similar procedure adopted in several recent studies

(Matthee et al., 2017; Shivaei et al., 2018). We compute the H↵ luminosity from

our spectra and apply a correction for dust attenuation using the measured Balmer

decrement (see Section 2.2.5). We then calculate the ionizing photon production

rate from the H↵ luminosity (Osterbrock and Ferland, 2006):

L(H↵) [erg s�1] = 1.36 ⇥ 10�12
N(H0) [s�1]. (2.1)

This assumes radiation-bounded nebula, with negligible escape of ionizing radia-

tion.The dust correction through the Balmer decrement traces dust only outside the

H II regions, and does not account for the absorption of ionizing photons before

they ionize hydrogen (Petrosian et al., 1972; Mathis, 1986; Charlot and Fall, 2000).

Thus, the N(H0) computed in Eq. (1) is somewhat lower than the true production
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rate of ionizing photons emitted by stars. However, in Section 2.4.1 we demonstrate

that the extreme [O III] emitters in our sample have very little dust, indicating

that the e↵ect of absorption of ionizing photons inside the H II regions should be

very small. We infer the observed UV continuum luminosity from the best-fitting

BEAGLE model using a flat 100 Å filter centered at 1500 Å. We then apply a dust

correction using the reddening inferred from BEAGLE assuming first a Calzetti and

then a SMC extinction law. Finally, the ionizing photon production e�ciency ⇠
HII
ion

is computed as follows:

⇠
HII
ion [erg�1 Hz] =

N(H0) [s�1]

L
HII
UV [erg s�1 Hz�1]

. (2.2)

In the following section, we will investigate how the ionizing production e�ciency

varies with the nebular line equivalent widths. Here we attempt to build some basic

physical intuition about this relationship. Since the [O III] and H↵ EW are directly

linked to the luminosity-weighted age of the stellar population6, the variation of ⇠
?
ion

will mirror the time evolution of N(H0) and L
?
UV, the former powered by O stars

and the latter by O to early B stars. For the very young stellar populations probed

by the most extreme line emitting galaxies in our sample (EWH↵ > 1000 Å), the

ratio of O to B stars will be maximized, resulting in very e�cient ionizing photon

production. Among more moderate line emitters (EWH↵ = 400 � 600 Å), a larger

population of B stars will have emerged, boosting LUV relative to N(H0). The

ionizing production e�ciency will thus be reduced for these systems. Finally, at yet

lower equivalent width (EWH↵ = 50 � 200 Å), the O and B star populations will

be closer to equilibrium, with the number of newly-formed stars nearly balanced by

those exiting the main sequence. As a result, both N(H0) and LUV will not vary

significantly with age, and the production e�ciency of ionizing photons should thus

begin to plateau to a near-constant value for galaxies with EWH↵ < 200 Å. While

6The H↵ and [O III] EWs are additionally regulated by the stellar metallicity, and the [O III]

EW will also be a↵ected by the gas properties. Here we consider only the impact of age on the

H↵ EW at fixed metallicity with the goal of building a basic understanding of the dependence of

⇠?
ion on the optical line equivalent widths.
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this basic physical picture guides our expectations, the precise dependence of ⇠
?
ion

on the [O III] and H↵ equivalent width depends on unknown physics (i.e., binary

stars, rotation) governing the formation of hot stars. Empirical constraints on ⇠
?
ion

are thus critical for assessing the ionizing output of early galaxies.

2.4 Rest-Frame Optical Spectroscopic Properties of Extreme [O III]

Emitters at z = 1.3 � 2.4

We now investigate what the rest-frame optical spectra reveal about the radiation

field and gas conditions of galaxies with large equivalent width rest-frame optical

nebular line emission. We will focus primarily on empirical trends that can be

extracted from line ratios, leaving a more detailed analysis of the photoionization

models to a later paper. In Section 2.4.1, we use measurements of the Balmer decre-

ments to constrain the nebular attenuation. We then characterize the radiation field

and gas conditions through measurement of the ionizing photon production e�ciency

(Section 2.4.2) and standard ionization-sensitive emission line ratios (Section 2.4.3).

2.4.1 Balmer Decrement Measurements

The physical interpretation of our spectra requires robust determination of the neb-

ular attenuation between [O II] and H↵. As introduced in Section 2.2.5, this is most

commonly done through comparison of the Balmer decrement, I(H↵)/I(H�), to the

ratio expected in absence of dust. As noted in Section 2.3, the Balmer decrement

corrects for dust outside the H II regions but does not account for the possible ab-

sorption of LyC photons by dust before they ionize hydrogen. The first statistical

measurements of the Balmer decrement distribution at high redshift have begun to

emerge from the KBSS and MOSDEF surveys (e.g. Reddy et al., 2015; Steidel et al.,

2016). These investigations provide an important baseline for comparison to the ex-

treme emission line galaxies in our sample, so we briefly review the results below.

To enable comparison with investigations of nebular attenuation in the KBSS and

MOSDEF galaxies, here we adopt a Cardelli et al. (1989) extinction curve.
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The average nebular properties of the KBSS survey are well described by the

KBSS-LM1 composite spectrum, a weighted average of galaxies at z ' 2.11 �
2.57 with median stellar mass of 6⇥109

M� and specific star formation rate of

3.5 Gyr�1 (Steidel et al., 2016) The Balmer decrement derived from the composite

is I(H↵)/I(H�) = 3.61±0.07 (Steidel et al., 2016), similar to that found in individual

KBSS galaxies (Strom et al., 2017). For the MOSDEF survey, the average Balmer

decrement measured from a composite of 213 galaxies with significant H� detec-

tions is I(H↵)/I(H�) = 4.1 (Reddy et al., 2015). For a Cardelli et al. (1989) Galac-

tic extinction curve and an intrinsic Balmer decrement, I(H↵)/I(H�) = 2.86, the

KBSS and MOSDEF composites imply typical color excesses of E(B �V )gas = 0.22

and 0.36, respectively. We note that Steidel et al. (2016) adopt a slightly larger

intrinsic Balmer decrement, I(H↵)/I(H�) = 2.89, that is consistent with their pho-

toionization model fits. As a result, they report a slightly di↵erent color excess,

E(B � V )gas = 0.21, for the KBSS-LM1 composite.

In our current sample, we can measure Balmer decrements in 64 extreme emission

line galaxies (EW[OIII]�5007 > 225 Å) with significant detections (S/N > 3) of H↵

and H� (Table 2.4). The measurements suggest that extreme line emitters su↵er

less nebular attenuation than most galaxies in the KBSS and MOSDEF surveys. In

Figure 2.7, we show the distribution of Balmer decrements for EELGs in our sample

with EW[OIII]�5007 > 450 Å. This threshold is chosen to correspond roughly to the

average [O III]+H� equivalent width at z ' 7�8 (L13), assuming an [O III]/H� ratio

that is characteristic of EELGs (see Section 2.2.1). The average Balmer decrement in

this histogram is I(H↵)/I(H�) = 3.09, implying a color excess of just E(B�V )gas =

0.08 for the Cardelli et al. (1989) extinction curve. For reference we also measure �,

the UV continuum slope, for this same subset of galaxies. We compute the UV slope

from broadband fluxes by fitting a power-law (f� / �
�) at rest-frame wavelengths

1250�2600 Å (the same wavelength range used in Calzetti et al. 1994; filters covering

Ly↵ emission line are not included). The resulting UV slopes are very blue, with

a median of � = �2.04 for galaxies with EW[OIII]�5007 > 450 Å, implying that the

stars are also minimally reddened by dust.
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Figure 2.7: Probability distribution of nebular dust reddening for extreme [O III]
emitters with EW[OIII]�5007 > 450 Å at z = 1.3 � 2.4. The extinction E(B � V )gas

is inferred from Balmer decrement, assuming the Cardelli et al. (1989) extinction
curve and intrinsic H↵/H� intensity ratio = 2.86. The extinction values inferred
from composite spectra of extreme [O III] emitters with EW[OIII]�5007 = 800�2500 Å
and EW[OIII]�5007 = 450 � 800 Å are plotted by red solid and dashed lines. For
comparison, we also show the extinction values inferred from more massive, older
systems at z ⇠ 2 from KBSS (Steidel et al., 2016) as the orange dotted line and
MOSDEF survey (Reddy et al., 2015) as the orange dashed-dotted line.
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The level of nebular attenuation varies with the [O III] EW, with the most

extreme line emitters having the least dust. In our sample, the median Balmer

decrement for the 16 galaxies with EW[OIII]�5007 = 450 � 800 Å is I(H↵)/I(H�) =

3.12. When we consider the 21 more extreme line emitters with EW[OIII]�5007 =

800�2500 Å, we find a Balmer decrement of just I(H↵)/I(H�) = 2.95. This implies

color excesses of E(B � V )gas = 0.09 and 0.03 for the two respective EW bins. The

composite spectra reveal a similar picture. The measured Balmer decrement in the

stacks decreases from I(H↵)/I(H�) = 3.12 ± 0.04 (EW[OIII]�5007 = 450 � 800 Å)

to I(H↵)/I(H�) = 2.90 ± 0.05 (EW[OIII]�5007 = 800 � 2500 Å). This indicates that

among the most extreme line emitters, the Balmer decrements are very close to

the intrinsic case B recombination value (for Te = 104 K gas), suggesting that the

emission lines in these galaxies face little to no attenuation from dust.

The results described above clearly demonstrate that the EELG population has

a di↵erent distribution of Balmer decrements than the typical KBSS and MOSDEF

galaxies. This result is not surprising given trends between the Balmer decrement

and galaxy properties found previously (Reddy et al., 2015), likely reflecting both

the low stellar mass (and hence moderately low metallicities) and large specific star

formation rates (and hence young stellar populations) of the galaxies in our sample

(Figure 2.6). Importantly this implies that very small adjustments are required to

correct the observed fluxes for reddening.

An important consequence is that uncertainties in the high redshift attenuation

law should not significantly a↵ect our interpretation of the nebular line spectra of

EELGs. Among more massive star forming galaxies at z ' 2, this is not always

the case. Shivaei et al. (2018) demonstrated that the ⇠
HII
ion inferred assuming a

Calzetti attenuation law is systematically 0.3 dex lower than that derived for an

SMC attenuation law, making it di�cult to robustly determine ⇠
HII
ion . While our

measurements of ⇠
HII
ion also depend on the assumed dust law, the variation is typically

only 0.1 dex when considering the SMC and Calzetti attenuation laws. For the most

extreme line emitting sources (EW[OIII]�5007 > 800 Å), the dust content is low enough

that the average o↵set in ⇠
HII
ion is just 0.05 dex.
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2.4.2 The Ionizing Photon Production E�ciency

As a first step in our investigation of the radiation field of extreme emission line

galaxies, we characterize the production e�ciency of hydrogen ionizing photons

in our spectroscopic sample. Recent e↵orts have quantified ⇠
HII
ion in more massive

star forming galaxies at z ' 2 (e.g Matthee et al., 2017; Shivaei et al., 2018),

revealing typical values of log [⇠HII
ion (erg�1 Hz)] = 25.06 for a Calzetti UV attenuation

law (Shivaei et al., 2018). These systems tend to have [O III] �5007 equivalent

widths of 115 Å (see Section 2.2.1), well below those considered in this Chapter, as

expected from older stellar populations. It has been shown that ⇠
?
ion scales with the

[O III] equivalent width among local star forming galaxies (Chevallard et al., 2018),

suggesting that the higher equivalent width systems which become common in the

reionization era may be more e�cient ionizing agents. Here we seek to investigate

whether a similar relationship between the ionizing production e�ciency and optical

lines holds at z ' 1�2. In the following, we will first describe the distribution of ⇠
HII
ion

values, using the dust corrections discussed in Section 2.3. Then we will compare

our measurements of ⇠
?
ion to the relation found locally, investigating whether there

is any evidence for strong redshift evolution in ⇠
?
ion values at fixed [O III] EW.

Our current sample contains 64 large equivalent width [O III] emitters

(EW[OIII]�5007 > 225 Å) with the spectroscopic measurements of H↵ and H� neces-

sary to infer ⇠
HII
ion . In Figure 2.8, we show the implied ⇠

HII
ion values as a function of

the [O III] �5007 and H↵ equivalent widths. It is immediately clear that ⇠
HII
ion scales

with both optical lines at EW[OIII]�5007 > 225 Å. We first consider galaxies with

EW[OIII]�5007 ' 450 Å. For the [O III]/H� line ratios exhibited by extreme emission

line galaxies (see Section 2.2.1), this [O III] �5007 EW is comparable to that implied

by IRAC flux excesses in composite SEDs of z ' 7 � 8 galaxies (L13). To esti-

mate the typical ionizing e�ciency for galaxies with this [O III] EW, we group those

systems in our sample with EW[OIII]�5007 = 300� 600 Å. Assuming a Calzetti atten-

uation law for the UV, the median ionizing production e�ciency of this sub-sample

is log [⇠HII
ion (erg�1 Hz)] = 25.22, ⇠ 1.5⇥ greater than found in more typical galaxies
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Figure 2.8: Left Panel : Relation between the ionizing photon production e�ciency
⇠

HII
ion and [O III] �5007 EW for the z = 1.3�2.4 galaxies in our sample (blue circles).

The ⇠
HII
ion is computed based on the spectroscopic measurements of H↵ and H�. A

linear relation is fitted between ⇠
HII
ion and log EW[OIII]�5007 (black dashed line, with

grey area shows the 95 percent credible region). The average EW of z ' 7�8 galaxies
(EW[OIII]�5007 ' 450 Å; L13) is highlighted by yellow dashed line. The orange area
shows EWs of z > 7 galaxies in RB16, and red squares show the individual sources
in RB16, in which the ⇠

HII
ion are inferred from photoionization models (Stark et al.,

2017). Right Panel : Relation between ⇠
HII
ion and H↵ EW for the z ⇠ 2 galaxies in our

sample (blue circles). A linear relation is fitted between ⇠
HII
ion and log EWH↵ (black

dashed line, with grey area shows the 95 percent credible region).

at z ' 2 (Shivaei et al., 2018). For an SMC extinction law for the UV, the ionizing

production e�ciency is log [⇠HII
ion (erg�1 Hz)] = 25.32, slightly larger than what we

found above for the Calzetti law. This suggests that galaxies which are common

at z & 6 should make a greater contribution to reionization than was originally

thought, as has been noted by several recent investigations of IRAC excesses and

UV metal lines at z & 5 (Rasappu et al., 2016; Stark et al., 2015b, 2017).

Attention is now focused on galaxies at z & 7 with even larger [O III] equivalent

widths (EW[OIII]�5007 = 800 � 2500 Å). While such sources may not be the norm

at z & 7, they are readily detectable in the CANDELS fields (e.g. Roberts-Borsani

et al., 2016) and appear to have an enhanced Ly↵ visibility at redshifts where the

IGM is thought to be significantly neutral (e.g. Oesch et al., 2015; Zitrin et al., 2015;



67

Stark et al., 2017). One possible explanation is that these systems are situated in

the largest ionized bubbles, thereby allowing enhanced transmission of their Ly↵

radiation. Alternatively, in addition to sitting in ionized bubbles, the galaxies may

be producing more Ly↵ than other galaxies of similar far-UV luminosities. This

would follow if the production e�ciency of Lyman-alpha is larger in systems with

the most prominent [O III] emission.

Our results provide some insight into the situation. Since Ly↵ is produced by

reprocessed hydrogen ionizing photons, the Ly↵ production e�ciency (LLy↵/L
HII
UV)

should be directly correlated with ⇠
HII
ion . Sources that are e�cient at producing

ionizing radiation should also be e�cient in powering Ly↵ emission. In Figure 2.8,

we see that the production e�ciency of ionizing radiation steadily increases between

EW[OIII]�5007 = 450 Å and 2500 Å. Among those sources with EW[OIII]�5007 > 800 Å,

the production e�ciency has a median of log [⇠HII
ion (erg�1 Hz)] = 25.58 (Calzetti) and

25.62 (SMC). This value is very similar to estimates of ⇠
HII
ion in the RB16 sample of

z & 7 galaxies with similarly strong [O III] (see red squares in Figure 2.8). Our results

suggest that galaxies with [O III] EWs similar to the RB16 galaxies may produce

two times more ionizing photons than typical reionization-era sources (the latter

of which have EW[OIII]�5007 ' 450 Å) with similar non-ionizing UV luminosities.

The larger-than-average Ly↵ equivalent widths that we are now seeing in the RB16

population should thus partially reflect an enhanced production of ionizing radiation.

In Section 2.5.2, we will explore in more detail whether variations in internal galaxy

properties can explain the anomalous visibility of Ly↵ that is now being found in

strong [O III] emitters at z & 7.

The relationship between the production e�ciency of ionizing photons and the

[O III] �5007 EW shown in Figure 2.8 can be described by a simple scaling law.

We fit a linear relation between the two quantities for those galaxies in our sample

with 225 Å < EW[OIII]�5007 < 2500 Å. The best-fit relation for the Calzetti UV

attenuation law is

log ⇠
HII
ion = (0.76 ± 0.05) ⇥ log (EW [O III]�5007) + (23.27 ± 0.15). (2.3)
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For an SMC attenuation law, we find a very similar relationship:

log ⇠
HII
ion = (0.73 ± 0.08) ⇥ log (EW [O III]�5007) + (23.45 ± 0.23). (2.4)

The derived fitting function is overlaid on the data in Figure 2.8. We emphasize

that the scaling laws is only valid for the large equivalent widths stated above.

Indeed, as we motivated at the end of Section 2.3, we expect ⇠
HII
ion may deviate from

the relationship at lower equivalent widths. But for sources with EW[OIII]�5007 >

225 Å, these fitting functions can be used to predict the distribution of ⇠
HII
ion given an

observed distribution of [O III] equivalent widths. As suggested in Chevallard et al.

(2018), and provided that this relationship does not evolve strongly with redshift (as

we will show below for 0 < z < 2), this can be used in conjunction with IRAC flux

excesses to estimate the production e�ciency of ionizing photons in the reionization

era.

We can also derive a relationship between H↵ and ⇠
HII
ion using the results in Fig-

ure 2.8. Because the H↵ strength is less sensitive to the gas physical conditions

than [O III], we expect it to have a more universal relationship with the ionizing

production e�ciency. Applying a similar fitting procedure and assuming a Calzetti

attenuation law for the UV, we derive the following relationship:

log ⇠
HII
ion = (0.85 ± 0.06) ⇥ log (EW H↵) + (23.03 ± 0.15). (2.5)

For the SMC law, we again find a very similar relationship:

log ⇠
HII
ion = (0.87 ± 0.07) ⇥ log (EW H↵) + (23.06 ± 0.19). (2.6)

To assess the magnitude of the redshift evolution in the relationship between the

production e�ciency and the rest-frame optical line equivalent widths, we compare

our results to those derived for local galaxies in Chevallard et al. (2018). The lo-

cal galaxy relation is derived using ⇠
?
ion, the ratio of the intrinsic production rate

of ionizing photons to the stellar continuum luminosity in the non-ionizing far-UV,

with both quantities derived from BEAGLE model fits to the data (see definitions

in Section 2.3). In cases where the nebular continuum contributes significantly to
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the observed UV luminosity, we expect ⇠
?
ion to deviate from ⇠

HII
ion , providing a more

realistic description of the e�ciency of a stellar population at producing ionizing

radiation. We find that ⇠
?
ion is indeed systematically larger than ⇠

HII
ion in our sample,

but the di↵erences are relatively small. Among galaxies with [O III] �5007 equiva-

lent widths between 450 and 800 Å (800 and 2500 Å), the di↵erence is 0.04 (0.08)

dex. This suggests that the relations between ⇠
HII
ion and optical line equivalent widths

that we derived above should closely approximate those inferred using ⇠
?
ion. Never-

theless for the sake of consistency, we consider trends with ⇠
?
ion when comparing the

production e�ciencies derived at z = 1.3 � 2.4 with those found locally.

In Figure 2.9, we show the dependence of ⇠
?
ion on the H� and [O III] EW for our

high redshift sample (blue circles) and the nearby galaxies (green squares) inves-

tigated in Chevallard et al. (2018). The local sample is comprised of ten systems

with deep UV and optical spectra (Senchyna et al., 2017), each selected to have

extreme radiation fields based on the presence of He II emission. The relationship

between ⇠
?
ion and H� EW appears largely similar in the two redshift samples. We

can quantify this by comparing the linear fit to the log ⇠
?
ion � log EWH� relationship

in the range EWH� = 80 � 400 Å. The best-fit slope and intercept for the z ' 0

sample (1.23 ± 0.25 and 22.89 ± 0.56) are both consistent (within 1�) with those

derived for the z ' 2 galaxies (1.09 ± 0.07 and 23.23 ± 0.16). Given the dependence

of [O III] on ionized gas conditions (i.e., metallicity, ionization parameter), we expect

the relationship between [O III] EW and ⇠
?
ion may potentially show more variation

with redshift. However, the current data reveal little evidence to this e↵ect. The

best fit intercept and slope at z ' 0 (1.14 ± 0.16 and 22.28 ± 0.44) remain broadly

similar (within 2�) to those derived at z ' 2 (0.88 ± 0.06 and 22.98 ± 0.16). While

larger samples may eventually reveal some mild di↵erences, our results suggest that

the redshift evolution in the relationship between ⇠
?
ion and the H� and [O III] EW is

not likely to be strong.



70

400 600 1000 2000 3000

EW([OIII]�5007) (Å)
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Figure 2.9: BEAGLE model-derived ⇠
?
ion as a function of H� EW (left panel) and

[O III] �5007 EW (right panel) at z = 1.3 � 2.4 (blue circles; this work) and z ⇠ 0
(green squares; Chevallard et al. 2018). The ⇠

?
ion is computed based on the intrinsic

UV stellar luminosity (assuming a SMC extinction curve in order to be consistent
with Chevallard et al. 2018), and only objects with similar EWs in the two samples
(H� EW = 80 � 400 Å in the left panel; [O III] �5007 EW = 400 � 2500 Å in the
right panel) are shown.

2.4.3 The Physical Conditions of the Nebular Gas

The results of Section 2.4.2 show that extreme emission line galaxies are considerably

more e�cient at producing ionizing radiation than the more massive star-forming

galaxies which are typical at z ⇠ 2. The intense radiation field of these system may

impact the ionization state of the ISM, potentially aiding the escape of Ly↵ and

LyC radiation. In this subsection, we investigate the ISM of extreme emission line

galaxies by quantifying the dependence of [O III]/[O II] (O32) and [Ne III]/[O II]

(Ne3O2), two ionization-sensitive emission line ratios, on the [O III] and H↵ EW.

The O32 index is one of the most commonly used probes of nebular gas ionization

state and is often employed as an empirical proxy for the ionization parameter (the

ratio of the number density of incident hydrogen-ionizing photons to the number

density of hydrogen atoms in the H II region; Penston et al. 1990). The average O32

ratios of the massive star forming galaxies in the KBSS (O32 = 2.0; Steidel et al.

2016) and MOSDEF (median O32 = 1.3; Sanders et al. 2016) surveys are ⇠ 4 � 7⇥
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higher than those of z ⇠ 0 galaxies with similar stellar masses (median O32 = 0.3;

Abazajian et al. 2009; Sanders et al. 2016). While the origin of the higher ionization

parameters remains a matter of some debate, it has been argued to reflect a shift

toward lower metallicities at fixed mass in high redshift galaxies (Sanders et al.,

2016).

The extreme emission line galaxies targeted in our survey have lower stellar

masses and higher specific star formation rates than most galaxies from the KBSS

and MOSDEF surveys (see Section 2.3). Both factors could lead to di↵erent ion-

ization conditions. Our current sample contains O32 measurements with dust cor-

rections via the Balmer decrement for 44 galaxies (Table 2.4) with large equivalent

width [O III] emission (EW[OIII]�5007 > 225 Å). In the top panel of Figure 2.10, we

show the dependence of O32 on the [O III] �5007 EW for individual galaxies (blue

circles) and for our composite spectra (red squares). The results clearly demonstrate

that O32 increases with the [O III] �5007 EW, indicating more extreme ionizing con-

ditions in the high EW galaxies. The composite spectra reveal [O III]/[O II] ratios of

O32 = 1.4 ± 0.2, 3.6 ± 0.2, 4.8 ± 0.3, and 9.1 ± 0.5 for stacks including galaxies with

EW[OIII]�5007 = 0�225 Å, 225�450 Å, 450�800 Å, and 800�2500 Å, respectively.

We see a comparable O32 trend in the individual galaxy measurements. For

galaxies with EW[OIII]�5007 = 300 � 600 Å (similar to the average EW expected in

the reionization era), we find a median [O III]/[O II] ratio of O32 = 3.5. Among the

galaxies in our sample with [O III] equivalent widths comparable to the RB16 z & 7

Ly↵ emitters (EW[OIII]�5007 = 800�2500 Å), we find evidence for even more extreme

ISM conditions, with 8 of the 11 sources with robust [O III]/[O II] measurements

having O32 > 6. Not surprisingly given these trends, the two highest [O III]/[O II]

ratios observed in our survey (O32 = 17±4 and 22±3) are found in two of the most

extreme line emitters (EW[OIII]�5007 = 1216 ± 121 Å and 1893 ± 59 Å, respectively).

The highest O32 values appear to become commonplace in the extremely young

systems (. 10 Myr for constant star formation, Section 2.3) that power intense

optical line emission.

The Ne3O2 index is another proxy for the ionization parameter (e.g. Levesque
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Figure 2.10: Relation between [O III] �5007 EW and ionization-sensitive line ratios
([O III]/[O II], upper panel; [Ne III]/[O II], lower panel) of the z = 1.3�2.4 galaxies in
our sample (blue circles). Line ratios of objects without robust [O II] (cyan triangles
in the upper panel) or [Ne III] detections (cyan upside-down triangles in the lower
panel) are shown as 2� lower or upper limits. The average line ratios derived from
composite spectra of galaxies with di↵erent EWs are shown by red squares. The
average EW of z ' 7 � 8 galaxies (L13) is highlighted by yellow dashed line, and
the orange area shows EWs of z > 7 galaxies in the RB16 sample. For comparison,
[O III] �5007 EWs and line ratios of Green Peas (Cardamone et al., 2009; Hawley,
2012) are shown by green open circles.
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and Richardson, 2014), providing an independent probe of the ionization state of

the ISM. Owing to the short wavelength baseline between [Ne III] and [O II], the flux

ratio is largely insensitive to the e↵ect of reddening. At the highest redshifts probed

by JWST (z & 10), [Ne III] and [O II] will be among the brightest lines visible in the

NIRSpec bandpass (see Section 2.5.3 for more discussion), motivating considerable

interest in the e↵ectiveness of Ne3O2 in proving nebular gas conditions. Among the

more massive star forming galaxies probed by the KBSS-LM1 composite spectrum,

[Ne III] tends to be much fainter than [O II], with Ne3O2 = 0.15 (Steidel et al.,

2016). Based on the dependence of O32 on [O III] EW described above, we expect

to see larger Ne3O2 values among the extreme emission line population.

In our spectroscopic sample, we have obtained measurements of Ne3O2 for 26

galaxies (Table 2.4) with large equivalent width [O III] emission (EW[OIII]�5007 >

225 Å). In the bottom panel of Figure 2.10, we plot the dependence of Ne3O2 on

the [O III] �5007 EW, showing individual galaxies (blue circles) and measurements

from the composite spectra (red squares). The results show that the Ne3O2 in-

dex increases with the [O III] EW (albeit with scatter), reaching values that are

much greater than found among more massive galaxies in the KBSS survey. In our

composite spectra, we measure Ne3O2 = 0.17 ± 0.06, 0.20 ± 0.02, 0.26 ± 0.03, and

0.51±0.04 for stacks including galaxies with EW[OIII]�5007 = 0�225 Å, 225�450 Å,

450 � 800 Å, and 800 � 2500 Å. Among the largest equivalent width line emitters

in our sample, the [Ne III] line is just as strong as the individual components [O II]

doublet. In Section 2.5.3, we will consider the feasibility of detecting both features

at z & 10 with JWST.

Both the O32 and Ne3O2 measurements suggest a picture in which the ISM of

galaxies with prominent optical line emission is characterized by extreme ionization

conditions. A large number of factors can modulate O32 (e.g. Nakajima and Ouchi,

2014). We will discuss some of these in Section 2.5.1, but a detailed investigation of

the physical origin of the trend between O32 and [O III] EW will be considered in a

follow-up paper focused on the photoionization models described in Section 2.3.
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2.5 Discussion

In the previous section, we showed that the ionizing photon production e�ciency

and the ionization state of the nebular gas scales with optical line equivalent width.

Here we consider implications for the escape of ionizing radiation (and its potential

association with large O32), the Ly↵ visibility test, and observability of extreme

line emitting galaxies with JWST at z & 10.

2.5.1 Implications for the ISM Conditions and the Escape of Ionizing

Radiation in Reionization-Era Galaxies

In Section 2.4.3, we demonstrated that [O III]/[O II] ratio increases with [O III] EW,

reaching very large value (O32 > 10) for sources with EW[OIII]�5007 > 1000 Å. The

physical factors regulating O32 have been discussed in detail elsewhere (e.g. Kewley

et al., 2013; Nakajima and Ouchi, 2014; Sanders et al., 2016). These studies show

that the [O III]/[O II] ratio depends strongly on the ionization parameter of the

gas with a weaker dependence on its metallicity. Assuming ionization balance, the

ionization parameter in turn depends on the ionization photon production rate, the

gas density, and the volume filling factor of ionized gas. The hardness of the ionizing

spectrum also impacts the [O III]/[O II] ratio, increasing O32 at fixed ionization

parameter (Sanders et al., 2016). While a comprehensive investigation of the trend

seen in Figure 2.10 is beyond the scope of this Chapter, the boosted O32 values

likely reflect the combined e↵ect of a large ionization parameter and hard ionizing

spectrum, the latter expected in the very young stellar populations present in the

largest [O III] EW galaxies.

Extreme optical line emitters are not the only sources at high redshift known to

have large O32 ratios. Spectroscopic investigations have shown large O32 values in

high redshift galaxies with large EW Ly↵ emission. Nakajima et al. (2016) measure

[O III]/[O II] ratios in the range O32 = 6.0 � 11.5 for four Ly↵ emitting galaxies

(EWLy↵ = 26 � 61 Å) at z ' 3.1, comparable to the galaxies with EW[OIII]�5007 >

800 Å in our sample. Similarly Erb et al. (2016) report [O III]/[O II] ratios of 2.4 to
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12.2 (median O32 = 4.9) for 11 Ly↵ emitters at z ' 2 with EWLy↵ > 20 Å. The large

EW Ly↵ emitters with low masses likely probe a very similar population. Strong

[O III] emitters at z ' 1 have previously been shown to have [O III]/[O II] ratios (O32

& 3 � 100) similar to those we report for our sample (Kakazu et al., 2007). Among

local galaxy samples, the Green Peas also exhibit large [O III]/[O II] ratios and large

[O III] equivalent widths (Cardamone et al., 2009). In Figure 2.10, we overlay the

O32 and Ne3O2 values of the Green Peas on our high redshift relationships (green

open circles). The scaling between the ionization-sensitive ratios and the [O III] EW

appears very similar to what we have found at high redshift.

Over the past few years, attention has focused on a possible connection between

large values of O32 and the escape of ionizing radiation (e.g. Izotov et al., 2016,

2017, 2018; Naidu et al., 2018; Fletcher et al., 2019). It has been argued that

large [O III]/[O II] ratios may arise in density-bounded nebula in which ionizing

radiation is able to escape (Guseva et al., 2004; Jaskot and Oey, 2013; Nakajima

and Ouchi, 2014), although as we note below this is not a unique interpretation. An

investigation of five compact z ' 0.3 Green Peas with relatively large [O III]/[O II]

ratios (O32 = 6.4 � 8.9 with a median of O32 = 6.5) revealed substantial ionizing

photon escape fractions (fesc = 0.06 � 0.13) in all five systems (Izotov et al., 2016).

More recent work has shown even larger escape fractions (fesc > 0.3) in several

galaxies with O32 > 10, while also demonstrating that there is considerable scatter

in LyC escape fractions at large O32 (e.g. Izotov et al., 2018). Large O32 may be

a necessary but not su�cient condition for the detection of LyC emission in low

redshift samples (Izotov et al., 2017). Work at higher redshift indicates a similar

picture, with the small number of known LyC leakers typically exhibiting large

[O III]/[O II] ratios (e.g. Vanzella et al., 2016; de Barros et al., 2016; Fletcher et al.,

2019). High redshift galaxies with moderate [O III]/[O II] ratios (O32 > 3) tend

not to show LyC detections (Naidu et al., 2018), implying relatively low escape

fractions (fesc < 0.1). This is consistent with the local results indicating the largest

escape fractions are generally found in galaxies with the largest O32 values. We

emphasize that the relationship between O32 and LyC leakage does not uniquely
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point to density-bounded nebula, as stellar ionizing spectra are capable of producing

the majority of O32 values seen in these studies (e.g. Stasińska et al., 2015). But

it does suggest that the ISM of galaxies with large O32 (& 6.5) is conducive to the

escape of ionizing radiation.

While we do not have direct constraints on the escape fraction of the galaxies

in our sample, the results in Section 2.4 show that not all extreme emission line

galaxies power the O32 ratios that appear to be associated with large escape fractions

at lower redshifts. The extreme [O III]/[O II] ratios (O32 > 10) associated with

many LyC leakers (fesc & 0.3) become the norm for galaxies with extremely strong

[O III] emission (EW[OIII]�5007 > 1100 Å), implying very large specific star formation

rates (& 100 Gyr�1) and young stellar populations (⇠ 3 � 10 Myr for constant

star formation; see Section 2.3). The O32 values that appear to be associated

with more moderate LyC escape fractions (O32 ' 6.5, fesc ' 0.1) map to galaxies

with EW[OIII]�5007 ' 760 Å, corresponding to (constant star formation) ages of

10 � 30 Myr. There are several important caveats to this picture. First the relation

between O32 and fesc remains poorly sampled and needs additional constraints at

low and high redshift. Second, significant LyC leakage has recently been reported by

Shapley et al. (2016) in a high redshift galaxy that appears to be very di↵erent from

what we have described above, with a comparatively old age (' 1 Gyr for constant

star formation) and relatively weak [O III]+H� emission (EW[OIII]+H� < 256 Å).

Clearly young stellar populations are not the only route toward LyC escape. Finally,

the absolute ages we quote above are subject to standard systematic uncertainties

associated with our assumed star formation history and population synthesis model

(see Section 2.3) and may be somewhat larger if binary stars contribute significantly

to ionizing production. Nevertheless the data suggest a relative trend whereby the

conditions for LyC escape appear to be optimized in galaxies with extremely young

stellar populations and intense optical line emission. This is consistent with a picture

whereby LyC escape can reach large values for a short window following a burst of

star formation (and after the birth cloud has been cleared), as has been predicted

in many simulations (e.g. Kimm and Cen, 2014; Wise et al., 2014; Ma et al., 2015;
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Paardekooper et al., 2015).

The potential relationship between LyC leakage and rest-frame optical line prop-

erties (in particular, O32 and [O III] EW) has implications for our understanding

of ionizing photon escape in the reionization era. Over the past few years, atten-

tion has focused on the intense [O III] emission that is thought to become common

at z ' 7 � 8 (Labbé et al., 2013; Smit et al., 2014, 2015). While extreme emis-

sion line galaxies may be the norm at these redshifts, the average equivalent width

(EW[OIII]�5007 ' 450 Å; see Section 2.4.1) is considerably lower than that typi-

cally seen in LyC leakers. If the mapping between [O III] EW and O32 (valid at

0.3 . z . 2.4; Figure 2.10) is similar at z & 6, it would imply typical [O III]/[O II]

ratios of O32 ' 3.6. As noted above, high redshift galaxies with similar optical line

properties tend to have relatively low escape fractions (Naidu et al., 2018). It is

of course possible that the galaxies at z & 6 have di↵erent ISM conditions at fixed

[O III] EW. Spectroscopic measurements with JWST will soon clarify the [O III]

EW and O32 distribution at z & 6, allowing constraints to be placed on the fraction

of the population with rest-frame optical line properties that are correlated with

significant LyC escape.

2.5.2 Implications for the Ly↵ Visibility Test

The Ly↵ visibility test provides one of the few probes of the IGM ionization state

at 7 . z . 8. The rapid decline in the population at z & 7 is consistent with

a substantially neutral IGM at 7 . z . 8 (e.g. Mason et al., 2018b; Weinberger

et al., 2018). The 100% success rate in identifying Ly↵ in the RB16 sample of

[O III] emitters (Oesch et al., 2015; Zitrin et al., 2015; Stark et al., 2017) stands

in sharp contrast to the weak Ly↵ that is typical of the reionization era, likely

indicating that Ly↵ visibility is enhanced in massive galaxies with intense optical

line emission. Specifically, the fraction of these sources with Ly↵ EW > 25 Å

(xLy↵ = 0.50 ± 0.29) is a factor of five greater than the general population (Stark

et al., 2017). It has been suggested that these systems may trace overdense regions

that produce extremely large ionized bubbles, boosting transmission of Ly↵ in a
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mostly neutral IGM. While the galaxies must lie in ionized regions for Ly↵ to escape,

we suggest that their atypical visibility may instead be related to properties internal

to the galaxies. The trend between ⇠
HII
ion and [O III] EW (Figure 8) suggests the RB16

galaxies (EW[OIII]�5007 > 800 Å) are likely to be twice as e�cient at producing Ly↵

as typical galaxies (EW[OIII]�5007 ' 450 Å) in the reionization era. In addition to

enhanced production, the transmission through the galaxy is likely to be increased

due to the highly ionized state of the ISM in the most extreme line emitters (see

Figure 2.10).

To test the impact of ⇠
HII
ion and ISM variations on the Ly↵ EW distribution,

we consider the Ly↵ properties of lower redshift samples with intense optical line

emission. Stark et al. (2017) characterized the fraction of large EW (> 25 Å) Ly↵

emission in a sample galaxies at 3.8 < z < 5.0 with intense H↵ emission. The H↵

EWs are determined using Spitzer/IRAC color excesses. For the sake of comparison

with the results at z & 7, Stark et al. (2017) isolate luminous galaxies (MUV < �21)

with blue UV slopes (� < �1.8) and an H↵ threshold (EWH↵+[NII]+[SII] > 600 Å)

that is is chosen to match the [O III] EW cut of the RB16 sample. The Ly↵ emitter

fraction in this sub-sample is found to be xLy↵ = 0.53 ± 0.17, nearly a factor of

five greater than that of the general population of z ' 4 � 5 galaxies of the same

luminosity (xLy↵ = 0.12; Stark et al. 2010). Because the IGM is highly ionized

at these redshifts, the increased Ly↵ output that is observed should reflect factors

internal to the galaxies.

A similar test can be conducted with Green Peas, the population of EELGs at

z ' 0.3. The Ly↵ properties of 43 Green Peas have recently been reported by Yang

et al. (2017a). The [O III] emission lines in their sample are very strong, with a

median EW of EW[OIII]�5007 ' 900 Å, comparable to the RB16 galaxies. Large EW

Ly↵ is shown to be common in the HST/COS spectra, with 28 of 43 galaxies having

Ly↵ EW > 25 Å. This implies a Ly↵ emitter fraction (xLy↵ = 0.65) that is similar

to that measured in the extreme line emitters at 3.8 < z < 5.0 and at z & 7.

The low redshift samples described above confirm that the conditions are con-

ducive to strong Ly↵ emission in galaxies with intense optical line emission. The
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factor of five enhancement in xLy↵ seen in the RB16 galaxies is fully consistent with

that measured in EELGs at z ' 4 � 5, indicating that IGM variations (i.e., larger

than average ionized bubbles) are not required to explain the large Ly↵ success rate

in this sample of galaxies. It has also been argued that the visibility is likely further

enhanced in massive galaxies owing to their larger Ly↵ velocity o↵sets (e.g., Stark

et al. 2017; Mason et al. 2018b). Taken together, these results suggest that mas-

sive galaxies with extremely large [O III] EW are the systems most likely to have

detectable Ly↵ at very high redshifts where the IGM is still substantially neutral.

While less massive systems will provide the most sensitive probe of the IGM in the

middle and late stages of reionization (e.g., Mason et al. 2018b; Weinberger et al.

2018), their Ly↵ emission will be mostly extinguished at earlier epochs. Because

of their prodigious Ly↵ output, massive extreme emission line galaxies may o↵er

a unique path toward studying the IGM at the earliest stages of reionization (see

Mason et al. 2018a).

2.5.3 Implications for JWST Observations of z ' 10 Galaxies

The discovery that reionization era systems tend to have strong [O III] emission is

important not only for what it tells us about the nature of early galaxies, but also

for what it implies about the feasibility of future spectroscopic surveys with JWST.

If large equivalent line emission is commonplace, it will be straightforward to build

large redshift samples down to faint continuum flux levels. But at the highest

redshifts that JWST will hope to probe (z & 10), the prospects for spectroscopy are

not so straightforward. The [O III] line shifts out of the NIRSpec bandpass above

z ' 9, leaving only faint nebular lines in the rest-frame optical ([O II], [Ne III])) and

rest-UV (C III], O III], C IV). Over the past few years, there has been considerable

e↵orts invested in the UV lines, revealing equivalent widths that approach 20 Å

for 10 � 20% of the population (Mainali et al., 2018). In this section, we turn our

attention to the EW distribution of the fainter rest-frame optical lines in the extreme

emission line population and consider which features are likely to provide the best

route to spectroscopic confirmation at z & 9.
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Figure 2.11: Left Panel : [O II] ��3727, 3729 EW as a function of [O III] �5007
EW for the z = 1.3 � 2.4 galaxies in our sample. Sources with > 2� detections
of [O II] are shown by blue circles, while cyan upside-down triangles show the 2�
upper limits. Red squares present the median [O II] EWs of galaxies in di↵erent
[O III] �5007 EW bins. Right Panel : H� EW as a function of [O III] �5007 EW for
the z = 1.3 � 2.4 galaxies in our sample. Sources with > 2� detections of H� are
shown by blue circles, while cyan upside-down triangles show the 2� upper limits.
Red squares present the median H� EWs of galaxies in di↵erent [O III] �5007 EW
bins. For comparison, EWs of Green Peas (Cardamone et al., 2009; Hawley, 2012)
are shown by green open circles.
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We first consider the feasibility of detecting [O II] emission. Because of the large

O32 values expected at high redshift, [O II] is often regarded as prohibitively faint.

We have obtained [O II] measurements for 61 galaxies with EW[OIII]�5007 > 225 Å. In

the top panel of Figure 2.11, we show the dependence of the [O II] doublet EW on

the [O III] �5007 EW. For the 55 sources with robust [O II] detections, we measure

a median EW of EW[OII] = 103 Å, with the sample ranging between EW[OII] = 63 Å

(25th percentile) and EW[OII] = 195 Å (75th percentile), considerably larger than

the equivalent widths of the most extreme UV metal line emitters. It is also evident

from Figure 2.11 that there is no strong correlation between [O II] EWs and [O III]

EWs at EW[OIII]�5007 > 225 Å. Given what we know about the [O III] equivalent

widths in the reionization-era (e.g. Labbé et al., 2013; Smit et al., 2015), we can

use Figure 2.11 to predict the observability of [O II] at z & 7. If we consider a

z ' 10 galaxy with the median [O II] EW found in EELGs (103 Å), we predict

[O II] doublet line fluxes of 2.8 ⇥ 10�18, 1.1 ⇥ 10�18, and 4.5 ⇥ 10�19 erg s�1 cm�2

for a z ' 10 galaxy with apparent magnitudes of H = 26, 27, and 28, respectively.

Here we assume a flat continuum in f⌫ to extrapolate to the underlying continuum

near [O II]. We compute the detectability of [O II] assuming each component of the

doublet has a line width typical of the EELGs in our sample (FWHM = 190 km/s).

For R ' 1000 NIRSpec MSA observations with the G395M/F290LP disperser-filter

combination, the NIRSpec exposure time calculator predicts the doublet can be

detected with S/N = 5 in 27 minutes (assuming underlying continuum of H = 26),

2.7 hours (H = 27), and 16 hours (H = 28). This is considerably more e�cient

than targeting the C III] doublet with NIRSpec. Assuming the most optimistic value

for its equivalent width (EWCIII] ' 20 Å), likely present in only a subset of early

galaxies (Mainali et al., 2018), we predict exposure times that are & 6⇥ larger than

what is required for detection of [O II].

If the ISM conditions at very high redshift are similar to what we have observed

at z ' 0�2, we expect [Ne III] will be 0.5⇥ the flux of the combined [O II] doublet in

the most extreme line emitters. [Ne III] will be narrower than [O II] in the R ' 1000

grism, allowing it to be detected in just 1 hour (H = 26) and 6 hours (H = 27)
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for sources with EW[NeIII] = 50 Å. As recently pointed out in Shapley et al. (2017),

deep NIRSpec integrations targeting z ' 10 galaxies should easily be able to recover

both lines in sources with H . 27, providing a unique path toward constraining the

ISM conditions in the highest redshift galaxies JWST will probe.

The H� line will not be detectable by NIRSpec at z & 10, as it shifts out of the

bandpass at roughly the same redshift as [O III]. But it will serve as an important

diagnostic for reionization-era systems. Since H� is likely to be among the faintest

rest-frame optical lines targeted, it is valuable to know the range of H� equivalent

widths expected in the extreme emission line population. In the bottom panel of

Figure 2.11, we plot the dependence of the H� EW on the [O III] �5007 EW in

our spectroscopic sample. The H� EW scales with the [O III] EW, with values of

EWH� = 53, 98, and 198 Å for [O III] �5007 EW bins of EW[OIII]�5007 = 225 � 450,

450 � 800, and 800 � 2500 Å, respectively. As can be seen in Figure 2.11, the

relationship between the H� EW and the [O III] EW is very similar for the Green

Peas (at EW[OIII]�5007 > 350 Å), suggesting very little evolution in the trend over

0.3 . z . 2.4. If the evolution remains slow at z & 3, it indicates that H� should

be detectable in typical (H . 27) reionization-era galaxies with deep (. 10 hours)

NIRSpec integrations.

While much attention has recently focused on the rest-UV metal lines, we show

here that the fainter rest-frame optical emission lines (i.e., [O II], [Ne III], H�)

are likely to be provide a more e�cient route toward spectroscopic confirmation of

EELGs at 9 . z . 12. For sources that are bright enough (H . 26), the UV nebular

lines will complement the picture provided by the rest-frame optical lines, providing

unique constraints on the nature of the ionizing sources (e.g. Feltre et al., 2016;

Jaskot and Ravindranath, 2016; Mainali et al., 2017; Senchyna et al., 2017; Byler

et al., 2018) and the abundance of carbon in the early universe (e.g. Berg et al.,

2016). But initial JWST/NIRSpec e↵orts aimed at building a statistical sample of

redshifts for z ' 10 galaxies are likely to be more successful targeting the observed

wavelengths around [O II] and [Ne III].
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2.6 Summary

We report results from a large MMT and Keck spectroscopic survey targeting

strong rest-frame optical emission lines in extreme emission line galaxies at high

redshift. We have confirmed redshifts of 227 galaxies at z = 1.3 � 2.4 with rest-

frame [O III] �5007 equivalent widths spanning 225 Å < EW[OIII]�5007 < 2500 Å.

This range is chosen to include the average [O III] EW of reionization-era galaxies

(EW[OIII]�5007 ' 450 Å; L13) and the more extreme values (EW[OIII]�5007 > 800 Å)

that characterize most of the known Ly↵ emitters at z > 7. By obtaining spectra of

similarly intense line emitters at slightly lower redshifts, we hope to gain insight into

the range of stellar populations and gas conditions present in the reionization era as

well as what distinguishes the Ly↵ emitting galaxies from the rest of the population

at z & 7.

We fit the broadband continuum SED and emission line fluxes using the BEA-

GLE tool (Chevallard and Charlot, 2016). The stellar masses implied by the models

extend down to 107
M� with a median of 4.9 ⇥ 108

M�, both well below typical

values in the KBSS and MOSDEF surveys. The sSFR distribution extends up to

300 Gyr�1�1 with a median of 17 Gyr�1, consistent with very young stellar popu-

lations expected after a substantial burst or recent upturn of star formation. We

summarize our findings below:

1. The Balmer decrement decreases with increasing [O III] and H↵ EW, reaching

a value close to that expected for case B recombination (I(H↵)/I(H�) = 2.90±0.05)

in our composite spectrum of galaxies with EW[OIII]�5007 = 800 � 2500 Å. The UV

continuum slopes are uniformly blue, with median values of � = �2.04 for galaxies

with EW[OIII]�5007 > 450 Å. This suggests that both the hot stars and nebular gas

are minimally obscured by dust in the most extreme line emitters.

2. We find that the ionizing production e�ciency scales with the [O III] and

H↵ EW at high redshift, reaching the largest values (log [⇠HII
ion (erg�1 Hz)] ' 25.6)

in the most intense emitters (EW[OIII]�5007 > 800 Å). We derive simple scaling laws

between the ionizing production e�ciency and the [O III] and H↵ equivalent widths.
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Comparison to a recent investigation of nearby galaxies (Chevallard et al., 2018)

reveals that there is not strong evolution in the link between ⇠
?
ion and the optical

lines over 0 . z . 2. The trend between the ionizing e�ciency and [O III] EW

indicates that the extreme line emitters which become common in the reionization

era are likely to be very e�cient ionizing agents.

3. We discuss the impact of the ⇠
?
ion� [O III] EW relationship on the visibility

of Ly↵ in the reionization era. A large ionizing e�ciency results in a larger than

average intrinsic Ly↵ EW, boosting the visibility relative to systems with lower

[O III] EW. The detectability is further enhanced by the ionization conditions in the

ISM and CGM and the large Ly↵ velocity o↵sets associated with massive galaxies.

We suggest that the anomalous Ly↵ success rate in massive galaxies with intense

[O III] is likely driven by factors internal to the galaxies and does not necessarily

require these objects to sit in the very largest ionized bubbles at these early epochs.

Because of their atypical Ly↵ visibility, massive extreme emission line galaxies may

provide a unique probe of the earliest stages of reionization (see Mason et al. 2018a)

where substantial neutral fractions (and smaller velocity o↵sets) make lower mass

galaxies very di�cult to detect in Ly↵ (Mason et al., 2018b; Weinberger et al., 2018).

4. We show that two ionization-sensitive line ratios (O32 and Ne3O2) increase

with the [O III] EW, revealing extreme ionization conditions in the ISM of the

most intense line emitters. In a stacked spectrum of galaxies with EW[OIII]�5007 =

800 � 2500 Å, the ionization-sensitive ratios have very large values (O32 = 9.1 and

Ne3O2 = 0.51) that are commonly associated with LyC leakers at 0 . z . 2.

We find that very similar O32 and Ne3O2 relationships are also present in Green

Pea population, indicating very little redshift evolution over 0.3 . z . 2.4 and

suggesting a close connection between the [O III] EW and the ionization state of the

ISM in the extreme line emitter population.

5. We discuss the O32 � [O III] EW relationship in the context of emerg-

ing evidence that large O32 values tend to accompany LyC leakers. Our re-

sults demonstrate that the O32 values that appear associated with moderate

(fesc ' 0.1) escape fractions (O32 & 6.5) are most commonly found in EELGs
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with EW[OIII]�5007 > 760 Å. The extreme O32 (O32 > 10) values linked with larger

escape fractions (fesc & 0.3) become the norm for galaxies with extremely strong

[O III] emission (EW[OIII]�5007 > 1100 Å). These [O III] EW values are well above

the threshold commonly adopted for EELG selections, corresponding to extremely

young stellar populations (' 3 � 30 Myr for constant star formation history), con-

sistent with a picture whereby LyC leakage is enhanced during a short window after

a burst of star formation.

6. We show that [O II] is likely to be one of the e�cient spectroscopic probes at

very high redshifts (z ' 10) where the strongest optical lines are shifted out of the

NIRSpec bandpass. In spite of the large O32 values in the strongest line emitters,

the median [O II] doublet EW remains fairly large (EW[OII] ' 100 Å) throughout

the EELG population. We show that [O II] is likely to be detected in considerably

less exposure time than the strongest of the UV nebular lines (i.e., C III], O III]).

[Ne III] should also be readily detectable if Ne3O2 ratios are as large as indicated

by our survey.
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CHAPTER 3

Rest-Frame UV Spectroscopy of Extreme [O III] Emitters at 1.3 < z < 6.0: Toward

a High-Redshift UV Reference Sample for JWST†

Deep rest-frame ultraviolet (UV) spectroscopy of galaxies in the reionization-era

has revealed intense C III] and C IV line emission (EW > 15 � 20 Å). In order

to interpret the nebular emission emerging at z > 6, we have conducted a large

spectroscopic survey targeting rest-frame UV emission lines in extreme optical line

emitting galaxies at 1.3 < z < 6. We present rest-frame UV spectra of 138 sources

at z = 1.3�3.7 and 11 sources at z ⇠ 4�6. These systems are selected to show large

[O III]+H� EWs (= 300� 3000 Å), similar to those of reionization-era galaxies. We

detect UV emission lines (C IV, He II, O III], C III]) in 24 extreme [O III] emitters

at z = 1.3 � 3.7, with the largest C III] EW (18 Å) comparable to the values seen

at z > 6. We also report a tentative O III] detection in a source at z = 5.7. We

find that the C III] EW increases with [O III]+H� EW, but in contrast to previous

studies, we find a large dispersion in C III] EWs (5�20 Å) at large [O III]+H� EWs

(> 1500 Å). We show that the strong and weak C III] emitters can be divided by

luminosity, with the most luminous systems (MUV < �19.5) tending to power much

weaker C III] emission (< 10 Å) than lower luminosity systems at a given [O III]+H�

EW. This is in contrast to the results at z > 6, where very strong C III] (> 15 Å)

has been found in luminous (MUV ' �21) galaxies. We also consider the fraction

of nebular C IV emitter in [O III] EW selected samples at z ' 2 � 3, demonstrating

that only 2 of 21 sources with intense [O III]+H� emission (EW > 1000 Å) show

nebular C IV with EW > 5 Å and none have C IV with EW > 10 Å. This di↵ers

from the situation at z > 6 where two galaxies have already been identified with

C IV EW > 20 Å. Based on these results, we conclude that the anomalous C III] and

†To be submitted to MNRAS
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C IV properties at z > 6 are not entirely driven by a shift toward larger [O III]+H�

EW at z > 6. We suggest that metallicity evolution is likely also contributing, with

the lower metallicities at earlier times powering more intense UV nebular emission.

3.1 Introduction

Our understanding of galaxies in reionization era has advanced considerably in the

past decade following a series of multi-wavelength imaging surveys conducted with

the Hubble Space Telescope (HST) (e.g. McLure et al., 2013; Bouwens et al., 2015b;

Finkelstein et al., 2015; Livermore et al., 2017; Atek et al., 2018; Oesch et al., 2018).

These campaigns have revealed thousands of galaxies thought to lie at z > 6, provid-

ing our first census of the star forming sources thought responsible for reionization

(see Stark 2016 for a review). The James Webb Space Telescope (JWST) will soon

build on this progress, delivering the first detailed spectroscopic investigation of

z > 6 galaxies and opening the door for investigations of stellar populations and the

build-up of metals in early star forming systems.

The first glimpse of the nebular emission line properties of the z > 6 population

has emerged in the last several years, providing a preview of the science that will be

possible with JWST. Deep rest-frame UV spectra have revealed intense line emission

from highly-ionized species of carbon (C III], C IV; e.g., Stark et al. 2015a,b, 2017;

Mainali et al. 2017; Hutchison et al. 2019), indicating a hard ionizing spectrum

that is not seen in typical star forming galaxies at lower redshifts. The origin

of the hard photons remains a matter of debate, with some suggesting AGN are

required (Nakajima et al., 2018) and others suggesting that metal poor massive

star populations are su�cient (Stark et al., 2017). While direct constraints on the

rest-optical spectra await JWST, progress has been made possible by Spitzer/IRAC

broadband photometry, with the [3.6] � [4.5] colors of z > 6 galaxies commonly

revealing the presence of strong [O III]+H� nebular emission. The typical rest-

frame equivalent widths (EWs) at z ' 6 � 8 (EW[OIII]+H� ' 600 � 800 Å; e.g.,

Labbé et al. 2013; Smit et al. 2015; De Barros et al. 2019) indicate both strong line
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emission and weak underlying continuum, a signpost of galaxies dominated by very

young stellar populations (< 50 Myr), as expected for systems undergoing rapidly

rising star formation histories.

Work is now underway to determine what these emission line properties are

telling us about the reionization-era population. Central to these e↵orts are cam-

paigns focused on galaxies with similar emission line properties at lower redshifts

where they can be studied in greater detail. Sizeable samples of z ' 1 � 2 galaxies

with large [O III]+H� EWs have been identified in broadband imaging and grism

spectroscopy (e.g. Atek et al., 2011; van der Wel et al., 2011; Maseda et al., 2013,

2014), revealing a young population of low mass galaxies with high densities of mas-

sive stars. In Tang et al. (2019, hereafter T19), we built on these studies, targeting

the strong rest-optical lines in 227 galaxies with [O III]+H� EW = 300 � 2000 Å.

The spectra revealed that the ionizing e�ciency of galaxies (defined as the ratio of

the hydrogen ionizing photon production rate and the far-UV continuum luminosity

at 1500 Å) increases with the [O III] EW. The ionization state of the nebular gas (as

probed by the [O III]/[O II] flux ratio, hereafter O32) was also found to increase with

the [O III] EW, suggesting very large ionization parameters in the most extreme line

emitters. Investigations of nearby galaxies show nearly-identical trends (Chevallard

et al., 2018), suggesting little redshift evolution in the trends with [O III] EW. Taken

together, these studies indicate that very hard spectra and highly-ionized gas con-

ditions are common in a short window following a burst of star formation in low

mass galaxies.

Progress has also been made in our understanding of the rest-UV nebular line

detections. A series of HST/UV spectroscopy programs have investigated the stellar

populations and gas conditions required to power C III] and C IV in nearby star

forming galaxies (Senchyna et al., 2017, 2019; Berg et al., 2019). The results have

revealed that C III] is intense in galaxies with moderately low metallicities (< 0.4 Z�)

and large specific star formation rates (sSFRs), with the C III] EW increasing in

lockstep with the [O III] EW (e.g. Rigby et al., 2015; Senchyna et al., 2017, 2019).

Both nebular C IV and He II appear in lower metallicity galaxies (< 0.1 Z�), provided
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the sSFR (or H� EW) is large enough to guarantee a significant population of

high-mass stars (Senchyna et al., 2019). The local C III] and C IV trends have

been successfully explained in the context of photoionization models (Jaskot and

Ravindranath, 2016; Gutkin et al., 2016; Byler et al., 2018; Plat et al., 2019). But

in spite of these successes, the local studies have struggled to identify galaxies with

C III] and C IV equivalent widths as large as seen at z > 6, making it challenging

to interpret the emerging body of reionization-era spectra.

Rest-UV surveys at z ' 1 � 3 have provided a viable way forward, leading

to the discovery of a significant number of intense UV line emitters in the last

decade (Erb et al., 2010; Stark et al., 2014; de Barros et al., 2016; Amoŕın et al.,

2017; Maseda et al., 2017; Vanzella et al., 2017; Berg et al., 2018; Le Fèvre et al.,

2019). To date, nearly all z ' 1 � 3 galaxies with UV line properties similar

to those seen at z > 6 (i.e., EWCIII] > 20 Å or EWCIV > 20 Å) appear to be

AGN (Nakajima et al., 2018; Le Fèvre et al., 2019), leading to the suggestion that

stellar radiation fields may be incapable of powering the line emission seen in the

reionization era. Motivated by the relationship between C III] and [O III] EW

(Maseda et al., 2017; Du et al., 2020), e↵orts targeting star forming galaxies have

begun to focus on very young (< 10 Myr) stellar populations with the most extreme

optical line emission (EW[OIII]+H� > 2000 Å), with one recently-discovered system

identified in this manner displaying UV line properties that are nearly identical to

those discovered in the reionization era (i.e., EWCIII] > 20 Å; Mainali et al. 2020).

This finding suggests that stellar populations may be su�cient to power the nebular

emission seen at z > 6, but without larger samples, it is impossible to generalize to

the broader population of young galaxies with EW[OIII]+H� > 2000 Å.

Motivated by this shortcoming, work is now underway to build large rest-UV

spectral databases of galaxies with extreme optical line emission. Du et al. (2020)

present the first statistical measure of the rest-UV spectral properties of galaxies

selected to have large EW [O III]+H� emission. Here we describe results of an

ongoing spectroscopic campaign aimed at building on this progress. In particular,

we discuss rest-UV spectra of 138 extreme [O III] emitting galaxies at 1.3 < z < 3.7
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together with a smaller sample of 4 < z < 6 galaxies. Our goals are twofold. First

we aim to build a large enough sample of z ' 1 � 3 galaxies with [O III]+H� EW

= 1000 � 2000 Å such that we can assess whether the C III] intensities seen at

z > 6 (i.e., C III] EW > 20 Å) commonly arise in galaxies with extremely young

stellar populations, as suggested by the single galaxy identified in Mainali et al.

(2020). And secondly, we seek to quantify the rate at which very metal poor stellar

populations (< 0.1 Z�) appear among low mass extreme line emitting galaxies at

z ' 1 � 3 via measurement of the fraction of nebular C IV emitters (with line ratios

indicating a stellar origin) in our spectroscopic sample. This will provide a baseline

for comparison against future measurements at z > 6, giving the control needed to

track the rise of low metallicity massive-star populations in early galaxies matched

to our sample in MUV and sSFR.

The organization of this Chapter is as follows. We describe the spectroscopic

sample and rest-frame UV spectroscopic observations, as well as our photoionization

modeling procedures in Section 3.2. We then present the rest-frame UV spectra of

our 1.3 < z < 6 galaxies in Sections 3.3, and the physical properties inferred from

spectra in Section 3.4. We discuss the implications of these results in Section 3.5 and

summarize our conclusions in Section 3.6. We adopt a ⇤-dominated, flat universe

with ⌦⇤ = 0.7, ⌦M = 0.3, and H0 = 70 km s�1 Mpc�1. All magnitudes in this

Chapter are quoted in the AB system (Oke and Gunn, 1983), and all equivalent

widths are quoted in the rest-frame.

3.2 Observations and Analysis

In this work, we aim to investigate the rest-frame ultraviolet (UV) spectra of galaxies

with extreme EW optical line emission. We primarily focus on the extreme [O III]

line emitting galaxies at z = 1.3 � 3.7, obtaining rest-frame UV spectra via ground-

based optical spectrographs. In addition, we present near-infrared spectroscopy of

a subset of sources at z ⇠ 4 � 6. The spectroscopic observations of each sample

are described in Section 3.2.1 and Section 3.2.2, respectively. We then describe the



91

200 500 1000 2000 3000

EW([OIII]+H�) (Å)
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Figure 3.1: F814W magnitude distribution of the 138 extreme [O III] emitters at
z = 1.3 � 3.7 in our spectroscopic sample. Left panel: F814W magnitudes and
[O III]+H� EWs of the 138 galaxies (objects at z = 1.3 � 2.4 are shown by blue
circles, and objects at 3.1 � 3.7 are shown by blue squares), sources with UV metal
line detections are marked by open red circles or squares. Middel panel: F814W
magnitude distributions of the total extreme [O III] emitter sample (solid blue) and
the subset with UV metal emission line detections presented in Section 3.3.1 (dashed
red). Right panel: [O III]+H� EW distributions of the total sample (solid blue) and
the subset with UV metal line detections (dashed red).

photoionization modeling we apply to our sample in Section 3.2.3.

3.2.1 Optical Spectroscopy of z = 1.3 � 3.7 EELGs

The rest-frame UV spectra presented in this subsection build on a large spectroscopic

e↵ort to obtain rest-frame optical spectra of extreme [O III] emitters at z = 1.3�3.7

in the CANDELS fields (T19; Chapter 5). We direct the reader to T19 and Chapter

5 for the full description of the sample selection and the follow-up near-infrared (rest-

frame optical) spectroscopic observations. The extreme [O III] emitters are required

to have large rest-frame [O III] ��4959, 5007 EWs with values ' 300�2000 Å, which

are chosen to match the range expected to be common in reionization-era galaxies

(e.g. Stark, 2016). In order to measure the rest-frame UV emission lines of extreme

[O III] emitters at z = 1.3 � 3.7, we have been conducting optical spectroscopic

observations. Data were taken over three observing runs between 2018 and 2019

with optical spectrographs on the Magellan telescopes and the MMT.

The majority of our optical spectroscopic follow-up program is conducted us-
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ing the Inamori-Magellan Areal Camera & Spectrograph (IMACS; Dressler et al.

2011) on the Magellan Baade telescope. We use IMACS in multi-slit spectroscopy

mode. We designed two masks in the COSMOS field and the UDS field utilizing

the ‘maskgen’ software, targeting 114 extreme [O III] emitters (EW[OIII]��4959,5007 >

300 Å) at z ' 1.3�3.7. The targets were placed on the IMACS masks using a simi-

lar selection function introduced in Section 2.2 of T19. We adjust the target priority

based on the [O III] EWs inferred from HST grism spectra (at z = 1.3 � 2.4; T19)

or the K-band flux excess (at z = 3.1 � 3.7; Chapter 5). Objects with the largest

EWs ([O III] EW > 1000 Å) are very rare, and thus we give the highest priority

to the largest EW [O III] line emitting galaxies. In addition, we are particularly

interested in comparing the properties derived from rest-frame UV spectroscopy

and those from rest-frame optical spectroscopy. Therefore, we increase the priority

of objects whose rest-frame optical spectra have been taken from our near-infrared

spectroscopic follow-up program (T19; Chapter 5).

The details of the IMACS observations are summarized in Table 3.1. We used the

300 lines/mm grism blazed at 17.5 degrees on the f/2 camera. The grism provides

wavelength coverage from 3900 Å to 10000 Å, covering UV metal lines including C IV,

O III], and C III], as well as Ly↵ emission line at z > 2.2 and [O II] ��3727, 3729

emission lines at z < 1.68. The slit length and width of our IMACS mask were set to

6.0 arcsec and 1.0 arcsec, respectively. The 1.0 arcsec slit width results in a spectral

resolution of 6.7 Å for the entire wavelength coverage. For the mask targeting

the COSMOS field, we placed 60 extreme [O III] emitters at z ' 1.3 � 3.7 with

[O III] ��4959, 5007 EW ' 300 � 2000 Å. The targets have i814-band magnitude

from 23.1 to 26.7, with a median value of 25.2. We observed this mask on 2019

March 06 and 07 for a total on-source integration time of 5.7 hours with an average

seeing of 0.8 arcsec. We placed 54 extreme [O III] emitters at z ' 1.3 � 3.7 with

[O III] ��4959, 5007 EW ' 300 � 1600 Å on the mask targeting the UDS field.

The i814-band magnitudes of these targets have a range from 23.8 to 26.9 (median

i814 = 25.5). This mask was observed on 2019 October 30 for an integration time of

3 hours with seeing of 0.8 arcsec. Each mask contains two slits stars to compute the
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Figure 3.2: Examples of the broadband SEDs of z = 1.3�3.7 extreme [O III] emitters
with rest-frame UV metal line detections. Observed broadband photometry is shown
as solid black circles. The best-fit SED models inferred from BEAGLE are plotted
by solid blue lines, and synthetic photometry is presented by open green squares.

absolute flux calibration. We also observed spectrophotometric standard stars at a

similar airmass in each observing run in order to correct the instrumental response.

We reduced the IMACS spectra using the publicly available data reduction

pipeline Carnegie Observatories System for MultiObject Spectroscopy (COSMOS1;

Dressler et al. 2011; Oemler et al. 2017). During the observing runs, flat fields were

obtained using quartz high lamps, and arcs were obtained using HeNeAr lamps. The

pipeline performs bias subtraction, flat-fielding, wavelength calibration, sky subtrac-

tion, and extracts the two-dimensional (2D) spectra. We created one-dimensional

(1D) spectra from the reduced 2D spectra using a boxcar extraction, with the extrac-

tion aperture matched to the spatial profile of the object. We derived the transmis-

sion curve from the observed standard star spectra and corrected the instrumental

response. Slit loss corrections were performed following the similar procedures in

T19 (see also Kriek et al. 2015). We derived the spatial profile of each target from its

1
https://code.obs.carnegiescience.edu/cosmos

https://code.obs.carnegiescience.edu/cosmos
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HST F606W postage stamp, and computed the fraction of the light within the slit to

that of the total spatial profile. The flux of each spectrum was then divided by the

in-slit light fraction measured for each object. Finally, the absolute flux calibration

was performed using the slit stars, by comparing the slit-loss corrected count rates

of slit star spectra with the flux in the Skelton et al. (2014) catalogs. For objects

on the mask targeting the COSMOS field, the median 3� line flux sensitivity of the

IMACS spectra is 3.6 ⇥ 10�18 erg s�1 cm�2 (assuming a line width of 13.4 Å, i.e.,

2⇥ the spectral resolution) in the wavelength range (4800�6300 Å) where C III] (at

z ⇠ 2) or Ly↵ (at z ⇠ 3) is situated. This flux limit enables us to detect emission

lines (3�) with rest-frame EW ⇠ 1, 4, and 17 Å for the sources with the brightest

(23.1), median (25.2), and the faintest (26.7) continuum magnitudes. For objects

on the mask targeting the UDS field, we reached a median 3� line flux sensitivity

of 6.9 ⇥ 10�18 erg s�1 cm�2 in 4800 � 6300 Å. This sensitivity provides 3� line EW

limits of ⇠ 2, 11, and 41 Å for the sources with the brightest (23.8), median (25.5),

and the faintest (26.9) continuum magnitudes.
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We also obtained optical spectra from the Binospec (Fabricant et al., 2019)

on the MMT with multi-slit spectroscopy mode. We designed one mask in the

UDS field using the ‘BinoMask’ software. Twenty-four extreme [O III] emitters

([O III] ��4959, 5007 EW ' 700 � 2500 Å) were placed on the mask with the same

selection function used in Magellan/IMACS observations. The targets have i814

magnitude from 23.7 to 26.7 (median i814 = 25.7). Spectra were taken using the

270 lines/mm grism blazed at 5.5 degrees, with wavelength coverage from 3850 Å to

9000 Å. The slit width was set to 1.0 arcsec, which results in a spectral resolution

of R = 1340. We observed this mask on 2018 October 18 and 2018 November 03

for a total integration time of 5 hours with an average seeing of 1.2 arcsec. The

mask contains 2 slit stars to derive absolute flux calibration, and standard stars

were observed to correct the instrumental response. We summarize the details of

the Binospec observations in Table 3.1.

We reduced the Binospec spectra using the publicly available data reduction

pipeline2 (Kansky et al., 2019). The pipeline performs flat-fielding, wavelength

calibration, and sky subtraction. Before extracting the 2D spectra, the pipeline cor-

rects atmospheric extinction and instrumental response using the sensitivity curve

derived from observations of standard stars. We extracted the 1D spectra using

a boxcar extraction. The absolute flux calibration was performed using slit stars,

and slit loss correction was performed following the same procedures used in Mag-

ellan/IMACS observations. The median 3� line flux sensitivity of our Binospec

spectra is 7.2 ⇥ 10�18 erg s�1 cm�2 in 4800 � 6300 Å, providing 3� line EW limits

of ⇠ 2, 14, and 34 Å for the sources with the brightest (23.7), median (25.7), and

the faintest (26.7) continuum magnitudes.

Our observations described above obtained optical (rest-frame UV) spectra for

138 extreme [O III] emitters at z = 1.3�3.7. The i814 magnitude distribution of these

138 galaxies are shown in Figure 3.1. We also add available near-infrared (rest-frame

optical) spectra which provide useful constraints on the ionizing radiation fields and

the ISM conditions. We have obtained ground-based near-infrared spectra for 33 of

2
https://bitbucket.org/chil_sai/binospec

https://bitbucket.org/chil_sai/binospec
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the 138 sources (T19; Chapter 5), with strong [O III] �5007 or H↵ emission lines

detected at S/N > 5. Among these 33 objects, 24 have the full suite of strong rest-

frame optical emission line detections ([O II], H�, [O III], H↵), allowing us to measure

ionization and metallicity sensitive line ratios (i.e., O32 = [O III]/[O II]). For the

remaining objects without ground-based near-infrared spectroscopic observations,

we utilize the H�, [O III], or H↵ emission lines measured from HST grism near-

infrared spectra (Momcheva et al. 2016) if the grism S/N is larger than 5. This

results in a sample of 116 (of 138) galaxies with [O III] flux measurements. We then

compute [O III] EWs following T19 and Chapter 5. In Section 3.5, we will discuss

the correlations between rest-frame UV spectral properties and rest-frame optical

properties such as [O III] �5007 EW and O32.

3.2.2 Near-Infrared Spectroscopy of z ⇠ 4 � 6 EELGs

We have additionally obtained rest-frame UV spectra for a smaller number of ex-

treme optical line emitter candidates at z ⇠ 4�6. For galaxies in this redshift range,

strong rest-frame optical emission lines (H↵, [O III]) are situated in Spitzer/IRAC

3.6 µm or 4.5 µm band, allowing us to identify extreme optical line emitters via large

flux excesses in the [3.6] or [4.5] filters. Recent studies (e.g. Shim et al., 2011; Stark

et al., 2013; Rasappu et al., 2016) reveal that extreme H↵ emitters at 3.8 < z < 5.0

(5.1 < z < 5.4) show blue (red) [3.6]�[4.5] colors since the H↵ emission line is within

the [3.6] ([4.5]) filter while the [4.5] ([3.6]) filter is dominated by rest-frame optical

continuum. For galaxies at 5.4 < z < 6.0, [O III]+H� and H↵+[N II] emission

lines are situated in [3.6] and [4.5] filters, respectively. In this subsection, we first

describe selection of a sample of extreme optical line emitter candidates at z ⇠ 4�6

using IRAC color excess methods, then describe the near-infrared (rest-frame UV)

spectroscopic observations of a subset of the sources in this sample.

Our z ⇠ 4�6 targets were selected from public samples of Lyman break galaxies

(LBGs) with spectroscopic or photometric redshift measurements. Taking advantage

of the spectroscopic redshifts provided in Stark et al. (2013) and Rasappu et al.

(2016), we identified a subset of sources at 3.8 < zspec < 5.0 and 5.1 < zspec < 5.4.
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Redshifts in the above papers are derived from Ly↵ emission lines or UV absorption

lines. We also selected LBGs with photometric redshifts at 3.8 < z < 6.0 (and with

1� photo-z uncertainty �z < 0.1 to ensure robust redshift estimates) from Bouwens

et al. (2015b), where the redshifts are computed using EAZY (Brammer et al., 2008).

To ensure self-consistent astrometry, we matched the coordinates of all the sources

with spectroscopic or photometric redshifts to Skelton et al. (2014) catalogs. To

e�ciently identify extreme emission line galaxies, we required [3.6] � [4.5] < �0.3

for sources at 3.8 < z < 5.0 and [3.6] � [4.5] > 0.3 for sources at 5.1 < z < 5.4.

We also required S/N > 5 for the [3.6] and [4.5] fluxes so that the H↵ EWs can be

accurately derived from IRAC colors. The above [3.6]�[4.5] color cuts correspond to

H↵+[N II]+[S II] EW > 500 Å, which is greater than the average H↵ EW estimated

for star forming galaxies in the reionization-era (Labbé et al., 2013). For sources at

5.4 < z < 6.0, we do not apply an IRAC color cut since strong rest-frame optical

emission lines are within both [3.6] and [4.5] filters.

We use the catalog of z ⇠ 4 � 6 extreme optical line emitter candidates de-

scribed above as input for our near-infrared spectroscopic observations. The spectra

presented in this Chapter were obtained using the multi-object spectrograph MOS-

FIRE (McLean et al., 2012) on the Keck I telescope. We observed two masks on

2015 November 30, targeting six sources in the GOODS-S field and five sources in

the COSMOS field. The remainder of the mask was filled with sources discussed in

previous publications (Stark et al. 2017; T19). The slit widths were set to 0.7 arc-

sec, resulting in a spectral resolution of R = 3388 (�� ' 2.9 Å at the blue end,

⇠ 9716 Å, and �� ' 3.3 Å at the red end, ⇠ 11250 Å).

For the mask targeting the GOODS-S field, we observed six objects at 3.8 <

z < 5.0. The primary targets of this mask are two extreme H↵ emitting candidates,

GOODS-S-46692 and GOODS-S-41253. GOODS-S-46692 is a bright galaxy (J125 =

24.9) with a spectroscopic redshift derived from Ly↵ emission, zLy↵ = 4.811, and

IRAC color [3.6] � [4.5] = �0.33. GOODS-S-41253 is fainter (J125 = 26.0) with

photometric redshift zphot = 4.28 and IRAC color [3.6] � [4.5] = �0.45. We also

added four sources (J125 = 25.2 � 25.7) with photometric redshifts in the range
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zphot = 4.1 � 4.8 and less extreme IRAC colors ([3.6] � [4.5] = �0.1 to �0.3) as

fillers of this mask. We observed in Y -band, for a total on-source integration time

of 3.2 hours with an average seeing of 0.94 arcsec. The spectral wavelength coverage

is from ⇠ 9716 Å to ⇠ 11250 Å, allowing constraints on C III] ��1907, 1909 for the

chosen targets.

For the mask targeting the COSMOS field, we observed five objects with pho-

tometric redshifts at 3.8 < zphot < 6.0. Two bright targets (J125 = 24.1 � 24.6)

have photometric redshifts in the range z = 4.5 � 4.7 with blue IRAC colors

[3.6] � [4.5] = �0.30 to �0.72. The other three targets (J125 = 24.9 � 26.2) have

photometric redshifts (z = 5.6 � 5.8) where both IRAC filters are contaminated by

emission lines. We observed the COSMOS mask in Y -band for a total on-source

integration time of 2.4 hours with an average seeing of 0.74 arcsec. The observations

enable constraints on the C III] ��1907, 1909 line strengths for targets at z = 4.5�4.7

and O III] ��1661, 1666 for those at z = 5.6 � 5.8. Both of the masks were filled

with z ' 2 extreme [O III] line emitting galaxies, which have been discussed in T19.

We also placed two slit stars on each mask for absolute flux calibration, and we

obtained the telluric star spectrum in order to correct the atmosphere absorption

and instrument response. The near-infrared spectroscopic observations of z ⇠ 4 � 6

extreme optical line emitter candidates are summarized in Table 3.2.

The spectra were reduced using the publicly available MOSFIRE Data Reduc-

tion Pipeline (DRP3). The DRP performs flat-fielding, wavelength calibration, and

background subtraction before extracting 2D spectra. We corrected the atmosphere

absorption and instrument response using the spectrum of a telluric star, and per-

formed slit loss correction the same way as described in T19 (see also Kriek et al.

2015). The absolute flux calibration was performed using the spectra counts and

photometric flux of slit stars. We extracted 1D spectra using boxcar extraction with

an aperture matched to the spatial profile of the object. Assuming a line width of

6 � 7 Å (2⇥ the spectral resolution), the median 5� line flux sensitivity is 2.6 (3.2)

⇥10�18 erg s�1 cm�2 for spectra on the mask targeting the GOODS-S (COSMOS)

3
https://keck-datareductionpipelines.github.io/MosfireDRP

https://keck-datareductionpipelines.github.io/MosfireDRP
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field. We will present the results of our near-infrared spectroscopy of z ⇠ 4 � 6

targets in Section 3.3.2.
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3.2.3 Photoionization Modeling

We utilize photoionization models to investigate the physical properties of the ex-

treme emission line galaxies in our rest-UV spectroscopic sample. We fit the broad-

band photometry and observed emission lines from our objects using the Bayesian

SED modeling and interpreting tool BEAGLE (version 0.23.0; Chevallard and Char-

lot 2016). The broadband photometry is obtained from the 3D-HST catalogs (Skel-

ton et al., 2014), and we use the multi-wavelength data covering 0.3 � 2.5 µm. For

each galaxy, we remove fluxes in filters that lie blueward of Ly↵ to avoid intro-

ducing uncertain contributions from Ly↵ emission and Ly↵ forest absorption. We

simultaneously fit the available rest-frame UV (C IV, O III], C III]; see Section 3.3)

and optical ([O II], H�, [O III], H↵) emission line fluxes. BEAGLE adopts the

photoionization models of star forming galaxies presented in Gutkin et al. (2016),

which combines the latest version of Bruzual and Charlot (2003) stellar population

synthesis models with the photoionization code CLOUDY (Ferland et al., 2013) to

describe the emission from stars and interstellar gas. In fitting the data, we will

explore whether the models powered by stars can reproduce the emission line fluxes

and SEDs of the sources in our spectroscopic sample. The fits will constrain the stel-

lar population parameters (e.g., stellar mass, age, and sSFR) as well as the ionized

gas properties (e.g., metallicity, ionization parameter).

We assume a constant star formation history, parameterizing the maximum stel-

lar age in the range from 1 Myr to the age of the Universe at the given redshift.

For galaxies with spectroscopic redshifts measured from rest-frame UV or optical

spectra, we fix the redshift of each object to its spec-z. For sources with photometric

redshift measurements only, we allow the model galaxy redshift to vary in the 1� con-

fidence interval of photo-z for each object. We adopt a Chabrier (2003) initial mass

function and allow the metallicity to vary in the range �2.2  log (Z/Z�)  0.25

(Z� = 0.01524; Ca↵au et al. 2011). The interstellar metallicity is assumed to be the

same as the stellar metallicity (ZISM = Z?) for each galaxy. We consider models with

an electron density of ne = 100 cm�3, which is consistent with the average density
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inferred from typical star forming galaxies at z ⇠ 2 (e.g. Sanders et al., 2016; Steidel

et al., 2016). We adjust the ionization parameter US and the dust-to-metal mass

ratio ⇠d in the range �4.0  log US  �1.0 and 0.1  ⇠d  0.5, respectively. We also

consider models with a set of carbon-to-oxygen abundance ratios (C/O = 0.10, 0.27,

0.52, 0.72, and 1.00 (C/O)�, where the solar value (C/O)� = 0.44). To account

for the e↵ect of dust attenuation, we assume the Calzetti et al. (2000) extinction

curve. We adopt an exponential distribution prior on the V -band dust attenuation

optical depths, fixing the fraction of attenuation optical depth arising from dust in

the di↵use ISM to µ = 0.4 (Chevallard and Charlot, 2016). Finally, we adopt the

prescription of Inoue et al. (2014) to include the absorption of IGM.

With the above parameterization, we fit the SEDs and available emission line

constraints for the z ⇠ 1 � 6 EELGs in our sample using the BEAGLE tool. For

each free parameter described above, we adopt the median of the posterior proba-

bility distribution as the best-fit value. The underlying rest-frame UV continuum

predicted by BEAGLE is used to compute the UV emission line EWs as described

in Section 3.3. For galaxies at z ⇠ 4 � 6 in our spectroscopic sample, BEAGLE can

successfully reproduce the large IRAC flux excess caused by nebular emission. We

then derive the H↵ and [O III] �5007 EWs for our z ⇠ 4 � 6 sources from BEAGLE

models since their rest-frame optical spectra are not visible with current facilities.

We will discuss the constraints inferred from photoionization modeling in Section

3.4.

3.3 Results

Here we describe nebular emission line constraints made possible by the optical

spectra we have obtained for our extreme emission line galaxies at z = 1.3 � 3.7

(Section 3.3.1) and z ⇠ 4 � 6 (Section 3.3.2).
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Figure 3.3: Examples of emission lines detected in the rest-frame UV spectra of
z = 1.3 � 3.7 extreme [O III] emitters. The blended C III] �1908 doublet is often
the most prominent emission line, and we also detected the blended C IV �1549,
He II �1640, O III] �1661, 1666, Si III] �1883, 1892, and Mg II ��2796, 2803 emission
lines in a subset of sources. The black solid lines and red dashed lines represent flux
and error, respectively. Detected emission lines are marked by black dotted lines.
The grey regions indicate gaps between spectra or wavelength ranges contaminated
by sky line residuals.



105

3.3.1 Rest-Frame UV Spectra at z = 1.3 � 3.7

We characterize the rest-frame UV emission line strengths for the 138 extreme [O III]

emitters in our z = 1.3 � 3.7 sample described in Section 3.2.1. The redshifts of

the majority (116) of these 138 sources were computed by fitting the [O III] �5007

emission line from the ground-based (T19) or grism-based (Momcheva et al., 2016)

near-infrared spectra. For a subset (22) of objects at z = 3.1 � 3.7, we have yet

to obtain near-infrared spectra. For these sources, we use Ly↵ emission line to

compute the redshift if it is available, otherwise we rely on the photometric redshift

measurements from Skelton et al. (2014) catalogs. Using the measured redshifts, we

search for rest-frame UV emission lines including the blended C IV �1549 doublet,

He II �1640, O III] ��1661, 1666, Si III] ��1883, 1892, the blended C III] �1908

doublet, and Mg II ��2796, 2803.

Emission line fluxes are determined from the extracted 1D spectra. If an emission

line feature is well measured (S/N > 5), we apply a Gaussian fit to the line profile to

derive the flux. Otherwise we calculate the line flux using direct integration. If the

flux is measured with S/N < 3, we consider the line is undetected and derive a 3�

upper limit. The line flux upper limit is computed by summing the error spectrum

in quadrature over ⇠ 200 km/s (14 Å for single emission line, and 20 Å for the

blended C IV or C III] doublet, after adding the spectral resolution in quadrature).

This upper limit integration range is chosen to be consistent with the upper bound

of line widths found for UV metal lines (e.g. Bayliss et al., 2014; James et al.,

2014; Stark et al., 2014; Mainali et al., 2017). For each detected rest-frame UV

emission line, we calculate the corresponding rest-frame EW. Robust measurements

of continuum flux are required to compute EWs. For objects with bright continuum

(S/N > 5) in the extracted 1D spectra, we derive the flux density in a clean window

of ±150 Å near the emission line. For objects lacking confident continuum detection

in our spectra, we derive the continuum flux from the best-fit SED models.

For 24 sources in our z = 1.3 � 3.7 sample (Table 3.3), we have detected at least

one UV metal line (C IV, O III], C III]) with S/N > 3. The measured emission line
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fluxes and EWs are presented in Table 3.4 and Table 3.5, respectively. In Figure 3.3

we show a subset of the sources with UV emission line detections. In most cases,

the blended C III] �1908 doublet is the strongest rest-frame UV emission line other

than Ly↵. We measured C III] in 20 extreme [O III] emitters with S/N > 3. In other

3 objects we detected O III] �1666 emission lines, and their spectral regions around

the expected location of C III] are contaminated by sky line residuals. The rest 1

source is confirmed by C IV detection, though we measured a tentative (2.4�) C III]

emission feature. For the 20 galaxies with C III] detections, the measured C III]

fluxes are from 3.1 ⇥ 10�18 erg s�1 cm�2 to 3.2 ⇥ 10�17 erg s�1 cm�2. We compute

the C III] EWs in the range from 1.6 Å to 18.7 Å, with a median value of 5.8 Å.

In comparison, Du et al. (2020) report a similar median C III] EW (4.0 Å) for 33

EELGs at z ⇠ 2, which are selected following the similar criteria in T19. The C III]

EWs of those 20 C III] line emitting sources in our sample are also consistent with

the values of z ⇠ 2 EELGs in Stark et al. (2014) (median EWCIII] = 7.1 Å) and in

Maseda et al. (2017) (median EWCIII] = 4.8 Å). On the other hand, investigations

of more massive, typical star forming galaxies usually find much lower C III] EWs.

The median C III] EW of the individual C III] detections in our sample is ⇠ 3 � 4⇥
larger than that of star forming galaxies at z ⇠ 1 (median EWCIII] = 1.30 Å; Du

et al. 2017), z ⇠ 2 � 3 (median EWCIII] = 2.0 Å; Le Fèvre et al. 2019), and z ⇠ 3

(average EWCIII] = 1.67 Å derived from composite spectrum; Shapley et al. 2003).

C III] emission lines are detected with S/N > 3 in 20 of 138 extreme [O III]

emitters in our sample, but it does not indicate that the C III] EWs in the remaining

sources are low (e.g., < 5 Å). In 9 objects, we detected tentative (2 � 3�) C III]

emission features with C III] EWs ranging from 2.8 Å to 18.9 Å with a median value

of 9.4 Å. For other 109 sources without C III] detections, they are either too faint

to show high S/N spectra or the C III] emission lines are contaminated by sky line

residuals. The median 3� flux limit for undetected C III] is 6.6⇥10�18 erg s�1 cm�2.

Using the upper limit of C III] fluxes, we derived the 3� upper limits on the C III]

EWs with a median value of 14.8 Å. Thus, the C III] non-detection galaxies in our

sample may still hold large EW (> 5 � 10 Å) C III] line emission. The population
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with C III] measurements will change as we acquire longer integration time in the

future rest-frame UV spectroscopic observations.

O III] �1666 is the second most commonly detected UV metal emission line in

our sample. We measured O III] �1666 emission lines with > 3� in 7 galaxies, whose

fluxes and EWs are listed in Table 3.4 and Table 3.5. The O III] �1666 EWs of these

7 galaxies range from 2.1 Å to 6.7 Å with a median value of 4.0 Å, which are larger

than the average O III] �1666 EW (0.23 Å) of typical star forming galaxies at z ⇠ 3

in Shapley et al. (2003) but comparable to the EWs of O III] �1666 detections in

other EELGs at z ⇠ 2 (e.g. Stark et al., 2014; Mainali et al., 2020). The O III] �1661

emission line is weaker, and not detected for most of the sources with O III] �1666

detections. O III] �1661 is only detected in one object, COSMOS-22402 (Figure 3.3),

resulting in an O III] doublet ratio of 1666 : 1661 = 1.65. For other galaxies with

O III] �1666 detections, we compute the O III] doublet ratio of 1666 : 1661 > 1.2 at

3�. This is consistent with both the observed doublet ratios (e.g. Stark et al., 2014;

Senchyna et al., 2017; Berg et al., 2019; Mainali et al., 2020) and the ratio predicted

from photoionization models (1666 : 1661 ' 2.5; e.g., Byler et al. 2018).

We also found Si III] ��1883, 1892 emission lines in one of the C III] emitter,

COSMOS-04064 (Figure 3.3). The Si III] EWs (Si III] �1883 EW = 2.2 ± 0.3 Å,

Si III] �1892 EW = 2.6 ± 0.2 Å) of this object is comparable to the EWs measured

for low mass, metal-poor galaxies at z ⇠ 0 � 2 (Berg et al., 2018, 2019; Mainali

et al., 2020). Besides, we detected Mg II ��2796, 2803 emission lines in the spectra

of COSMOS-04064, and in an another C III] emitter, COSMOS-18358 (Figure 3.3).

We compute the Mg II EWs for COSMOS-04064 (Mg II �2796 EW = 7.5 ± 0.4 Å,

Mg II �2803 EW = 2.1±0.3 Å) and COSMOS-18358 (Mg II �2796 EW = 2.9±0.2 Å,

Mg II �2803 EW = 2.2 ± 0.2 Å). Since Mg II emission is resonantly scattered like

Ly↵, it has been suggested that Mg II emission correlates with Ly↵ EW and the

escape fraction of Ly↵ photons, and can be used to trace the column density of ISM

(e.g. Henry et al., 2018; Feltre et al., 2018). We will discuss the implications of Mg II

emission in a separate paper.

Finally, we report the high-ionization UV emission line (C IV �1549, He II �1640)
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detections in our z = 1.3 � 3.7 spectroscopic sample. The presence of nebular

He II �1640 emission requires a hard ionizing spectrum emitting photons with en-

ergies > 54.4 eV. We found confident He II �1640 emission line (8.5�) in only one

galaxy, COSMOS-11530, which is also emitting O III] �1666 and C III] �1908 (Fig-

ure 3.3). The He II EW of this object is 2.2 ± 0.3 Å, which is comparable to the

EWs derived for metal-poor dwarf galaxies at z ⇠ 0 � 2 (e.g. Erb et al., 2010;

Senchyna et al., 2017, 2019; Berg et al., 2019). The FWHM of this He II emission

line is 760 km/s (uncorrected for spectral resolution), which is nearly twice of the

FWHM of the O III] �1666 emission line (390 km/s at 5100 Å, i.e., close to the

spectral resolution). A possible explanation is that stellar winds may contribute to

the He II of this object. Future observations with higher resolution spectra will help

to distinguish the nebular and stellar components of this He II line.

In another three galaxies in our sample, COSMOS-22402, UDS-07665, and UDS-

08735, we detected the blended C IV �1549 doublet emission lines with S/N > 3

(Figure 3.3). Before measuring the flux of C IV emission line, we need to consider

the e↵ect of interstellar absorption and P-Cygni profile. Disentangling the C IV ab-

sorption feature is usually di�cult in low resolution spectra. However, no significant

absorption feature is found near the C IV emission in the rest-frame UV spectra of

these three objects. Thus, the C IV absorption feature should be negligible in our

C IV emitters. We then computed the C IV EWs for COSMOS-22402 (4.7 ± 0.9 Å)

and UDS-07665 (8.6±2.8 Å), with C IV/C III] ratios of 0.46�0.98. For UDS-08735,

we computed its C IV EW = 20.4± 4.7 Å, making it the most extreme C IV emitter

in our sample with the largest C IV/C III] ratio (2.8). Powering large EW C IV line

emission requires a very hard ionizing spectrum producing large amount of ionizing

photons with energies larger than 47.9 eV. Such intense C IV lines are observed in

both very young, metal-poor galaxies (e.g. Berg et al., 2016, 2019; Senchyna et al.,

2019) and narrow line AGNs (e.g. Hainline et al., 2011; Alexandro↵ et al., 2013;

Le Fèvre et al., 2019). Constraints (detected flux or upper limit) from other UV

emission lines (He II, O III], C III]) together with C IV allow us to investigate the

ionizing sources for these objects using UV diagnostics (e.g. Feltre et al., 2016).
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For one of the C III] emitting galaxies, COSMOS-04064, we are not able to de-

tect UV emission lines with wavelengths shorter than Si III] due to the low spectral

sensitivity at the blue end of IMACS spectra. However this system was previ-

ously observed in Du et al. (2020), with multiple UV lines detected (C IV �1549,

He II �1640, O III] �1666, C III] �1908) in a Keck/LRIS spectrum. The C III] EW

(6.9 ± 0.3 Å) measured from Du et al. (2020) is consistent with the value measured

from our IMACS spectrum (7.2 ± 0.3 Å). We thus augment our measurements with

the fluxes and EWs presented in Du et al. (2020) for the following analysis.



110

T
ar

ge
t

R
.A

.
D

ec
l.

z
sp

ec
m

F
8
1
4
W

M
U

V
E

W
[O

II
I]
+

H
�

(Å
)

lo
g

(M
?
/
M

�
)

sS
F
R

(G
yr

�
1
)

C
O

S
M

O
S
-0

40
64

10
:0

0:
24

.3
75

+
02

:1
3:

08
.9

21
1.

50
19

23
.5

0
±

0.
01

�
20

.5
7

16
26

±
73

8.
60

+
0
.0

5
�

0
.0

7
61

+
1
1

�
6

C
O

S
M

O
S
-0

41
56

10
:0

0:
43

.0
37

+
02

:1
3:

11
.1

74
2.

18
83

24
.4

9
±

0.
02

�
20

.5
2

12
23

±
62

8.
78

+
0
.0

6
�

0
.0

4
45

+
6

�
7

C
O

S
M

O
S
-0

44
32

10
:0

0:
32

.2
01

+
02

:1
3:

21
.3

99
1.

62
06

24
.8

6
±

0.
04

�
18

.9
1

16
08

±
10

0
8.

57
+

0
.0

3
�

0
.0

3
61

4+
2
3
9

�
1
9
0

C
O

S
M

O
S
-0

48
70

10
:0

0:
17

.2
19

+
02

:1
3:

37
.9

80
2.

10
23

24
.6

5
±

0.
05

�
20

.0
4

42
0

±
37

9.
21

+
0
.0

8
�

0
.0

8
14

+
7

�
4

C
O

S
M

O
S
-1

15
30

10
:0

0:
28

.6
38

+
02

:1
7:

48
.6

74
2.

09
69

24
.0

8
±

0.
01

�
20

.9
3

16
84

±
50

8.
19

+
0
.0

1
�

0
.0

2
32

7+
1
1

�
1
4

C
O

S
M

O
S
-1

66
80

10
:0

0:
48

.0
29

+
02

:2
0:

57
.8

24
3.

19
28

24
.0

0
±

0.
02

�
21

.6
3

11
02

±
11

8
8.

94
+

0
.1

4
�

0
.1

3
90

+
3
5

�
2
7

C
O

S
M

O
S
-1

83
58

10
:0

0:
40

.1
11

+
02

:2
2:

00
.4

62
1.

64
86

23
.0

9
±

0.
02

�
21

.3
3

38
9

±
13

9.
51

+
0
.0

2
�

0
.0

3
12

+
1

�
1

C
O

S
M

O
S
-2

24
02

10
:0

0:
17

.8
31

+
02

:2
4:

26
.3

50
2.

27
51

24
.6

2
±

0.
05

�
20

.3
5

68
2

±
45

8.
59

+
0
.0

6
�

0
.0

6
10

7+
1
4

�
1
3

C
O

S
M

O
S
-2

46
60

10
:0

0:
34

.2
85

+
02

:2
5:

58
.4

95
1.

58
97

24
.8

4
±

0.
04

�
19

.3
9

10
50

±
58

8.
41

+
0
.0

9
�

0
.0

8
43

+
1
0

�
9

U
D

S
-0

74
47

02
:1

7:
18

.1
62

-0
5:

15
:0

6.
27

5
1.

59
72

24
.4

6
±

0.
02

�
19

.6
0

98
3

±
48

8.
64

+
0
.0

5
�

0
.0

5
25

+
4

�
3

U
D

S
-0

76
65

02
:1

7:
33

.7
81

-0
5:

15
:0

2.
84

8
2.

29
55

25
.4

5
±

0.
06

�
19

.3
5

18
00

±
10

1
8.

11
+

0
.0

9
�

0
.0

8
25

2+
8
7

�
8
6

U
D

S
-0

87
35

02
:1

7:
34

.5
64

-0
5:

14
:4

8.
77

9
2.

29
39

25
.2

9
±

0.
05

�
18

.9
8

46
0

±
17

10
.8

4+
0
.0

8
�

0
.0

9
1+

0
�

1

U
D

S
-1

10
10

02
:1

7:
14

.7
07

-0
5:

14
:2

0.
24

5
1.

66
37

26
.0

3
±

0.
08

�
19

.0
3

13
63

±
28

7.
62

+
0
.0

6
�

0
.0

6
47

+
8

�
7

U
D

S
-1

14
57

02
:1

7:
08

.0
85

-0
5:

14
:1

6.
13

4
2.

18
21

25
.0

4
±

0.
04

�
19

.8
9

15
72

±
18

3
8.

55
+

0
.0

9
�

0
.0

8
76

+
1
6

�
1
6

U
D

S
-1

16
93

02
:1

7:
03

.8
93

-0
5:

14
:1

3.
66

4
2.

18
54

24
.5

5
±

0.
02

�
20

.3
8

86
9

±
45

8.
85

+
0
.0

9
�

0
.0

9
35

+
1
0

�
8

U
D

S
-1

21
54

02
:1

7:
52

.0
98

-0
5:

14
:0

9.
98

5
2.

30
65

24
.8

5
±

0.
04

�
20

.0
8

45
7

±
31

9.
44

+
0
.0

9
�

0
.0

8
6+

2
�

2

U
D

S
-1

25
39

02
:1

7:
53

.7
33

-0
5:

14
:0

3.
19

6
1.

62
11

24
.3

0
±

0.
02

�
19

.9
2

13
77

±
44

8.
33

+
0
.0

9
�

0
.0

6
12

3+
1
5

�
2
2

U
D

S
-1

91
67

02
:1

7:
43

.5
35

-0
5:

12
:4

3.
61

0
2.

18
33

24
.9

5
±

0.
03

�
20

.2
0

23
35

±
17

8
7.

95
+

0
.0

2
�

0
.0

2
23

2+
1
3

�
1
2

U
D

S
-2

11
96

02
:1

7:
33

.6
33

-0
5:

12
:1

7.
79

1
2.

15
85

24
.1

3
±

0.
02

�
21

.0
8

34
3

±
23

9.
17

+
0
.0

4
�

0
.0

4
6+

1
�

1

U
D

S
-2

71
51

02
:1

7:
36

.1
41

-0
5:

11
:0

6.
18

0
2.

15
39

24
.3

3
±

0.
03

�
20

.6
8

94
6

±
72

8.
80

+
0
.1

0
�

0
.0

7
39

+
9

�
1
0

U
D

S
-2

92
67

02
:1

7:
25

.3
22

-0
5:

10
:4

0.
39

7
1.

51
90

23
.8

5
±

0.
01

�
20

.7
1

27
87

±
80

8.
16

+
0
.0

1
�

0
.0

1
31

6+
4

�
3

U
D

S
-3

00
15

02
:1

7:
36

.5
17

-0
5:

10
:3

1.
25

6
1.

66
49

24
.7

0
±

0.
03

�
19

.8
1

13
32

±
73

7.
86

+
0
.0

2
�

0
.0

2
10

5+
1
2

�
1
5

U
D

S
-3

02
74

02
:1

7:
21

.1
17

-0
5:

10
:2

8.
81

2
1.

45
70

23
.7

6
±

0.
02

�
20

.2
0

32
1

±
21

9.
29

+
0
.0

5
�

0
.0

6
6+

1
�

1

U
D

S
-3

16
49

02
:1

7:
06

.4
33

-0
5:

10
:1

3.
58

4
1.

45
89

23
.7

2
±

0.
01

�
20

.5
4

81
7

±
25

8.
96

+
0
.0

4
�

0
.0

4
12

+
1

�
1

T
ab

le
3.

3:
C

oo
rd

in
at

es
,
sp

ec
tr

os
co

p
ic

re
d
sh

if
ts

,
F
81

4W
m

ag
n
it

u
d
es

,
ab

so
lu

te
U

V
m

ag
n
it

u
d
es

,
[O

II
I]
+

H
�

E
W

s,
st

el
la

r
m

as
se

s,
an

d
sp

ec
ifi

c
st

ar
fo

rm
at

io
n

ra
te

s
of

th
e

24
ga

la
xi

es
at

z
=

1.
3

�
3.

7
w

it
h

re
st

-f
ra

m
e

U
V

m
et

al
em

is
si

on
li
n
e

d
et

ec
ti

on
s

(C
IV

,
O

II
I]
,

or
C

II
I]

d
et

ec
te

d
w

it
h

S
/N

>
3)

.
R

ed
sh

if
ts

(z
sp

ec
)

ar
e

d
er

iv
ed

fr
om

[O
II

I]
�
50

07
em

is
si

on
li
n
es

,
ex

ce
p
t

fo
r

C
O

S
M

O
S
-1

66
80

w
h
os

e
re

d
sh

if
t

is
d
er

iv
ed

b
as

ed
on

th
e

O
II

I]
�
16

66
em

is
si

on
li
n
e.

S
te

ll
ar

m
as

se
s

an
d

sp
ec

ifi
c

st
ar

fo
rm

at
io

n
ra

te
s

ar
e

d
er

iv
ed

fr
om

B
E

A
G

L
E

m
od

el
in

g
(S

ec
ti

on
3.

2.
3)

.



111

T
ar

ge
t

z
sp

ec
C

IV
�
15

49
O

II
I]

�
16

61
O

II
I]

�
16

66
C

II
I]

�
19

08
(⇥

10
�

1
8

er
g

s�
1

cm
�

2
)

(⇥
10

�
1
8

er
g

s�
1

cm
�

2
)

(⇥
10

�
1
8

er
g

s�
1

cm
�

2
)

(⇥
10

�
1
8

er
g

s�
1

cm
�

2
)

C
O

S
M

O
S
-0

40
64

1.
50

19
..
.

..
.

..
.

29
.9

9
±

1.
24

C
O

S
M

O
S
-0

41
56

2.
18

83
<

5.
39

<
1.

90
<

1.
87

8.
87

±
0.

89
C

O
S
M

O
S
-0

44
32

1.
62

06
..
.

<
4.

15
<

5.
28

17
.0

7
±

1.
44

C
O

S
M

O
S
-0

48
70

2.
10

23
<

5.
27

<
1.

59
<

1.
52

3.
15

±
0.

37
C

O
S
M

O
S
-1

15
30

2.
09

69
<

6.
04

<
8.

64
7.

58
±

0.
89

16
.8

2
±

1.
02

C
O

S
M

O
S
-1

66
80

3.
19

28
..
.

..
.

4.
28

±
0.

93
..
.

C
O

S
M

O
S
-1

83
58

1.
64

86
..
.

<
4.

54
<

4.
31

18
.6

2
±

1.
09

C
O

S
M

O
S
-2

24
02

2.
27

51
8.

92
±

1.
61

4.
26

±
1.

18
7.

04
±

0.
96

19
.1

7
±

1.
17

C
O

S
M

O
S
-2

46
60

1.
58

97
..
.

<
5.

07
<

5.
56

6.
65

±
1.

61
U

D
S
-0

74
47

1.
59

72
<

18
.9

2
<

5.
99

<
7.

21
10

.4
3

±
2.

35
U

D
S
-0

76
65

2.
29

55
9.

16
±

3.
03

<
3.

95
7.

21
±

1.
58

9.
32

±
2.

92
U

D
S
-0

87
35

2.
29

39
25

.1
3

±
5.

74
<

3.
98

<
5.

32
9.

06
±

3.
83

U
D

S
-1

10
10

1.
66

37
..
.

<
19

.7
9

<
18

.7
7

7.
12

±
1.

34
U

D
S
-1

14
57

2.
18

21
<

16
.3

6
<

5.
56

4.
44

±
1.

63
5.

40
±

1.
50

U
D

S
-1

16
93

2.
18

54
<

14
.7

3
<

6.
24

<
6.

14
5.

59
±

1.
56

U
D

S
-1

21
54

2.
30

65
<

12
.9

6
..
.

5.
24

±
1.

44
..
.

U
D

S
-1

25
39

1.
62

11
..
.

<
23

.7
7

<
22

.7
2

10
.1

2
±

2.
19

U
D

S
-1

91
67

2.
18

33
8.

97
±

4.
50

<
6.

54
6.

95
±

2.
11

..
.

U
D

S
-2

11
96

2.
15

85
<

17
.5

4
<

6.
00

<
4.

55
6.

37
±

1.
48

U
D

S
-2

71
51

2.
15

39
<

18
.5

1
<

5.
11

<
7.

01
9.

93
±

2.
68

U
D

S
-2

92
67

1.
51

90
..
.

<
7.

30
<

5.
09

31
.5

6
±

3.
72

U
D

S
-3

00
15

1.
66

49
..
.

<
15

.3
1

<
19

.3
6

8.
34

±
1.

79
U

D
S
-3

02
74

1.
45

70
..
.

..
.

..
.

14
.0

3
±

3.
17

U
D

S
-3

16
49

1.
45

89
..
.

..
.

..
.

6.
86

±
2.

15
T
ab

le
3.

4:
R

es
t-

fr
am

e
U

V
m

et
al

li
n
e

fl
u
xe

s
of

th
e

24
so

u
rc

es
w

it
h

on
e

or
m

or
e

U
V

m
et

al
li
n
e

d
et

ec
ti

on
s.

W
e

p
ro

vi
d
e

th
e

3�
u
p
p
er

li
m

it
s

fo
r

n
on

-d
et

ec
ti

on
s.



112

T
ar

ge
t

z
sp

ec
C

IV
�
15

49
O

II
I]

�
16

61
O

II
I]

�
16

66
C

II
I]

�
19

08
(Å
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(Å

)
(Å
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3.3.2 Rest-Frame UV Spectra at z ⇠ 4 � 6

The near-infrared spectra of the eleven z ⇠ 4 � 6 targets described in Section 3.2.2

provide constraints on their rest-frame UV metal lines (O III], C III]). Here we

summarize the results for each source at z ⇠ 4 � 6.

COSMOS-11116 is one of the three objects at z = 5.6 � 5.8 placed on the mask

targeting the COSMOS field. This object has a photometric redshift of zphot = 5.62,

and thus the O III] ��1661, 1666 emission is predicted to lie in the Keck/MOSFIRE

Y -band spectrum. We detect a 6.2� emission line feature centered at 11194.3 Å

with flux of 3.1 ± 0.5 ⇥ 10�18 erg s�1 cm�2 (Figure 3.4), which is at the expected

spatial position for COSMOS-11116 in the MOSFIRE slit. The emission line is

unresolved, with FWHM similar to the spectral resolution (3.3 Å). It is shown that

the emission line has the standard negative-positive-negative pattern resulting from

the subtraction of AB dither pattern, indicating that the emission line is presented

in both dither positions. Given the photometric redshift of this target, the detected

emission line is most likely O III] �1666 or O III] �1661. The separation between O III]

doublets is ' 35 Å at the expected redshift, which is more than 10⇥ the FWHM

of the emission line, indicating that the O III] doublets must be resolved in the

spectrum. If the emission line feature is O III] �1666 (O III] �1661), the systematic

redshift of COSMOS-11116 would be z = 5.719 (z = 5.740), which is consistent with

the photometric redshift. Using the spectroscopic redshift derived from O III] �1666

(O III] �1661), we search for O III] �1661 (O III] �1666) which should be located at

11158.4 (11230.3) Å. No convincing (> 5�) emission line feature is detected at the

expected position. Photoionization models imply a O III] �1666/O III] �1661 ratio

= 2.5 (e.g. Byler et al., 2018), and the observed doublet ratio found in high-redshift

star forming galaxies is 1666 : 1661 > 1 (e.g. Stark et al., 2014; Mainali et al., 2020).

Therefore, we expect the O III] �1666 emission line is stronger than O III] �1661. As a

result, we tentatively identify this emission line as O III] �1666, and the spectroscopic

redshift is z = 5.719. Using the rest-frame UV continuum derived from the best-

fitting BEAGLE model, we computed the rest-frame O III] �1666 EW = 8.8±1.7 Å.
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Target Line �rest Line Flux EW0

(Å) (⇥10�18 erg s�1 cm�2) (Å)

COSMOS-18502 [C III] �1907 1906.68 < 3.1 (5�) < 4.0 (5�)
C III] �1909 1908.73 < 3.1 (5�) < 4.0 (5�)

COSMOS-19732 [C III] �1907 1906.68 < 3.0 (5�) < 2.5 (5�)
C III] �1909 1908.73 < 3.0 (5�) < 2.5 (5�)

COSMOS-11116 O III] �1661 1660.81 < 1.8 (3�) < 5.1 (3�)
O III] �1666 1666.15 3.1 ± 0.5 8.8 ± 1.7

COSMOS-15365 O III] �1661 1660.81 < 3.4 (5�) < 5.2 (5�)
O III] �1666 1666.15 < 3.4 (5�) < 5.2 (5�)

COSMOS-20187 O III] �1661 1660.81 < 4.3 (5�) < 22 (5�)
O III] �1666 1666.15 < 4.3 (5�) < 22 (5�)

GOODS-S-36712 [C III] �1907 1906.68 < 2.4 (5�) < 6.1 (5�)
C III] �1909 1908.73 < 2.4 (5�) < 6.1 (5�)

GOODS-S-38450 [C III] �1907 1906.68 < 2.2 (5�) < 4.9 (5�)
C III] �1909 1908.73 < 2.2 (5�) < 4.9 (5�)

GOODS-S-39157 [C III] �1907 1906.68 < 2.5 (5�) < 6.2 (5�)
C III] �1909 1908.73 < 2.5 (5�) < 6.2 (5�)

GOODS-S-40887 [C III] �1907 1906.68 < 2.6 (5�) < 9.1 (5�)
C III] �1909 1908.73 < 2.6 (5�) < 9.1 (5�)

GOODS-S-41253 [C III] �1907 1906.68 < 2.4 (5�) < 11 (5�)
C III] �1909 1908.73 < 2.4 (5�) < 11 (5�)

GOODS-S-46692 [C III] �1907 1906.68 < 1.9 (3�) < 5.5 (3�)
C III] �1909 1908.73 < 1.9 (3�) < 5.5 (3�)

Table 3.6: Rest-frame UV metal line constraints on the sources at z ⇠ 4 � 6. EWs
are given in rest-frame. For galaxies with spectroscopic redshift measurements, i.e.,
COSMOS-11116 and GOODS-S-46692, the upper limits on line fluxes and EWs are
quoted as 3�. For objects with photometric redshift measurements, the upper limits
are quoted as 5�.
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Å
�

1
) COSMOS-11116

zspec = 5.719 OIII]�1666

OIII]�1661

Figure 3.4: Keck/MOSFIRE Y -band spectrum of COSMOS-11116. We identified
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For O III] �1661, we estimated a 3� upper limit of = 1.8 ⇥ 10�18 erg s�1 cm�2 by

summing the error spectrum in quadrature over ⇠ 200 km/s (7 Å) as discussed in

Section 3.3.1. The corresponding 3� upper limit of O III] �1661 EW is 5.1 Å.

The other two objects at z = 5.6 � 5.8 are COSMOS-15365 (zphot = 5.64)

and COSMOS-20187 (zphot = 5.73). At these redshifts, O III] emission is expected

to be situated in the spectra. No significant (> 5�) feature is detected. Using

the clean regions between OH skylines, we estimated the upper limits for individual

component of O III] doublets. The 5� upper limit of line flux and EW for COSMOS-

15365 are 3.4 ⇥ 10�18 erg s�1 cm�2 and 5.2 Å. For COSMOS-20187, we derive

4.3 ⇥ 10�18 erg s�1 cm�2 as the flux limit, and 22 Å as the EW limit.

COSMOS-18502 (zphot = 4.58) and COSMOS-19732 (zphot = 4.70) are two ob-

jects with blue IRAC colors indicating large H↵ EWs. Using the stellar population

synthesis models described in Section 3.2.3, we estimated H↵ EW ' 400 Å for

COSMOS-18502 and ' 1000 Å for COSMOS-19732. C III] ��1907, 1909 emission

lines are expected to be within the Y -band spectra. We visually inspected the

spectra and no convincing line feature was found. The 5� upper limit of line flux

estimated using the regions between OH skylines is 3.1 ⇥ 10�18 erg s�1 cm�2 for

COSMOS-18502 and 3.0 ⇥ 10�18 erg s�1 cm�2 for COSMOS-19732. We computed

the corresponding 5� EW upper limit of 4.0 Å for COSMOS-18502 and 2.5 Å for

COSMOS-19732.

GOODS-S-46692 is the object with spectroscopic redshift on the mask targeting

the GOODS-S field. This system has Ly↵ emission with EW = 7.7 ± 1.8 Å at

zLy↵ = 4.811 (Vanzella et al., 2008; Stark et al., 2013), and has a blue IRAC color.

The BEAGLE SED modeling suggests strong H↵ emission (EW = 693 Å). Assuming

the velocity o↵set of Ly↵ with respect to C III] is between �200 and 1000 km/s

(e.g. Erb et al., 2014; Stark et al., 2017), [C III] �1907 emission line will be located

between 11043.5 and 11087.3 Å, and C III] �1909 will be located between 11055.4 and

11099.3 Å. Two OH skylines are located in the wavelength window where the C III]

doublets are situated. However, the wavelength separation of individual emission

lines of C III] at this redshift (11.9 Å) guarantees that at least one of the two
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emission lines should be situated in a clean region of the spectrum. The 3� upper

limit of line flux for each individual component estimated from the clean regions

is 1.9 ⇥ 10�18 erg s�1 cm�2. The measured Ly↵ line flux of GOODS-S-46692 is

7.43 ⇥ 10�18 erg s�1 cm�2, and the non-detection of C III] indicates that the flux of

doublet should be less than 51% of the observed Ly↵ flux, which is consistent with

the line flux ratio observed in z ' 2 young dwarf galaxies (Stark et al., 2014) and

z > 6 galaxies (Stark et al., 2015a, 2017). We estimate the underlying continuum

flux from the best-fitting SED model, implying a 3� upper limit of rest-frame C III]

EW = 5.5 Å.

Five sources with photometric redshifts were also placed on the mask targeting

the GOODS-S field. GOODS-S-41253 (zphot = 4.28) has the bluest IRAC color, in-

dicating a large H↵ EW (829 Å) from the BEAGLE models. Given the photometric

redshift, C III] ��1907, 1909 emission is expected to lie in the Y -band spectrum.

We visually inspected the spectrum, no significant feature were detected with S/N

> 5. Using the clean regions between OH skylines, we estimated the 5� upper limits

of line flux and EW for GOODS-S-41253 are 2.4 erg s�1 cm�2 and 11 Å. Another

four objects, GOODS-S-36712, GOODS-S-38450, GOODS-S-39157, and GOODS-

S-40887, all are at zphot = 3.8 � 5.0 (Table 3.2) but have lower flux excesses in [3.6]

filter than GOODS-S-41253 and GOODS-S-46692. The best-fitting SED models

imply moderately low H↵ EWs (= 200 � 350 Å) for these four object. We expect

C III] to situate in the Y -band spectra. No > 5� feature was found for all of these

four sources. Using the clean regions between OH skylines, we estimated the 5�

upper limits of line flux are 2.2� 2.6⇥ 10�18 erg s�1 cm�2, corresponding to 5� EW

upper limits of 4.9 � 11 Å. We summarize the constraints of rest-frame UV metal

lines for targets in our z ⇠ 4 � 6 spectroscopic sample in Table 3.6.
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3.4 The Physical Nature of Galaxies with Intense Rest-UV Nebular

Emission

We have presented detection of rest-UV metal lines in 24 galaxies at z ' 1.3 � 3.7

selected to have rest-optical line properties similar to those in the reionization era.

The emission lines detected in our survey include C III], O III], C IV, Si III], and

He II, with equivalent widths reaching close to the values seen in sources at z > 6.

In this section, we briefly summarize the physical properties of the UV line emitters

in our sample (Section 3.4.1) and then investigate the nature of the ionizing sources

responsible for powering the lines, considering whether any of our targets require

AGN to explain the observed spectra (Section 3.4.2).

3.4.1 Gas Conditions and Stellar Populations

Previous studies have demonstrated that rest-UV lines tend to be very prominent

in metal poor low mass galaxies that are in the midst of a significant star formation

episode (e.g. Stark et al., 2014; Senchyna et al., 2017, 2019; Mainali et al., 2020). The

BEAGLE photoionization models (Section 3.2.3) suggest a similar picture for our

targets. A summary of inferred properties is listed in Table 3.3. We have previously

described the physical properties of extreme [O III] emitters in our earlier papers

(Tang et al. 2019, Chapter 5). Here we briefly describe the average properties of the

24 galaxies with rest-UV line detections below but note that the galaxies are very

similar to those from the parent sample. Readers are directed to our earlier papers

for more detailed discussion of the implied gas and stellar population properties.

In nearly all of the 24 galaxies with rest-UV metal line detections (more on the

few exceptions in Section 3.4.2), models powered by stars are able to reproduce both

broadband data and the observed nebular line detections (see fits in Figure 3.2 for

examples). The data are best-matched by models with low stellar masses (median

values of 4.4 ⇥ 108
M�) with gas that has moderately low metallicity and large

ionization parameter (medians of 0.1 Z� and log U = �1.7). As the UV continuum

slopes tend to be very blue (median of � = �2.0), the best-fit solutions tend to have
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minimal reddening from dust (median value of E(B � V ) = 0.12). The rest-optical

lines are very intense by virtue of our selection (median of EW[OIII]+H� = 1080 Å),

requiring models with large specific star formation rates (median of 46 Gyr�1) and

dominant young stellar populations.

The rest-UV emission line spectra (in particular, C III] and C IV) are also sensitive

to the C/O ratio of the ionized gas. Previous studies have suggested that for stellar

populations to power the most intense C III] emission lines (EWCIII] > 20 Å) seen

at high redshift, the nebular gas must be enhanced in carbon, with super-solar C/O

ratios (Nakajima et al., 2018). While none of our systems are detected above this

C III] EW threshold, several are very close. We nonetheless find that the BEAGLE

fits prefer sub-solar C/O abundance ratios (0.27 or 0.52 C/O�), as the observed

C III] flux tends to be overpredicted in cases where solar C/O ratios are adopted.

We can directly test this inference for systems with confident detections of both

C III] and O III]. With our current dataset, this limits us to COSMOS-11530 and

COSMOS-22402, each of which have high quality (S/N > 7) measurements of both

lines. To infer the C/O ratios, we follow a similar procedure to other recent analyses

(e.g. Erb et al., 2010; Stark et al., 2014; Mainali et al., 2020). We first compute the

ratio of doubly ionized carbon and oxygen with PyNeB (Luridiana et al., 2015),

using the flux ratios of C III] and O III] together with an estimate of the electron

temperature derived from the dust-corrected O III] �1666 / [O III] �5007 flux ratio.

We then apply a small ionization correction factor (ICF) to account for the fact that

the fraction of carbon that is in the doubly-ionized state is not necessarily the same

as that of oxygen. Following Mainali et al. (2020), we estimate the ICFs using scaling

relations derived in Berg et al. (2019). If we conservatively adopt a metallicity range

between 0.05 Z� and 0.2 Z�, we find ICF values of 1.0 for COSMOS-11530 and 1.4

for COSMOS-22402. Applying these values, we compute C/O ratios of log C/O

= �0.95±0.11 (0.21±0.05 C/O�) for COSMOS-11530 and log C/O = �0.48±0.13

(0.60 ± 0.18 C/O�) for COSMOS-22402. Both values are sub-solar, consistent with

the range implied by the BEAGLE models.

The spectra and imaging of our targets thus support a picture whereby most
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of the galaxies in our sample are moderately low mass and metal poor systems

that have recently experienced a major star formation event. These results are

very similar to what has been found in the literature for similar galaxies (e.g. Erb

et al., 2010; Stark et al., 2014; Berg et al., 2016, 2019; Vanzella et al., 2016, 2017;

Senchyna et al., 2017, 2019), suggesting that the intense UV nebular emission is

a natural byproduct of the hard radiation field associated with very young stellar

populations that arise in metal poor galaxies with significant star formation. In the

following section, we consider whether there are any sources in our sample which

are unlikley to fit within this framework.

3.4.2 Ionizing Sources

In the last several years, work has focused on the development of rest-UV diagnos-

tics that distinguish galaxies with spectra powered by stars from those powered by

AGNs (e.g. Feltre et al., 2016; Gutkin et al., 2016; Nakajima et al., 2018). Owing

to the presence of several high ionization emission features (C IV, He II), the rest-

UV is particularly well-suited to identify line ratios that require a power-law AGN

spectrum in the extreme UV. Here we consider our emission line detections in the

context of several of these diagnostics, with the goal of identifying any sources that

are not satisfactorily explained with massive stars. This step is a necessary prereq-

uisite for assessing the frequency of low metallicity stellar populations in galaxies

with extreme [O III] emission, while also providing some insight into how common

AGN might be in reionization-era samples.

In Figure 3.5, we compare our C III] emitting galaxies to the C III] EW versus

C III]/He II diagnostic developed by Nakajima et al. (2018). As can be seen in the

figure, AGN are generally found with either larger C III] EWs or smaller C III]/He II

ratios, the latter reflecting the stronger He II emission that arises from an AGN

power-law spectrum. We use this diagnostic primarily because of the data we have

available to us at present (our spectral coverage often does not extend to C IV). Note

that many of our C III]/He II measurements are lower limits, owing to non-detections

of He II. In addition to plotting the line ratios of our sample, we overlay those of
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AGNs (Hainline et al., 2011) and metal poor star forming galaxies in the literature

(Erb et al., 2010; Stark et al., 2014; Berg et al., 2016, 2019; Senchyna et al., 2017,

2019; Vanzella et al., 2016, 2017). The majority of galaxies in our sample lie in the

part of the diagram associated with star forming galaxies in the Nakajima et al.

(2018) models. Comparison to the data in the literature gives a similar picture,

with the bulk of the sample having either larger C III]/He II ratios (& 2) or lower

C III] EWs than the AGNs in Hainline et al. (2011).

However we note that the two strongest C III] emitters in our sample (EWCIII] =

18.7 Å for COSMOS-04432 and EWCIII] = 17.8 Å for UDS-07665) are situated very

close to the AGN boundary of the Nakajima et al. (2018) diagnostic. For both

sources, the [O III] line is also extremely prominent, with EW[OIII]+H� = 1608 Å

(COSMOS-04432) and EW[OIII]+H� = 1800 Å (UDS-07665). These objects thus

have nebular line properties that are very similar to what has been seen at z > 6,

but their position in Figure 3.5 suggests that AGN ionization might be required to

explain the line ratios. The blended C III] doublets of both sources are narrower

(�v = 253 ± 20 km/s) than the C III] emission seen in type I AGNs (�v up to

⇠ 1000 km/s; Le Fèvre et al. 2019) but similar to typical type II AGNs. While

neither source has an X-ray counterpart within a 2.00 radius, this is consistent with

the low X-ray luminosities measured in the C III]-emitting AGNs discussed in Le

Fèvre et al. (2019).

The broadband SEDs o↵er additional information. The data for UDS-07665 are

shown in the upper left panel of Figure 3.2. Its UV slope is blue (� = �2.2) and

the near-infrared filters show the characteristic flux excess from strong [O III]+H�

emission. Such SEDs are very common at z > 6 and are consistent with expectations

for an unreddened metal poor galaxy dominated by very young stellar populations.

The SED of COSMOS-04432 (top panel of Figure 3.6) appears very di↵erent. While

the flux excess from the rest-optical nebular lines are present, the rest-UV continuum

appears very red (� = �0.90), likely implying a significant dust covering fraction.

Such red UV slopes are very similar to what is often seen in UV-selected z ' 3

galaxies with narrow-lined AGN (Hainline et al., 2011; Le Fèvre et al., 2019). While
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rare at z > 6, red UV colors are present in a subset of the population with intense

[O III] emission (Smit et al., 2018). COSMOS-04432 appears to be an analog of these

reddened reionization-era sources. Deeper spectra of this low-z analog should reveal

detection of the higher ionization lines (C IV, He II) necessary to clarify whether a

power-law AGN spectrum is indeed present.

The flux ratio of C IV and O III] provides an additional way to identify sources

that may be powered by AGN (e.g., Feltre et al. 2016; Mainali et al. 2017). In

particular, the intense radiation field powered by an AGN spectrum triply ionizes a

significant fraction of the oxygen, leading to weaker O III] and smaller O III]/C IV

flux ratios. Our sample contains five objects with nebular C IV measurements

(COSMOS-04064, COSMOS-22402, UDS-07665, UDS-08735, UDS-19167), none of

which show X-ray detections at their positions. Four of the five systems (all but

UDS-08735) exhibit line ratios in the range log(O III]/C IV) = �0.12 to 0.13, con-

sistent with observations of metal poor star forming galaxies (e.g. Stark et al., 2014;

Berg et al., 2016; Vanzella et al., 2016). This BEAGLE models suggest a similar

picture for these four galaxies, with very low metallicities (Z = 0.04 � 0.10 Z�),

young stellar populations (4� 26 Myr for constant star formation) and large ioniza-

tion parameters (log U = �1.4 to �2.0) required to reproduce the full spectra and

photometry.

The rest-UV spectrum of UDS-08735 is more challenging to reproduce with stars

as the primary ionizing source. The C IV EW is the largest in our sample (20.4 ±
4.7 Å), one of the only measurements known with similar values to those seen at

z > 6. As with the sources described above, no X-ray source is present in the vicinity

of the galaxy. However the log(O III]/C IV) ratio (< �0.67 at 3�) is much lower than

in the systems described above, similar instead to the values observed in z ⇠ 2 � 4

type II quasars (< �0.4, Hainline et al. 2011; Alexandro↵ et al. 2013). The SED

of UDS-08735 (bottom panel of Figure 3.6)) reveals several additional di↵erences.

The UV slope is very red (� = �0.46), which as we described above is comparable

to most AGNs which contaminate star forming galaxy samples (Hainline et al.,

2011; Le Fèvre et al., 2019). The flux excesses from the rest-optical lines are much
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weaker than in most of our galaxies, reflecting one of the lower [O III]+H� equivalent

widths in our sample (EW = 460±17 Å). If powered by stars, this would indicate a

much older stellar population (and hence softer radiation field) than is often linked

to strong C IV (e.g., Senchyna et al. 2019). Indeed, the tension in reproducing

UDS-08735 with stellar photoionization is readily apparent with BEAGLE. The

best-fitting C IV EW (0.3+0.4
�0.2 Å) is nearly 70⇥ lower than what is observed. We

conclude that this source is most likely an AGN and do not include it in the analysis

in the following section.

3.5 Discussion

Over the last decade, spectroscopic searches have begun to discover a handful of

reionization-era analogs with rest-UV properties similar to those seen at z > 6. In

this Chapter, we have taken steps toward assembling a statistical sample of such

systems at z ' 2 � 3. Here we use this database for two purposes. First, we

investigate the C III] EW distribution in galaxies with [O III]+H� EW = 1000 �
2000 Å, with the goal of testing whether the C III] properties seen in the reionization

era (C III] EW > 15 Å) are uniformly present in low mass galaxies dominated by

extremely young stellar populations. Second, we quantify the fraction of star forming

galaxies in our sample with nebular C IV emission, with the goal of constraining how

common very low metallicity stellar populations are in low mass galaxies with large

sSFR at z ' 2 � 3. Both measurements will provide a z ' 2 � 3 baseline against

which current and future z > 6 observations can be compared.

Our first goal is geared toward understanding the high EW (> 15 Å) C III]

detections at z > 6. While AGNs have been discovered with similar UV line prop-

erties at lower redshifts (Le Fèvre et al., 2019), it remains unclear whether stellar

populations are able to power such intense nebular emission. Mainali et al. (2020)

recently presented discovery of two z ' 2 gravitationally lensed galaxies with C III]

EW > 20 Å, each of which was selected to have the intense [O III]+H� emission

(' 1500�2000 Å) that is characteristic of galaxies dominated by very young stellar
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Figure 3.6: Broadband SEDs of the two possible AGNs, the extreme C III] emitter
COSMOS-04432 (upper panel) and the extreme C IV emitter UDS-08735 (lower
panel), both with red UV slopes (� > �1.0). Observed broadband photometry is
shown as solid black circles. The best-fit SED models inferred from BEAGLE are
plotted by solid blue lines, and synthetic photometry is presented by open green
squares.
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populations. Such systems are extremely rare at lower redshifts, so little is known

about the range of rest-UV line spectra they exhibit.

Following the survey presented in this Chapter, there is now rest-UV spectral

coverage of C III] for 68 systems with [O III]+H� EW > 1000 Å and an additional

9 systems with [O III]+H� EW > 2000 Å. In Figure 3.7, we plot the dependence

of C III] EW on the [O III]+H� EW for galaxies in our sample and those in the

literature. As has been seen previously (e.g., Senchyna et al. 2017, 2019), the largest

EW C III] emission is seen predominantly at the largest rest-optical line EWs. The

data in Figure 3.7 show that C III] detections with EW > 10 Å only begin to be seen

in galaxies with [O III]+H� EW > 500 Å. While such intense optical line emission is

relatively rare among massive star forming galaxies at z ' 2 � 3 (e.g. Reddy et al.,

2018), it becomes the norm among galaxies in the reionization era (e.g., Labbé et al.

2013; Smit et al. 2014, 2015).

The C III] EWs that have been detected at z > 6 to date (> 15 � 20 Å) appear

only at [O III]+H� EW > 1500 Å. Given what is required to power these optical

line EWs (Tang et al., 2019), this suggests that the C III] lines may be a natural

consequence of the hard radiation field associated with extremely young stellar pop-

ulations (< 5 � 10 Myr) and moderately low metallicities (< 0.2 Z�). This trend

is most clearly seen in the left panel of Figure 3.8, where we plot the fraction of

galaxies observed in our sample with C III] EW > 15 Å as a function of [O III]+H�

EW. The C III] emitter fraction is defined as the ratio of sources with C III] EW

> 15 Å and the total number of galaxies we observed, where the latter quantity

includes those non-detections for which we can rule out C III] with EW > 15 Å.

Of the 86 galaxies we have observed with su�cient sensitivity at [O III]+H� EW

= 300 � 1500 Å, none have been found to exhibit C III] above this threshold. In

the 10 galaxies we have targeted with [O III]+H� EW > 1500 Å, we find 1 galaxy

that has C III] EW > 15 Å (here we have excluded COSMOS-04432, the candidate

AGN discussed in Section 3.4.2), implying a fraction of 0.10 ± 0.10. If we include

sources in the literature that also satisfy our selection criteria (Mainali et al., 2020;

Du et al., 2020), this fraction increases to 0.23 ± 0.13. Clearly the C III] EWs seen
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thus far in the reionization era (> 15 Å) begin to appear more commonly in galaxies

with [O III]+H� EW > 1500 Å.

But looking at Figure 3.7, it is clear such strong C III] emission is still relatively

rare in those galaxies in our sample with [O III]+H� EW > 1500 Å. We see a

wide range of C III] emission line strengths (from 5 Å to > 20 Å) among star

forming systems with [O III]+H� EW = 1500 � 3000 Å. This large dispersion at

fixed optical line properties suggests that the young stellar populations associated

with the most extreme optical line emission are not a su�cient condition to power

the C III] emission seen at z > 6. Indeed, four of the five galaxies in our [O III]+H�

EW > 1500 Å sample with C III] detections have C III] EW below 10 Å. This

includes the most extreme optical line emitting source UDS-29267 ([O III]+H� EW

= 2788 ± 80 Å) in our sample, with a C III] detection of just EW = 8.5 Å.

These results contrast with the findings in Mainali et al. (2020) where both of

the sources with [O III]+H� EW > 1500 Å exhibited C III] detections with EWs

reaching values seen at z > 6 (> 15 Å). What is driving the dispersion in the C III]

line strengths among galaxies with such intense [O III] emission is not clear. One

di↵erence between the strong C III] emitters studied in Mainali et al. (2020) and the

somewhat weaker C III] emitters in our sample is luminosity. The UV luminosities

of the two galaxies with [O III]+H� EW > 1500 Å in Mainali et al. (2020) have

lower (MUV = �18.7 and �17.9) than the average value of C III]-detected systems

with similar [O III]+H� EWs in our sample (MUV = �20.2). It is possible that this

is a manifestation of the trend between metallicity and luminosity, given the known

tendency for C III] to be stronger at low gas-phase metallicities (0.1 � 0.2 Z�) than

at the more moderate values likely to be present in luminous galaxies (Rigby et al.,

2015; Jaskot and Ravindranath, 2016; Senchyna et al., 2017).

To test whether we see a similar luminosity trend in our sample, we consider

the MUV distribution of our sample. Here we have to take into consideration that

our C III] EW limits tend to be more stringent for galaxies that are brighter in

the continuum. Focusing first on bright galaxies (MUV < �19.5), there are four

[O III]+H� EW > 1500 Å systems in our sample with deep C III] constraints. Of
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these, none have C III] EW > 10 Å. The median value is just C III] EW = 6.5 Å,

clearly below the most extreme values seen in this [O III]+H� EW regime. For the

low luminosity systems (MUV > �19.5), we consider only those galaxies with deep

enough spectra for us to rule out the presence of weak C III] emission (EW = 5 Å) in

the case of non-detection. In general, our spectra are not su�ciently deep for this,

but those in Du et al. (2020) and Mainali et al. (2020) do meet the criteria. Of the

three galaxies in these two samples with [O III]+H� EW > 1500 Å, all have C III]

EW > 10 Å, with a median value of C III] EW = 16.9 Å. These results thus suggest

an absence of the strongest C III] emission (EW > 10 Å) in luminous galaxies at

z ' 2 � 3. This is also depicted in the color bar in Figure 3.7, where it is clear that

the most luminous galaxies (dark points) tend not to occupy the highest C III] EWs

at a given [O III]+H� EW. We do note that Ion2, a Lyman Continuum leaker at

z ' 3 (de Barros et al., 2016), is an exception to this trend, being both luminous in

the continuum (MUV = �21.0) and one of the strongest known C III] emitters (EW

= 18 Å).

The C III] statistics described above provide a baseline against which we can

compare the emerging database at z > 7. We first focus on the two sources with

C III] detections at z > 7 (Stark et al., 2017; Hutchison et al., 2019), noting that both

are quite luminous (MUV = �22.1 and �21.6), in spite of having extremely strong

C III] (EW > 16 � 22 Å). At z ' 2 � 3, such strong C III] is primarily seen among

lower luminosity (MUV > �19.5) galaxies. One possible explanation is evolution

toward lower metallicities at fixed luminosity between z ' 2 � 3 and z ' 7. If even

the luminous galaxies at z > 7 have moderately low metallicities (0.1 � 0.2 Z�), it

would imply that the conditions for powering extreme C III] emission are present in

a much wider range of the reionization-era population.

We can also illustrate by quantifying the redshift evolution of the fraction of

galaxies with intense (EW > 15 Å) C III] emission (right panel of Figure 3.8). Here

we have updated the z > 5.4 datapoint from Mainali et al. (2018) to include the

new detection presented in Hutchison et al. (2019). While statistics are still limited,

it is clear that the fraction of galaxies with strong C III] (EW > 15 Å) at z > 5.4
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(0.20 ± 0.12) is larger than samples at lower redshift. For this comparison, we have

attempted to construct a sample at z ' 2 � 3 that is matched in [O III]+H� EW

and MUV to that in the z > 5.4 sample. We include galaxies with [O III]+H� EW

= 300 � 3000 Å and MUV < �19, including our sample (46 sources) together the

[O III]-selected samples that satisfy these criteria in Du et al. (2020) (28 sources)

and Mainali et al. (2020) (1 source). The median [O III]+H� EW in this sample is

760 Å, similar to that in samples at z ' 7 � 8 (Labbé et al., 2013; De Barros et al.,

2019). Of the 75 galaxies that satisfy these criteria, only 1 has C III] EW > 15 Å,

implying a fraction of 0.013 ± 0.013. At yet lower redshifts, existing samples (Du

et al., 2017; Senchyna et al., 2017, 2019) show no C III] emitters with EW > 15 Å,

allowing us to put upper limits at z ' 0 and z ' 1.

Finally we compare the fraction of star forming sources in our z ' 2 � 3 sample

with nebular C IV emission to that seen at z > 6. Since powering C IV requires

a hard ionizing spectrum associated with very low metallicity stars (< 0.1 Z�),

this comparison will allow us to investigate evolution in the incidence of very low

metallicity stellar populations among galaxies with extreme optical line emission.

The first step is to assemble the statistical baseline at z ' 2 � 3. Here we consider

objects with large [O III]+H� EWs (= 1000 � 3000 Å) and MUV (< �19), focusing

on galaxies at z = 1.7 � 3, where C IV is visible from the optical spectrographs we

have used. Taking together our sample and the extreme [O III] emitter sample in

Du et al. (2020) (and removing the AGN candidate discussed in Section 3.4.2), we

find that only 2 out of 21 sources at z ⇠ 2 � 3 show C IV EW > 5 Å, and none

of them shows C IV EW > 10 Å. For very low metallicity systems, we might begin

to see weaker [O III] emission, so we also consider galaxies with [O III]+H� EW

= 500 � 1000 Å. Here there are another 23 objects from both our sample and that

of Du et al. (2020) that have deep C IV constraints, but none show detections of

C IV with EW > 5 Å.

These results are in contrast to the two C IV detections at z > 6, both of

which show EW > 20 Å in z > 6 galaxies with MUV = �20 to �19 (Stark et al.,

2015b; Mainali et al., 2017). The absence of such line emission in similar luminosity
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systems at z ' 2 � 3 is suggestive of a shift toward some combination of harder

ionizing spectra and weaker underlying UV continuum in a subset of z > 6 galaxies.

Since we have normalized by the optical line EW, this cannot simply be explained

by evolution towards galaxies dominated by younger stellar population (i.e., larger

[O III]+H� EW). Instead, this likely implies the emergence of massive-star popula-

tions dominated by very low metallicities (and/or large masses). Ultimately larger

datasets at z > 6 will present a more clear picture of the C IV EW distribution in

the reionization-era and the physical cause of any evolution that is present. Statis-

tical samples at z ' 2 � 3 will continue to be critical in the interpretation of this

population.

3.6 Summary

We present rest-frame UV spectroscopic observations of 138 galaxies with extreme

[O III]+H� line emission at z = 1.3 � 3.7 and 11 sources at z ⇠ 4 � 6. The galaxies

have rest-frame [O III]+H� EWs = 300 � 3000 Å, similar to the EWs of galaxies

in the reionization-era (e.g. Labbé et al., 2013; Smit et al., 2015). The data set

allows us to measure the C III] ��1907, 1909 and C IV ��1548, 1550 emission lines,

which are found to be intense (EW > 15 � 20 Å) in z > 6 galaxies (Stark et al.,

2015a,b, 2017; Mainali et al., 2017; Hutchison et al., 2019). Using this statistical

sample of reionization-era analogs at z ' 1 � 3, we aim to interpret the nebular

line emission emerging at z > 6 with two goals. First, we investigate the C III] EW

distribution in galaxies with [O III]+H� EW > 1000 � 2000 Å, to see whether the

EW > 15 Å C III] line emission are uniformly present in these systems. Second, we

seek to constrain how commonly the very metal-poor stellar populations show in

extreme emission line galaxies at z ' 1 � 3, by quantifying the fraction of nebular

C IV emitters in our sample. These will provide a baseline at z ' 1 � 3 to compare

with future observations at z > 6 with JWST. We summarize our findings below:

(1) We detect rest-frame UV emission lines (C IV ��1548, 1550, He II �1640,

O III] ��1660, 1666, Si III] ��1883, 1892, or C III] ��1907, 1909) in 24 extreme [O III]
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emitters at z = 1.3�3.7 in our sample using Magellan/IMACS and MMT/Binospec.

Four objects show C IV emission lines (EW = 1.5�20.4 Å) with S/N > 3, including

one object with C IV measured in Du et al. (2020). The blended C III] doublet has

been detected in 20 sources, with EW = 1.6 � 18.7 Å and a median value of 5.8 Å.

The C III] EWs measured in our sample are consistent with those of z ⇠ 2 EELGs

in literature (Stark et al., 2014; Maseda et al., 2017; Du et al., 2020), and are ⇠ 4⇥
larger than those of more massive, typical star forming galaxies at z ⇠ 1 � 3 (e.g.

Shapley et al., 2003; Du et al., 2017). The largest C IV and C III] EWs (' 20 Å)

found in our z = 1.3 � 3.7 sample reach to the values shown in z > 6 systems

with intense UV metal lines. We also provide constraints on the strengths of C III]

(O III]) emission lines in 8 (3) extreme emission line galaxies at z ⇠ 4 � 6 with

Keck/MOSFIRE. We find one source (COSMOS-11116) possibly showing intense

O III] �1666 emission line with EW = 8.8 Å. And we do not detect C III] emission

lines for the 8 galaxies which the C III] is visible in the MOSFIRE spectra, putting

5� upper limits on C III] EW of < 2.5 � 11 Å.

(2) We find that for all of the 24 galaxies with UV metal line detections at

z = 1.3�3.7 except UDS-08735, their nebular emission lines and broadband photom-

etry can be reproduced by photoionization models powered by stars. These systems

are characterized by models with low stellar masses (median M? = 4.4 ⇥ 108
M�),

little dust extinctions (median E(B � V ) = 0.12), large ionization parameters (me-

dian log U = �1.7), low metallicities (median Z = 0.1 Z�). Both the observed

C III]/O III] ratios and photoionization models imply sub-solar carbon-to-oxygen

ratios (C/O ' 0.2 � 0.5 C/O�). The large [O III]+H� EWs (median value of

1080 Å) indicate very large sSFRs (median = 46 Gyr�1), suggesting that the in-

tense UV emission lines seen in our sample can be produced by the hard radiation

fields powered by very young stellar populations.

(3) We explore the ionizing sources for our UV line emitters further using the

C III] EW versus C III]/He II diagnostic and the O III]/C IV flux ratio. The largest

EW (= 20.4 Å) C IV emitter, UDS-08735, show very low log(O III]/C IV) (< �0.67)

and red UV slope (� = �0.46) that are consistent with AGNs. The strongest C III]
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emitter (EW = 18.7 Å), COSMOS-04432, has C III] EW and C III]/He II values close

to the AGN boundary of the diagnostic, and its red UV slope (� = �0.90) is similar

to what is often seen in narrow-line AGNs. Future observations on higher ionization

lines (C IV, He II) will help to determine whether an AGN spectrum is required to

explain the nebular spectrum of COSMOS-04432. For the rest majority of the UV

line emitters in our sample, the diagnostics are consistent with the values powered

by star forming galaxies. The results suggest that the UV emission lines in these

systems can be fully explained by metal-poor massive stars and do not necessarily

require AGN components.

(4) We present the trend between C III] EW and [O III]+H� EW for galaxies at

z ' 1 � 3. The intense C III] line emission detected at z > 6 (EW > 15 Å) only

appear in galaxies with the largest [O III]+H� EWs (> 1500 Å), suggesting that the

strong C III] line emission is likely powered by hard radiation fields. However, there

is a large dispersion of C III] EW (5�20 Å) at [O III]+H� EW > 1500 Å, in contrast

to the results from a handful of extreme [O III] emitters in Mainali et al. (2020).

We find that at [O III]+H� EW > 1500 Å, strong C III] emitters (EW > 10 Å)

appear in low luminosity (MUV > �19.5) systems, while there is an absence of EW

> 10 Å C III] line emission in luminous (MUV < �19.5) galaxies at z ' 2�3. Given

that C III] tends to be stronger at low gas-phase metallicities (0.1 � 0.2 Z�), the

dispersion of C III] EW may reflect the trend between metallicity and luminosity.

(5) The absence of strong C III] line emission in bright galaxies at z ' 2� 3 is in

contrast to the results at z > 6, where C III] with EW > 15 Å have been detected

in luminous systems with MUV ' �22. We compute the fraction of intense C III]

emitters (EW > 15 Å) for z ' 2 � 3 galaxies, considering sources with similarly

bright MUV (< �19) and large [O III]+H� EWs (= 300�3000 Å) as z & 6 galaxies.

We find that the strong C III] emitter fraction (0.013) of z ' 2 � 3 extreme [O III]

emitters is much lower than that of z > 5.4 sources (0.20; Mainali et al. 2018;

Hutchison et al. 2019). This illustrates that the intense C III] emission seen at

z > 6 is not entirely driven by a shift toward younger stellar population (i.e., larger

[O III]+H� EW), but an evolution in metallicity is also likely contributing.
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(6) We quantify the fraction of extreme [O III] emitters at z ' 2�3 with nebular

C IV emission (associated with very low metallicity < 0.1 Z�) and compare the result

to that seen at z > 6. For z ' 2 � 3 galaxies with [O III]+H� EW = 1000 � 3000 Å

and MUV < �19, only 2 out of 21 sources show C IV EW > 5 Å and none of them

shows C IV EW > 10 Å. We also consider another 23 galaxies with [O III]+H� EW

= 500 � 1000 as [O III] may be weaker at very low metallicity, and none of them

shows C IV EW > 5 Å. These results are contrast to the detection of C IV with

EW > 20 in z > 6 galaxies with MUV < �19 (Stark et al., 2015b; Mainali et al.,

2017). As powering C IV requires a hard ionizing spectrum associated with very low

metallicity stars, the results may imply the emergence of lower metallicity stellar

populations at earlier times (z & 6) comparing to at z ' 2 � 3.
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CHAPTER 4

Lyman-Alpha Spectroscopy of Extreme [O III] Emitting Galaxies at z ' 2 � 3:

Implications for Ly↵ Visibility and LyC Leakage at z > 6†

Spectroscopic surveys have demonstrated that Ly↵ emission is very rare in star

forming galaxies at z > 6.5, consistent with expectations for incomplete reionization

at z ' 7 � 8. Recent follow-up has begun to focus on luminous galaxies selected to

have extremely large [O III]+H� equivalent width (EW> 900 Å), as expected for

massive systems undergoing a rapid upturn in star formation. These objects have

been shown to have much stronger Ly↵ emission than the general population at

z > 7. Why these systems are uniquely visible in Ly↵ at redshifts where the IGM is

likely significantly neutral is not clear. With the goal of better understanding these

results, we have begun a campaign with MMT and Magellan to measure Ly↵ in

galaxies with similar [O III]+H� EWs at z ' 2 � 3. At these redshifts, the IGM is

highly ionized, allowing us to clearly disentangle how the Ly↵ properties depend on

the [O III]+H� EW. Here we present Ly↵ EWs of 49 galaxies at z = 2.2 � 3.7 with

intense [O III]+H� line emission (EW = 300�3000 Å). Our results demonstrate that

strong Ly↵ emission (EW > 20 Å) becomes more common in galaxies with larger

[O III]+H� EW, reflecting a combination of increasingly e�cient ionizing photon

production and enhanced transmission of Ly↵. Among the galaxies with the most

extreme [O III]+H� emission (EW > 900 Å), we find that strong Ly↵ emission is

not ubiquitous, with only 50% of our population showing Ly↵ EW > 20 Å. We show

that z > 7 galaxies with similar [O III]+H� EWs have a similar Ly↵ emitter fraction,

providing no evidence for a strong downturn seen in the general galaxy population.

We use these results to interpret the anomalous Ly↵ properties seen in z > 7

galaxies with extreme [O III]+H� emission, suggesting that the enhanced visibility

†To be submitted to MNRAS
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likely reflects properties internal to the galaxies together with a very ionized IGM.

Finally we discuss implications for the contribution of these extreme line emitting

galaxies to reionization.

4.1 Introduction

The reionization of hydrogen in the intergalactic medium (IGM) is thought to be

driven by the radiation from the first luminous objects, including both massive

stars and active galactic nuclei (AGN). Therefore studying the process of reioniza-

tion o↵ers key clues to the history of cosmic structure formation. Over the last

two decades, the timeline of reionization has been constrained by several observa-

tions. Planck measurements of the electron-scattering optical depth of the cosmic

microwave background implies a mid-point reionization redshift of z ' 7.7 (Planck

Collaboration VI, 2018). Meanwhile observations of the Ly↵ and Ly� forests in high

redshift quasar spectra suggest that reionization is nearly complete by z ⇡ 6 (e.g.

Fan et al., 2006; McGreer et al., 2015).

Spectroscopic measurements of Ly↵ emission from star forming galaxies provide a

complementary probe of the IGM at z & 7, where the population of quasar becomes

rare (Fan et al., 2001; Manti et al., 2017). Because of the resonant scattering of Ly↵

photons by neutral hydrogen, the damping wings of the neutral patches in the IGM

should suppress the Ly↵ emission from galaxies in the reionization-era (Miralda-

Escudé, 1998), decreasing the fraction of sources showing prominent Ly↵ emission

(e.g. Stark et al., 2010; Fontana et al., 2010). Over the last decade, significant e↵ort

has been invested in campaigns to measure the equivalent width distribution (EW)

of Ly↵ emission over cosmic time. Spectroscopic observations (e.g. Fontana et al.,

2010; Stark et al., 2011; Treu et al., 2013; Pentericci et al., 2014; Schenker et al.,

2014; Tilvi et al., 2014) have demonstrated that there is a downturn in the fraction of

strong Ly↵ emitting galaxies at z & 6.5 (the so-called Ly↵ fraction, xLy↵), consistent

with expectations for a significantly neutral IGM (xHI & 0.5) at z ⇠ 7 (e.g. Mesinger

et al., 2015; Mason et al., 2018b).
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In the last several years, attention has focused on observations of four of the

most luminous (H160 = 25.0 � 25.3) known galaxies at z = 7 � 9 (Roberts-Borsani

et al. 2016, hereafter RB16). The red Spitzer/IRAC [3.6] � [4.5] colors of these four

systems imply extremely large [O III]+H� EWs (' 900 � 2000 Å), roughly twice

the average [O III]+H� EW at z ⇠ 7 � 8 (EW[OIII]+H� ' 670 Å; Labbé et al. 2013;

De Barros et al. 2019). All four galaxies exhibit strong Ly↵ emission z > 7 (Oesch

et al. 2015; Zitrin et al. 2015; RB16; Stark et al. 2017), implying a 100% detection

rate at redshifts where the IGM is expected to be mostly neutral. Taken together

with two other similar z > 7 [O III] emitters in the literature, (Ono et al., 2012;

Finkelstein et al., 2013), these detections imply a Ly↵ emitter fraction that is five

times larger than what is seen in the general population at z ⇠ 7 � 8 (Stark et al.,

2017). Why this population presents such strong Ly↵ emission is still a matter of

debate. Some have suggested that these luminous systems trace overdense regions

with larger-than-average ionized bubbles, boosting the transmission of Ly↵ through

the IGM (e.g. Barkana and Loeb, 2004). Alternatively, the large rest-frame optical

line EWs of these galaxies may indicate hard ionizing radiation fields, potentially

enhancing both the production e�ciency and the escape fraction of Ly↵ photons

through the galaxies (e.g. Stark et al., 2017).

One of the challenges of interpreting the emerging body of reionization-era spec-

tra stems from limitations in our understanding of the galaxies with the range of

[O III]+H� line properties seen in the reionization era. While this population is

common z > 6, they are rare among continuum-selected samples at lower redshifts.

Fortunately a series of observational campaigns have begun to identify large samples

of extreme [O III] emitting galaxies at z ' 0 (e.g. Cardamone et al., 2009; Senchyna

et al., 2017; Yang et al., 2017b), z ' 1 (e.g. Atek et al., 2011; Amoŕın et al., 2014,

2015; Huang et al., 2015), and z ' 2 � 3 (e.g. van der Wel et al., 2011; Maseda

et al., 2014; Forrest et al., 2017), opening the door for detailed spectroscopic studies

of galaxies with similar properties to those at z > 6 (e.g. Labbé et al., 2013; Smit

et al., 2015; Roberts-Borsani et al., 2016; De Barros et al., 2019). In Tang et al.

(2019, hereafter T19), we presented results from a large near-infrared spectroscopic
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campaign targeting rest-frame optical emission lines in z ' 2 galaxies with [O III]

EW = 300 Å to 2000 Å. The combination of dust-corrected H↵ and far-UV con-

tinuum luminosities enabled calculation of the ionizing production e�ciency (⇠ion),

defined as the ratio of the production rate of hydrogen ionizing photons (Nion) and

the continuum luminosity at 1500 Å (LUV). As had been shown previously in nearby

galaxy samples (Chevallard et al., 2018), ⇠ion scales with the [O III] EW, reaching

very large values in the most extreme line emitters. The ionization state and dust

content of the nebular gas are also found to scale with [O III] EW, such that the

most intense [O III] emitters tend to have gas that is both highly ionized and nearly

dust-free. With e�cient ionizing photon production and little dust, we expect that

the production and escape of Ly↵ photons should be maximized (per LUV) in galax-

ies with the largest [O III] EW, potentially explaining the anomalous Ly↵ detections

in the RB16 sample at z > 7. This general picture is supported by observations at

z ' 0 � 1 (e.g. Cowie et al., 2011; Amoŕın et al., 2015; Yang et al., 2017a) which

suggest that intense [O III] emitting galaxies do indeed tend to exhibit large EW

Ly↵ emission.

The next step is to build large enough post-reionization samples to quantify how

the Ly↵ EW distribution varies over the full range of [O III] EWs expected in the

reionization era. Such a dataset would reveal how factors internal to galaxies impact

the emergent Ly↵ luminosity, providing an empirical baseline at high redshift that

is independent of IGM attenuation. With this as our goal, we have begun targeting

Ly↵ emission in z ' 2 � 3 galaxies selected to have intense [O III] emission in

3D-HST grism spectra (Momcheva et al., 2016). The first results of this campaign

were presented in Du et al. (2020), based on a survey conducted with Keck/LRIS.

Surprisingly the data revealed no significant correlation between Ly↵ and [O III]

EWs for galaxies in the range 100 Å . [O III] EW . 1000 Å. In this Chapter, we focus

on extending the Ly↵ statistics to higher optical line equivalent widths ([O III] EW &
1000 Å, or equivalently EW[OIII]+H� & 1500 Å) with the aim of better understanding

the Ly↵ detections in the z > 7 RB16 galaxies (median EW[OIII]+H� ' 1500 Å). The

results presented in Du et al. (2020) suggest that stronger Ly↵ emission does indeed
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appear in this more extreme population, but samples are still small at high redshift,

with only two [O III]-selected galaxies in the EW[OIII] & 1000 Å regime. Here we

present new Ly↵ measurements for 49 z ' 2�3 galaxies with intense [O III] emission,

including 11 with [O III] EW & 1000 Å, enabling a factor of five improvement in

Ly↵ statistics for the most extreme line emitters. With this statistical baseline in

hand, we can begin to understand how factors internal to the galaxy (i.e., radiation

field, transmission through the circumgalactic medium) impact the visibility of Ly↵

in the most intense [O III] emitters, providing new insight into what is likely to be

driving the anomalous Ly↵ detection rates seen in similar systems at z > 7.

The organization of this Chapter is as follows. We describe the observations and

Ly↵ spectra in Section 4.2. The Ly↵ spectroscopic properties of our extreme [O III]

emitters at z ' 2 � 3 is presented in Section 4.3. We discuss the implications of

the results for galaxies in the reionization-era in Section 4.4, and summarize our

conclusions in Section 4.5. We adopt a ⇤-dominated, flat universe with ⌦⇤ = 0.7,

⌦M = 0.3, and H0 = 70 km s�1 Mpc�1. All magnitudes in this Chapter are quoted

in the AB system (Oke and Gunn, 1983), and all equivalent widths are quoted in

the rest-frame.

4.2 Observations and Analysis

We aim to characterize the Ly↵ properties of galaxies with extremely large equivalent

width (EW) optical emission lines. The data were taken from our optical (rest-

frame UV) spectroscopic survey of extreme [O III] emitters at z = 1.3 � 3.7 using

the Inamori-Magellan Areal Camera & Spectrograph (IMACS; Dressler et al. 2011)

on the Magellan Baade telescope and the Binospec (Fabricant et al., 2019) on the

MMT telescope. Details of the sample selection and spectroscopic observations of

this survey are described in Chapter 3. In this section, we briefly summarize the

rest-frame UV spectroscopy in Section 4.2.1, then present the Ly↵ emission line

measurements in Section 4.2.2.
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4.2.1 MMT/Binospec and Magellan/IMACS Spectroscopy

The rest-frame UV spectra used in this work are presented in Chapter 3, which

follow a large spectroscopic e↵ort to obtain rest-frame optical spectra of extreme

[O III] emitters at z = 1.3 � 3.7 (T19; Chapter 5). The sample of extreme [O III]

emitters was identified based on the [O III] EWs inferred from HST grism spec-

tra (at z = 1.3 � 2.4; T19) or the K-band flux excess (at z = 3.1 � 3.7; Chapter

5). We require the extreme [O III] emitters to have rest-frame [O III] ��4959, 5007

EW ' 300 � 2000 Å, which are chosen to match the values expected to be com-

mon in reionization-era systems. Over three observing runs between 2018 and

2019, we have obtained rest-frame UV spectra for 117 extreme [O III] emitters

with Magellan/IMACS and MMT/Binospec, targeting UV metal line emission

(C IV ��1548, 1550, O III] ��1661, 1666, C III] ��1907, 1909; Chapter 3) and Ly↵.

Spectral data were reduced using the publicly available data reduction pipelines.

We performed the slit loss correction following the same procedures in T19, and the

absolute flux calibration using observations of slit stars.

4.2.2 Emission Line Measurements

We identify Ly↵ emission lines from the 2D rest-frame UV spectra of the 117 extreme

[O III] emitters at z = 1.3�3.7, by visually inspecting the expected positions of Ly↵

using the measured redshifts. For the majority of the sources in our sample, the

redshifts were computed by fitting the [O III] �5007 emission line from the ground-

based (T19) or grism-based (Momcheva et al., 2016) near-infrared spectra. For a

subset (22) of objects at z = 3.1� 3.7 whose near-infrared spectra are not available,

we rely on the photometric redshift measurements from Skelton et al. (2014). Due

to the wavelength coverage (' 3900 � 9000 Å) of IMACS and Binospec spectra,

Ly↵ is visible for galaxies at z > 2.2. For the 49 extreme [O III] emitters at z > 2.2

in our spectroscopic sample, we detected Ly↵ emission lines with S/N > 3 in 21

objects (Figure 4.1).

Ly↵ emission line fluxes are determined from the 1D spectra (Figure 4.2), which
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are extracted from 2D spectra using a boxcar extraction. Twenty of the twenty-one

Ly↵ emitting galaxies show single Ly↵ emission line features, then we fit the line

profile with a single Gaussian function to derive the flux. The central wavelength

from the single Gaussian fit is used to calculate the Ly↵ redshift. The remaining

one Ly↵ emitter (COSMOS-17636) in our sample show double-peaked Ly↵ profiles

(Figure 4.2), and we fit the emission line with a double Gaussian function. The

line flux is computed by summing the fluxes derived from each single Gaussian

profile. For galaxies without S/N > 3 Ly↵ emission line measurements, we consider

the line is undetected and compute the 3� upper limit of line flux. Using the

wavelength boundaries adopted in Kornei et al. (2010), we derive the 1� Ly↵ flux by

integrating the error spectrum in quadrature over rest-frame 1199.9 Å to 1228.8 Å.

The measured Ly↵ emission line fluxes range from 8.4 ⇥ 10�18 erg s�1 cm�2 to

2.2 ⇥ 10�16 erg s�1 cm�2. The median 3� flux limit for undetected Ly↵ emission is

4.4 ⇥ 10�17 erg s�1 cm�2.

We next compute the Ly↵ emission line EWs. Accurate measurement of Ly↵

EW is based on both the measurements of Ly↵ emission line flux and the underlying

continuum flux density. Since many of our rest-frame UV spectra do not show high

S/N (> 5) continuum feature near Ly↵, we take advantage of broadband photometry

from Skelton et al. (2014) to estimate the continuum flux density. We consider

filters with wavelength coverage between rest-frame 1250 Å and 2600 Å (the same

wavelength range used to compute UV slope in Calzetti et al. 1994), and fit the

broadband fluxes with a power-law (f� / �
�). From the fitted f� � � relation, we

derive the average flux density between 1225 Å and 1250 Å (Kornei et al., 2010)

as the continuum flux density. The Ly↵ EWs are then computed by dividing the

measured Ly↵ emission line fluxes by the continuum flux densities, ranging from 4 Å

to 142 Å with a median value of 24 Å for the 21 Ly↵ emitting systems in our sample.

Among the 21 galaxies with Ly↵ emission line detections (49 in total at z > 2.2

where Ly↵ is visible in the optical spectra), only 8 of them are at z = 2.2 � 2.4 (23

galaxies in total). This is because Ly↵ is situated at the blue end of the IMACS or

Binospec spectra (' 3890� 4130 Å) where the e�ciency declines rapidly (' 30% of
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Figure 4.1: F814W magnitude distribution of the 49 extreme [O III] emitters at
z = 2.2 � 3.7, where Ly↵ is visible in the Magellan/IMACS or MMT/Binospec
spectra. Left panel: F814W magnitudes and [O III]+H� EWs of the 49 galaxies
(objects at z = 2.2 � 2.4 are shown by blue circles, and objects at 3.1 � 3.7 are
shown by blue squares), sources with Ly↵ detections are marked by open red circles
or squares. Middle panel: F814W magnitude distributions of the total extreme
[O III] emitter sample (solid blue) and the subset with Ly↵ emission line detections
(dashed red). Right panel: [O III]+H� EW distributions of the total sample (solid
blue) and the subset with Ly↵ detections (dashed red).

the maximum e�ciency). For the z = 2.2�2.4 galaxies without Ly↵ detections, the

median 3� upper limit of Ly↵ EW is 23 Å. On the other hand, half (13 out of 26)

of the z = 3.1 � 3.7 galaxies are detected with Ly↵ emission lines, and the median

3� upper limit of Ly↵ EW for those without Ly↵ detections is 5 Å.

Finally, for a subset (10 out of 21) of Ly↵ emitting galaxies with O III] �1666 or

[O III] �5007 emission lines (and hence systematic redshifts) measured from ground-

based telescopes, we compute the velocity o↵set between Ly↵ and O III] or [O III].

The Ly↵ velocity o↵sets of these 10 sources are from �28 km/s to 766 km/s, with

a median of 164 km/s. This indicates that the Ly↵ emission is typically redshifted

with respect to oxygen emission lines, but the velocity o↵sets are lower than the

average value (445 km/s) of more massive, typical star forming galaxies at z ⇠ 2

(Steidel et al., 2010). in Table 4.1, we summarize the Ly↵ properties of the 21

extreme [O III] emitters with Ly↵ emission detections in our spectroscopic sample.
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1200 1250 1300 1350
�rest (Å)
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�10

0

10

20

30

f
�

(1
0�

18
er

g
s�

1
cm

�
2

Å
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Figure 4.2: Examples pf Ly↵ emission lines presented in the rest-frame UV spectra
of z = 1.3 � 3.7 extreme [O III] emitters. The black solid lines and red dashed lines
represent flux and error, respectively. Detected emission lines are marked by black
dotted lines. The grey regions indicate gaps between spectra or wavelength ranges
contaminated by sky line residuals.
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4.3 Lyman-Alpha Spectral Properties of Extreme [O III] Emitters at

z ' 2 � 3

In this section, we use our z ' 2�3 spectroscopic sample to quantify the dependence

of the Ly↵ EW on [O III]+H� EW, providing a baseline for interpreting how internal

galaxy properties impact the production and escape of Ly↵ in the population of

extreme line emitters which is common at z > 6. Work has previously shown that

the production e�ciency of hydrogen ionizing photons increases with [O III]+H� EW

(Chevallard et al. 2018; T19), suggesting that the most intense [O III]+H� emitters

produce more hydrogen ionizing photons relative to L1500 than galaxies with lower

[O III]+H� EWs. Since Ly↵ is powered by hydrogen ionizing photons, we expect

that the luminosity of Ly↵ relative to L1500 should also scale with [O III]+H� EW.

However the precise scaling of Ly↵ EW with [O III]+H� EW depends not only on

Ly↵ production but also on the escape of Ly↵ through the ISM and CGM of the

galaxy. The large specific star formation rates required to produce large [O III]+H�

EW could result in extreme feedback conditions that maximize the transmission of

Ly↵. How the ISM and CGM modulates the escape of Ly↵ in this class of galaxies

is not well quantified in a statistical manner, making it di�cult to interpret the

extent to which internal galaxy properties are driving the anomalous Ly↵ seen in

galaxies with intense [O III] emission at z > 7.

Our rest-UV spectroscopic survey of extreme [O III] emitters allows us to make

progress in the determination of the Ly↵ EW distribution in galaxies with [O III]+H�

EW > 300 Å, building on the recent survey presented in Du et al. (2020). We

consider sources in our sample at z = 2.2�3.7, the redshift range our optical spectra

are able to detect Ly↵ emission. Our current survey contains 49 extreme [O III]

emitters (EW[OIII]��4959,5007 > 300 Å or equivalently EW[OIII]+H� > 340 Å) with Ly↵

constraints. We have focused our survey on building the sample of galaxies with

the [O III]+H� EWs (> 1500 Å) exhibited by many of the known Ly↵ detections at

z > 7. We currently have obtained Ly↵ constraints for 11 objects in this [O III]+H�

EW regime, more than a factor of five increase from previous optical line selected
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samples at z ' 2 � 3 (2 such systems in Du et al. 2020).

In Figure 4.3, we present the Ly↵ EWs of galaxies in our sample as a function

of [O III]+H� EW. We present both detections and non-detections and also include

the similarly-selected sample from Du et al. (2020) as lighter-shade symbols. Two

things are important to take away from the data. First, we see an absence of the

largest Ly↵ EWs (> 50 Å) among the lower [O III]+H� EWs (< 500 Å) in our

sample. Such strong Ly↵ emitters appear to become more common among the most

extreme [O III]+H� (EW > 1000 Å) in our sample. In the largest [O III]+H� EWs

in our sample (> 2000 Å), we start to see Ly↵ detections with EWLy↵ = 100�150 Å,

requiring extremely e�cient production and transmission. But secondly, it is also

clear that Ly↵ is not uniformly strong among galaxies with EW[OIII]+H� > 1000 Å.

We see relatively weak Ly↵ (EW < 10 Å) and several non-detections.

This can be more clearly seen in Figure 4.4, where we show the Ly↵ EW distri-

bution of galaxies with EW[OIII]+H� > 1000 Å. This plot shows that 48% of these

systems have relatively low Ly↵ EWs (< 10 � 20 Å), with a tail extending up to

very large Ly↵ EWs. At z ' 2� 3, it is clear that not all of the extreme [O III]+H�

emitting galaxies are strong Ly↵ emitters. Since we expect them all to be e�cient

producers of Ly↵ (Chevallard et al. 2018; T19), this suggests that many of these

galaxies have their Ly↵ absorbed within the ISM or CGM. If z > 7 galaxies are

similar, we should not expect to see Ly↵ in every system with extreme [O III]+H�

emission, as has been claimed in recent reionization-era surveys (Stark et al., 2017).

To more directly compare to these reionization results, we derive the Ly↵ emitter

fraction (xLy↵) as a function of [O III]+H� EW at z ' 2 � 3. We consider three

di↵erent [O III]+H� EW bins (300 � 600 Å, 600 � 900 Å,and 900 � 3000 Å). To

optimize comparison with z > 7 samples, we only consider galaxies with�21.75 <

MUV < �20.25. Since previous studies show the Ly↵ fraction strongly depends on

UV luminosity (Stark et al., 2010), this control will help isolate the dependence of

Ly↵ on the [O III]+H� EW. With our MUV selection applied, we have 9, 6, and 10

objects with EW[OIII]+H� = 300 � 600 Å, = 600 � 900 Å, and = 900 � 3000 Å. We

compute the fraction of galaxies in each bin with Ly↵ EW > 25 Å, including both
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detections and non-detections with robust (< 25 Å) upper limits. In the left panel

of Figure 4.5, we show the resulting Ly↵ fractions. It is immediately apparent that

the fraction of galaxies with EWLy↵ > 25 Å increases with [O III]+H� EW, from

xLy↵ = 0 to 0.17±0.17 and 0.40±0.20 at EW[OIII]+H� = 300�600 Å, = 600�900 Å,

and = 900�3000 Å. Because the Ly↵ fraction also closely tracks the UV continuum

slope (e.g. Stark et al., 2010), we also consider the e↵ects of limiting our measurement

to those objects with blue UV slopes (� < �1.8) similar to those seen at z > 7. The

same trend emerges, albeit with a slightly larger Ly↵ fraction (0.50 ± 0.25) in the

bin with largest [O III]+H� EW.

The results presented above clearly indicate the manner in which Ly↵ EWs

increase with [O III]+H� EWs at z ' 2 � 3. Whether this is driven entirely by the

increase in the production e�ciency of ionizing photons (and hence Ly↵ production

e�ciency) in extreme optical line emitters is not clear. To explore this, we test

whether the increase in the ionizing production e�ciency measured in T19 between

galaxies with EW[OIII]+H� ' 670 Å and those with EW[OIII]+H� ' 1500 Å is su�cient

to drive the increase in the Ly↵ fractions observed in this Chapter. We assume a

lognormal distribution of Ly↵ EWs, with a typical dispersion of � = 1.4 as derived

in Schenker et al. (2014). The observed Ly↵ fraction (xLy↵ = 0.20±0.09) for galaxies

with EW[OIII]+H� ' 670 Å (where we consider those with 600�900 Å) is reproduced

by a mean value of µ = 2.0 for the lognormal distribution. The correlation between

ionizing photon production e�ciency (⇠ion) and [O III] �5007 EW in T19 implies

that the Ly↵ EW will increase by a factor of 2⇥ from EW[OIII]+H� ' 670 Å to

EW[OIII]+H� ' 1500 Å, assuming all the hydrogen ionizing photons photons are

absorbed in the galaxies. Applying this Ly↵ EW boost to the lognormal distribution,

we find that the Ly↵ fraction increases to xLy↵ = 0.36. This is lower than the

value we measure for galaxies with EW[OIII]+H� ' 1500 Å (xLy↵ = 0.50 ± 0.25),

potentially implying that the transmission of Ly↵ through the ISM and CGM must

also increase with EW[OIII]+H�. However, it is clear that the measurement error on

the Ly↵ fractions are currently too large to confirm that the increase is entirely due

to the trend with production e�ciency. Larger spectroscopic samples at z ' 2 � 3
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should soon be able to improve these statistics considerably.

Finally, we characterize the redshift of Ly↵ with respect to systemic for our

sample of extreme [O III] emitters. In the reionization era, the so-called Ly↵ veloc-

ity o↵set (�vLy↵) plays an important role in modulating the transmission of Ly↵

through neutral IGM. In particular, a larger �vLy↵ will minimize the attenuation

of Ly↵ photons by the neutral IGM, as the Ly↵ photons are redshifted further into

the damping wings before encountering hydrogen atoms. If the IGM is responsi-

ble for the disappearance of Ly↵ at z > 7, we should expect to see a sudden shift

toward larger velocity o↵sets among those galaxies with Ly↵ detections. Here we

seek to take the first steps toward constructing a post-reionization baseline against

which reionization-era results can be compared. While considerable e↵orts have

been placed in measuring the Ly↵ velocity o↵sets of galaxy samples at z ' 2 � 3

(e.g., Erb et al. 2014), these objects tend not to have the extreme [O III] emission

which is common at z > 7. As an initial investigation, we compare the Ly↵ veloc-

ity o↵sets of the galaxies at z > 7 with Ly↵ and intense [O III]+H� emission to

a carefully-matched (albeit small) sample of galaxies from our z ' 2 � 3 sample.

We consider galaxies with similar UV luminosities (MUV < �21) and optical line

emission (EW[OIII]+H� > 900 Å) to those from the z > 7 RB16 sample. This selec-

tion limits us to only three galaxies with robust Ly↵ velocity o↵set measurements.

In each case, the systemic redshift is inferred from the centroid of a rest-optical

nebular line measured from our ground-based campaign (T19). The Ly↵ velocity

o↵sets of these three z ' 2 � 3 sources range from 138 km/s to 447 km/s. These

values are fully consistent with the velocity o↵sets measured in the small number of

Ly↵ detections at z > 7, providing no clear evidence for a shift in the velocity o↵set

distribution. Larger samples before and after reionization should soon be able to

improve this comparison considerably.
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Figure 4.3: Ly↵ EW as a function of [O III]+H� EW for our sample (blue circles)
and the sample in Du et al. (2020) (light grey circles).
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EWs (> 1000 Å). The data set shown in this plot combines our spectroscopic sample
and the sample in Du et al. (2020). Sources with Ly↵ emission line detections are
plotted with blue histograms. For those without significant Ly↵ detections, we plot
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Figure 4.5: Left panel: Ly↵ emitter (EW > 25 Å) fraction as a function of [O III]+H�

EW for our z ' 2 � 3 spectroscopic sample. We consider luminous objects (MUV <

�20.25), and plot the fraction of total sample (cyan diamonds) and sources with
bluer UV slopes (� < �1.8; blue circles) separately. We show the Ly↵ fraction
for three [O III]+H� EW bins (= 300 � 600 Å, 600 � 900 Å, and 900 � 3000 Å).
The luminosity, blue UV slope, and the largest [O III]+H� EW bin are chosen to
be consistent with those of z > 7 intense [O III]+H� line emitters (RB16). Right
panel: Ly↵ emitter fraction as a function of redshift. The blue circle shows the Ly↵

fraction of the most extreme [O III] emitters (EW[OIII]+H� > 900 Å) with blue UV
slopes (� < �1.8) in our sample, which the EW[OIII]+H� and UV slope are consistent
with those of z ⇠ 4 � 5 EELG sample (cyan triangle) and the z > 7 sample (red
hexagon) (Stark et al., 2017). As a comparison, we also plot the fractions of Green
Peas (green square; Yang et al. 2017a).
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4.4 Discussion

The results described in Section 4.3 provide a z ' 2�3 framework for understanding

the Ly↵ properties of galaxies expected to be typical in the reionization era. Here we

consider implications for the large Ly↵ detection rates in z > 7 galaxies with strong

[O III]+H� emission (Section 4.4.1) and for the ionizing e�ciency of this population

(Section 4.4.2).

4.4.1 Implications for the Ly↵ Visibility at z > 7

The evolving visibility of Ly↵ emission from star forming galaxies at z > 6.5 remains

one of our primary observational probes of the progress of reionization, implying

IGM neutral fractions in excess of xHI > 0.76 (68% confidence) at z ' 8 (e.g. Mason

et al., 2019). The detection of Ly↵ in 100% of the galaxies in RB16 (each selected

to have strong [O III]+H� emission) stands in striking contrast to the strong line

attenuation experienced by most galaxies. Why the RB16 objects are detectable in

Ly↵ at redshifts were the IGM is thought to be mostly neutral is not clear. The

Ly↵ statistics presented in Section 4.3 provide the statistical baseline at z ' 2 � 3

necessary to understand these results and the implications they have for the factors

regulating the visibility of Ly↵ in reionization-era galaxies.

While the optical line EWs of the RB16 galaxies are extremely large

(EW[OIII]+H� = 900 � 2000 Å; c.f. Roberts-Borsani et al. 2020), so are those of

typical galaxies (EW[OIII]+H� = 670 Å; Labbé et al. 2013) which generally do not

show Ly↵ at z > 7. If the Ly↵ visibility of the RB16 galaxies is primarily driven

by the radiation field associated with the intense [O III]+H� line emission, it there-

fore suggests a rapid change in the Ly↵ EW distribution at EW[OIII]+H� > 900 Å.

Our survey suggests that such a transition does indeed exist at z ' 2 � 3, with

the Ly↵ emitter fraction (EWLy↵ > 25 Å) in luminous (MUV < �20.25) and blue

(� < �1.8) galaxies increasing by 3⇥ between [O III]+H� EW = 600 � 900 Å and

900 � 3000 Å. Given the correlation between [O III]+H� EW and the sSFR (e.g.,

T19), these results suggest that the Ly↵ EWs of galaxies on the galaxy main se-
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quence (those with [O III]+H� EW = 670 Å) will be, on average, lower than those

that are situated above the main sequence (those with [O III]+H� EW > 900 Å).

This provides a physical explanation for the seemingly anomalous detection rates

of Ly↵ in z > 7 galaxies selected to have [O III]+H� EW > 900 � 2000 Å. And

importantly, it suggests that properties internal to galaxies (and not related to the

IGM) are driving the enhanced visibility in z > 7 galaxies selected to have extreme

[O III]+H� emission.

With the baseline trend between Ly↵ and [O III]+H� EW established at a red-

shift after reionization, we can begin to explore whether Ly↵ properties at fixed

[O III]+H� EW evolve significantly in the reionization era. Given the downturn in

Ly↵ experienced by most galaxies at z > 7, we would naively expect to see evidence

for attenuation in even the most extreme [O III] emitting galaxies. We present red-

shift evolution of the Ly↵ fraction in the extreme emission line population in the

right panel of Figure 4.5. In Section 4.3, we showed that the Ly↵ emitter fraction

for galaxies at z ' 2 � 3 with blue UV slopes (� < �1.8) and very strong [O III]

(EW[OIII]+H� > 900 Å) is very large (xLy↵ = 0.50 ± 0.25). As can be seen in Figure

4.5, this is nearly identical to the Ly↵ fractions inferred for galaxies with similarly

large [O III]+H� EWs at z ' 0 (xLy↵ = 0.65 ± 0.12; Yang et al. 2017a), z ' 4 � 5

(xLy↵ = 0.53 ± 0.17; Stark et al. 2010, 2017), and at z ' 7 � 9 (xLy↵ = 0.50 ± 0.29;

Stark et al. 2017).

While uncertainties remain significant, there is no clear evidence for a strong

downturn in the Ly↵ fraction at z > 7 in this population of extreme [O III] emitters.

This is contrast to the general population which shows rapidly decreasing visibility

to Ly↵ over the same redshift range, with the Ly↵ emitter fraction dropping by

a factor of 2.5 (> 5) for luminous galaxies (MUV < �20.25) between z ' 5 and

z ' 7 (8). Such a decline would have resulted in Ly↵ fractions of xLy↵  0.1

to 0.2 for galaxies with EW[OIII]+H� > 900 Å. This is currently 1� away from the

measurements at z ' 7�8. If larger samples confirm the absence of strong evolution

in the Ly↵ EW distribution for this population, it would suggest that whatever

change is impacting Lyman-alpha in most galaxies is not impacting the strongest
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(and most luminous) line emitting systems. Conceivably these massive galaxies may

trace overdense regions that ionize their surroundings early, minimizing the impact

from the IGM. If true, the anomalous Ly↵ detection rate in this population would

stem both from factors internal to galaxies (as discussed above) and in the IGM.

Deep JWST observations should soon be able to begin testing this hypothesis in

the near future, providing better statistics on the Ly↵ EW distribution, while also

probing the presence of an overdensity of faint neighbors.

4.4.2 Implications for Ionizing Photon Escape from EELGs

Recent studies have suggested that the extreme optical line emitting galaxies may

be very e↵ective ionizing agents. Not only do they have large ionizing production

e�ciencies (Chevallard et al. 2018; T19), but it has been argued that they may be

more likely to leak large fractions of their ionizing radiation into the IGM (T19).

This latter finding has come to light from detailed investigations of the emerging

population of galaxies at z ' 0 and z ' 3 known to be LyC leakers (e.g, Izotov et al.

2016, 2017, 2018; Steidel et al. 2018; Fletcher et al. 2019). Galaxies with very large

escape fractions have been shown to have extremely large optical line equivalent

widths ([O III]+H� EW > 1000 � 2000 Å) and ratios of [O III]/[O II] that are very

large (O32 > 6), both of which are satisfied by the most extreme galaxies in our

sample (e.g., T19). Physically these results suggest that when galaxies undergo a

rapid upturn in their star formation (or equivalently have very large sSFR), the ISM

conditions are optimized for LyC leakage. But these conditions are not necessarily

su�cient to guarantee large escape fractions. Galaxies should additionally show

large EW Ly↵ emission and weak low ionization absorption lines (e.g., Steidel et al.

2018), both of which are indicative of cleared pathways through the ISM and CGM.

The sample obtained in this Chapter allows us to explore how frequently galaxies

with rapidly rising star formation histories (or equivalently very large EW optical

line emission) have the strong Ly↵ emission that is also required for ionizing photon

escape. Here we focus on galaxies with [O III]+H� EW > 900 Å, as these are the

systems that have O32 ratios (> 6; T19) that appear linked to e�cient ionizing
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photon escape (Izotov et al., 2018). The results described in Section 4.3 provide two

key insights about this population. First, large EW Ly↵ scales with the [O III]+H�

EW (left panel of Figure 4.5), so that the most extreme line emitters are more likely

than the general population (with lower EW [O III]+H�) to have the strong Ly↵

emission that is required for LyC leakage. Whether this trend is driven primarily

by production e�ciency or transmission remains unclear (see Section 4.3 and Jaskot

et al. 2019). However, the second implication from Section 4.3 is that there is not

strong Ly↵ in every galaxy that has both [O III]+H� EW > 900 Å and O32> 6.

Indeed, ⇠ 50% of these systems have weak Ly↵ (< 20 Å) or no detected Ly↵ at

all (Figure 4.4). This subset is unlikely to be leaking significant ionizing radiation

along the line of sight.

Overall the results presented here provide continued support for indications that

the extreme optical line emitting galaxies ([O III]+H� EW > 900 Å) very e↵ective

ionizing agents. While such objects are rare at z ' 0 � 3, they become more

common in the z > 7 population (Smit et al., 2014, 2015; De Barros et al., 2019).

This reflects an overall shift toward more rapidly rising star formation histories at

z > 6, with the most steeply rising systems capable of powering the nebular line

emission described here. In the future, higher spectral resolution observations should

be able to characterize the line profile of Ly↵, providing more direct constraints

on the likelihood of leaking ionizing radiation (e.g. Rivera-Thorsen et al., 2017).

Meanwhile, increased attention to the demographics of the extreme [O III] emitters

lacking Ly↵ should help to understand why some systems undergoing rapid upturns

in star formation are more e�cient than others at clearing channels for ionizing

photons to escape. Failure to find any di↵erences may provide support for the

notion that these sources are likely to be leaking along other lines of sight (e.g.

Jaskot et al., 2019; Nakajima et al., 2020).
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4.5 Summary

We present Ly↵ equivalent width measurements of 49 extreme optical line emitting

galaxies at z = 2.2 � 3.7 with EW[OIII]+H� = 300 � 3000 Å, which the [O III]+H�

EW range is chosen to cover the values seen in reionization-era galaxies. The sample

includes 11 sources with largest [O III]+H� EWs (> 1500 Å) that characterize many

of the known Ly↵ emitters at z > 7 (e.g., RB16), enlarging the Ly↵ statistics for the

most extreme [O III] emitters at z ' 2 � 3 by a factor of five. Our data set provides

an empirical baseline at where the IGM is mostly ionized, allowing us to investigate

how factors internal to galaxies impact the Ly↵ visibility in reionization-era galaxies,

especially the anomalously large Ly↵ detection rate of the most extreme [O III] line

emitting systems at z > 7 (Stark et al., 2017). We summarize the results below:

(1) We measure the Ly↵ EW for the 49 extreme [O III] emitters at z = 2.2�3.7 in

our spectroscopic sample. We find that the fraction of strong Ly↵ emitter (EWLy↵ >

25 Å) scales with rest-frame optical emission line EW. Considering galaxies with

similar UV luminosities (�21.75 < MUV < �20.25) and blue UV slopes (� < �1.8)

as the z > 7 objects in RB16, the Ly↵ emitter fraction (xLy↵ = 0.50) of galaxies with

EW[OIII]+H� > 900 Å (the extreme values probed by RB16) is ⇠ 3⇥ larger than that

(xLy↵ = 0.20) of galaxies with EW[OIII]+H� (= 600 � 900 Å) similarly as the general

population at z ⇠ 7 � 8. One of the primary factor driving this transition is the

harder radiation field in more intense [O III] emitters (T19). We also find that the

increase of Ly↵ photon production rate with [O III] EW may not solely reproduce

the increase of xLy↵. This suggests that additional factors internal to galaxies, such

as the transmission of Ly↵ through the ISM and CGM, also likely enhance the Ly↵

emitter fraction of galaxies with larger [O III]+H� EWs.

(2) We present the Ly↵ EW distribution of galaxies with very large [O III]+H�

EWs (> 1000 Å) in our sample. Although the fraction of strong Ly↵ emitter reaches

to the largest value at these [O III]+H� EWs, there are still ⇠ 50% of these systems

showing relatively low Ly↵ EWs (< 10 � 20 Å). Since galaxies with EW[OIII]+H� >

1000 Å are found to be very e�cient in producing hydrogen ionizing photons and
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hence likely Ly↵ photons (T19), the Ly↵ EW distribution result suggests that Ly↵

in many of these galaxies is absorbed within the ISM and CGM.

(3) We characterize the Ly↵ velocity o↵sets for our extreme [O III] emitters. As a

larger �vLy↵ will minimize the attenuation of Ly↵ photons by the neutral IGM, one

would expect to see a shift toward larger velocity o↵sets in Ly↵ emitters at z > 7.

However, for the z = 2.2 � 3.7 systems with similar [O III]+H� EWs and MUV as

the z > 7 galaxies in RB16, their Ly↵ velocity o↵sets are consistent those measured

in RB16 galaxies (Stark et al., 2017). This result suggests no clear evidence for a

shift in the velocity o↵set distribution.

(4) Using the Ly↵ visibility measured for z = 2.2 � 3.7 extreme [O III] emitters,

we discuss the implications for the Ly↵ visibility of z > 7 galaxies. Our results

show xLy↵ = 0.50 for the most extreme [O III] emitters with luminous MUV and

blue UV slopes at z = 2.2 � 3.7, which is very similar to the Ly↵ emitter fraction

of z > 7 RB16 galaxies at fixed EW[OIII]+H�, MUV, and UV slope (Stark et al.,

2017). Although most of other galaxies at z > 7 show a strong downturn in the

Ly↵ visibility as expected from the growing neutrality of the IGM, our data set does

not show clear evidence of such a downturn for the most extreme [O III] emitters

(EW[OIII]+H� > 900 Å). This suggests that the anomalous Ly↵ detection rate in

RB16 sample may be due to both the properties internal to galaxies and a highly

ionized IGM.

(5) The measurement of Ly↵ EW allows us to probe the escape of ionizing pho-

tons along the line of sight. We discuss the implications for LyC leakage in extreme

[O III] emitters. The increasing fraction of strong Ly↵ emitter with [O III]+H� EW

indicates that the most extreme [O III] emitters (EW[OIII]+H� > 900 Å), of which the

ISM conditions are likely optimized for LyC leakage, tend to have the strong Ly↵

emission that is required for leaking LyC. Overall the results continue supporting the

picture that the most extreme optical line emitting galaxies, which the population

becomes more common at z > 7, are very e↵ective ionizing agents. Future observa-

tions with higher spectral resolution will help to characterize the Ly↵ emission line

profile and provide more direct constraints on LyC leakage.
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CHAPTER 5

Near-Infrared Spectroscopy of z = 1.3 � 3.7 Extreme [O III] Emitters: Insight into

the most Extreme Star-Forming Sources†

Galaxies with the largest equivalent width (EW) rest-frame optical emission line

([O III] �5007 EW > 800 Å) are suggested to be the most e↵ective ionizing agents,

with both e�cient in producing and likely leaking ionizing photons to the inter-

galactic medium. As the most extreme [O III] line emitting galaxies become more

common at z > 7, this population is crucial in studying galaxies in the reionization-

era. In this work, we present the investigation of the physical nature of 30 the most

extreme [O III] emitters at z = 1.3 � 3.7 from our near-infrared (rest-frame optical)

spectroscopic survey. The very large optical line EWs ([O III] �5007 EW > 800 Å)

in these systems imply they are undergoing a rapid upturn in star formation rate.

Using stellar population synthesis models assuming a burst component on top of

older populations, we demonstrate that the most extreme [O III] emitters have older

stellar populations that become visible when rest-frame near-infrared photometry is

available. This result impacts the study of assembly history of galaxies at z > 7. We

also characterize the dynamical mass using the line width from our spectra, which

is much greater (24⇥) than the stellar mass inferred from single component young

stellar populations. We suggest that this reflects either a significant older stellar

population that is invisible in the rest-frame UV and optical, or an extremely large

gas fraction. Finally, we present the nebular gas properties of the most extreme

[O III] emitters using [O III]/[O II] ratios and results from photoionization modeling.

The most extreme [O III] emitters are suggested to be more metal-poor (Z ' 0.1 Z�)

systems with larger ionization parameters comparing to other galaxies with lower

optical line EWs at z ⇠ 2.

†This is a work in preparation.
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5.1 Introduction

Deep multi-wavelength imaging surveys conducted with the Hubble Space Telescope

(HST) in the past decade have revealed thousands of Lyman break galaxies at z > 6

(e.g. McLure et al., 2013; Bouwens et al., 2015b; Finkelstein et al., 2015; Oesch et al.,

2018; Bouwens et al., 2019). These galaxies are found to be low mass systems with

blue ultraviolet continuum slopes and large specific star formation rates (sSFRs),

likely to be sources responsible for the reionization of intergalactic hydrogen (see

Stark 2016 for a review). Currently, progress on understanding the nature of z > 6

galaxies has been made with broadband imaging. The Spitzer/IRAC photometry

of galaxies at z & 6.5 indicates strong rest-frame optical emission lines relative

to the underlying continuum as expected for large sSFR galaxies. Derived from

IRAC [3.6] � [4.5] colors, galaxies at z ⇠ 7 � 8 are found to show large [O III]+H�

equivalent widths (EWs), with an average value of 670 Å (Labbé et al., 2013; De

Barros et al., 2019) which is ⇠ 5⇥ larger than that of typical z ⇠ 2 � 3 galaxies

(e.g. Reddy et al., 2018). More intense optical line emission with [O III]+H� EW

> 1000 � 2000 Å have been found in individual z > 7 galaxies (Smit et al., 2014,

2015; Roberts-Borsani et al., 2016), implying these systems are dominated by very

young stellar populations (⇠ 10 Myr), as expected for galaxies undergoing intense

bursts of star formation. However, details about the stellar populations and gas

conditions of reionization-era galaxies remains largely unclear, as these require deep

spectroscopic investigations which are di�cult at z > 6.

Prior to the launch of the James Webb Space Telescope (JWST), progress can be

made by studying galaxies with similar rest-frame optical emission line properties

at lower redshift (i.e., reionization-era analogs). Motivated by this, we have con-

ducted a large near-infrared (NIR) spectroscopic survey targeting extreme [O III]

line emitting galaxies at z ' 2, where the rest-frame optical emission lines are vis-

ible from ground and can be studied in greater detail (Tang et al. 2019; hereafter

T19). The targets are selected to have [O III] �5007 EW = 300 � 3000 Å, which

spans the full range of the EWs seen at z > 6, including the EWs of the general
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population at z ⇠ 7 � 8 ([O III]+H� EW ' 670 Å, or equivalently [O III] �5007

EW ' 450 Å) and more extreme values with [O III]+H� EW > 2000 Å. In T19, we

present the first results from this survey, constraining the radiation field of extreme

[O III] emitters by quantifying the hydrogen ionizing photon production e�ciency

(⇠ion) and the interstellar medium (ISM) conditions using [O III]/[O II] (O32) ratios.

We find that the most extreme [O III] emitters, with the largest [O III] �5007 EW

(> 800 Å) in our sample, are more e�cient in producing ionizing photons than those

with [O III] �5007 EW ' 450 Å (i.e., similar to the general population at z ⇠ 7�8).

These systems also show very large O32 (& 10) which often associates with Lyman

continuum (LyC) leakage (e.g. Izotov et al., 2018). Thus, the most extreme [O III]

emitters are characterized as the most e↵ective ionizing agents as expected for sys-

tems with intense radiation fields powered by very young (⇠ 10 Myr), massive stellar

populations. Although this population is rare at z ⇠ 2, it becomes more common

at z > 7 (Smit et al., 2014, 2015). Therefore, the most extreme [O III] emitters are

a crucial population for reionization studies.

While the results in T19 provide constraints on the radiation field and ionized gas

conditions for the most extreme [O III] emitters, there still remains some unknowns

about their stellar populations and nebular gas properties. First, although the stellar

population synthesis models suggest that the observed spectral energy distributions

(SEDs) of the most extreme [O III] emitters are dominated by very young stellar

populations (⇠ 10 Myr; T19), it is not clear whether there are underlying faint, older

(> a few hundred of Myr) stars formed in early activities in these systems. Recent

studies of the star formation history of z > 9 galaxies show evidence of old stellar

populations (⇠ 200 � 300 Myr) revealed by the Balmer break (Hashimoto et al.,

2018). However, identifying older stellar population via the Balmer break in the

most extreme [O III] emitters is more di�cult, as the starlight from the dominant

very young populations could easily outshine the light from faint, older stars in

both rest-frame UV and optical. Since the most extreme [O III] emitters become

more common at z > 7, failure to consider the potentially hidden older stellar

populations may lead to large uncertainties in understanding the assembly history
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of early galaxies. Second, the physical properties of the ISM deriving the observed

emission line EWs and line ratios remain unclear. The ISM reprocesses the radiation

field produced from massive stars, and power the nebular emission lines. Thus, the

nebular gas properties (e.g., ionization parameter, gas-phase metallicity) play an

important role in regulating the observed nebular spectral feature, and improved

knowledge of gas properties is required to interpret the spectra of the most extreme

[O III] emitters.

Motivated by the shortcomings described above, we present a more detailed

investigation of the stellar population and the ISM properties of the most extreme

[O III] emitters ([O III] �5007 EW > 800 Å) in our z ' 2 spectroscopic sample.

We obtained rest-frame optical spectra of 30 the most extreme [O III] emitters

at z = 1.3 � 3.7 from the survey described in T19. We have two goals in this

paper. First, we aim to constrain the older stellar populations which are invisible

in the rest-frame UV and optical in the most extreme [O III] emitters. We will take

advantage of the rest-frame near-infrared photometry (shifted to Spitzer/IRAC [3.6]

and [4.5] filters) in which the old stellar population (> a few hundred of Myr) is likely

visible, and fit the SEDs using two-component (a burst component on top of older

populations) stellar population models. We also compute the dynamical mass of the

most extreme [O III] emitters using the emission line width measured from spectra.

By comparing dynamical mass to stellar mass inferred from single burst component,

we will put constraints on the potential hidden stellar mass and the gas fraction.

Second, we aim to characterize the nebular gas properties (ionization parameter,

metallicity) for the most extreme [O III] emitters. We will first use emission line

ratio (O32) as empirical proxy, and then the constraints derived by modeling the

observed nebular line spectra.

The organization of this paper is as follows. We describe the most extreme [O III]

emitter sample and the rest-frame optical spectra in Section 5.2. We introduce the

photoionization and stellar population synthesis modeling procedure in Section 5.3.

We investigate the physical properties of the most extreme [O III] emitters in Section

5.4, and summarize our results in Section 5.5. We adopt a ⇤-dominated, flat universe
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with ⌦⇤ = 0.7, ⌦M = 0.3, and H0 = 70 km s�1 Mpc�1. All magnitudes in this paper

are quoted in the AB system (Oke and Gunn, 1983), and all equivalent widths are

quoted in the rest-frame.

5.2 Observations and Analysis

The data set is taken from our near-infrared (rest-frame optical) spectroscopic survey

of z ' 1 � 3 galaxies with extremely large equivalent width (EW) optical emission

lines. This survey is an ongoing program started from the 2015B semester, utilizing

the spectrographs on MMT and Keck. In T19, we have presented the details of

the survey strategy, and the spectra of extreme emission line galaxies (EELGs) at

z = 1.3 � 2.4 obtained until the 2018A semester. We then added new spectra

taken over observing runs between the 2018B and 2019B semesters, and extended

the spectroscopic observations to EELGs at z = 3.1 � 3.7. Below we first briefly

summarize the data set in T19 (Section 5.2.1), then describe the sample selection

of z = 3.1� 3.7 sources (Section 5.2.2), the most recent observations (Section 5.2.3)

and data analysis (Section 5.2.4) of EELGs at z = 1.3 � 3.7. Ultimately, we aim

to build a statistical sample of EW[OIII]�5007 > 800 Å galaxies at z = 1.3 � 3.7 with

ground-based near-infrared (NIR) spectra.

5.2.1 Spectroscopy between 2015B and 2018A

We have been conducting a large survey targeting strong rest-frame optical emission

lines ([O II], H�, [O III], H↵) in extreme [O III] line emitting galaxies at z = 1.3�2.4

since 2015B. We direct the reader to T19 for the full description of the sample

selection and the follow-up NIR spectroscopic observations between the 2015B and

2018A semesters. The extreme [O III] emitters are selected in the five CANDELS

fields (Grogin et al., 2011; Koekemoer et al., 2011), using the 3D-HST (Brammer

et al., 2012; Skelton et al., 2014; Momcheva et al., 2016) catalogs. The candidates are

required to have large rest-frame [O III] ��4959, 5007 EWs = 300�3000 Å, which are

chosen to match the EWs expected to be common in galaxies in the reionization-era
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(e.g. Stark, 2016). We obtain the NIR (rest-frame optical) spectra using the MMIRS

(McLeod et al., 2012) on the MMT and the MOSFIRE (McLean et al., 2012) on

the Keck I telescope. The spectra were reduced using the data reduction pipelines

developed by the instrument teams. We extracted the one-dimensional (1D) spectra

from the reduced two-dimensional (2D) spectra, corrected for slit losses following the

similar procedures in Kriek et al. (2015), and performed the absolute flux calibration

using the spectra of slit stars. In this work, we focus on the most extreme [O III] line

emitting systems with EW[OIII]�5007 > 800 Å. We presented analysis of NIR spectra

of 227 extreme [O III] emitters at z = 1.3 � 2.4 in T19, 21 of them are the most

intense [O III] line emitters with EW[OIII]�5007 = 800 � 2500 Å. Ten of these twenty-

one objects have S/N > 3 detections for [O II], H�, [O III], and H↵, allowing us to

compute the dust corrected [O III]/[O II] ratios and constrain the oxygen abundance

and the ionization state of the nebular gas.

5.2.2 Pre-Selection of Extreme Emission Line Galaxies at z = 3.1 � 3.7

In T19, we focus on EELGs at z = 1.3 � 2.4 where [O II], H�, [O III], and H↵

emission lines are visible with ground-based NIR spectrographs. We then extend

this study to extreme [O III] emitters at z = 3.1 � 3.7, where we can obtain [O II],

H�, and [O III] emission lines in NIR spectra. Here we seek to identify a robust

sample of z = 3.1 � 3.7 EELGs in the CANDELS fields for spectroscopic follow-up.

In order to select extreme [O III] emitters at z = 3.1 � 3.7, we utilize the well-

established color selection criteria to identify the presence of strong [O III]+H�

emission lines (van der Wel et al., 2011; Maseda et al., 2014). We first select targets

with photometric redshifts 3.1 < z < 3.7 using the Skelton et al. (2014) catalogs. In

this redshift range, galaxies with large EW [O III]+H� emission show that K-band

flux is significantly larger than that in H-band and Spitzer/IRAC 3.6 µm band.

Thus, we identify sources in the Skelton et al. (2014) catalogs with H160 � K >

0.4 + �(H160 � K) and K � [3.6] < �0.4 � �(K � [3.6]), where � is the color

uncertainty. The K-band flux excess selection criteria correspond to a selection

of galaxies with [O III]+H� EW & 350 Å at z = 3.1 � 3.7 ([O III] EW & 300 Å
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assuming the typical [O III] �5007/H� ratio of 6 for EELGs; T19). This is consistent

with the selection of extreme [O III] emitters at z = 1.3 � 2.4. We also require that

the detections in H160, K, and IRAC [3.6] with S/N > 5. To identify robust [3.6]

detections and hence robust K � [3.6] colors, we limit our selection to sources with

IRAC1 contam < 0.5 (defined as the ratio of contaminating flux from neighbors to

the objects flux in [3.6]) in the Skelton et al. (2014) catalogs. The selection criteria

described above provides 130 EELG candidates at z = 3.1 � 3.7.

Finally, we remove galaxies that likely host AGNs, as we aim to study the spectral

properties in galaxies dominated by star formation. We perform the same procedures

in T19. Using the deep Chandra (Civano et al., 2016; Nandra et al., 2015; Xue

et al., 2011, 2016) and XMM X-ray imaging (Ueda et al., 2008), we search the X-ray

counterparts of the targets within 1.0 arcsec radius. Five sources in the z = 3.1�3.7

sample are found to have X-ray counterparts within 1.0 arcsec and are removed,

leaving 125 EELG candidates at z = 3.1 � 3.7 in the parent sample.

5.2.3 Spectroscopy between 2018B and 2019B

We now introduce the new NIR spectra obtained over the observing runs between

the 2018B and 2019B semesters in addition to T19. We use the catalogs of extreme

[O III] emitters at z = 1.3�2.4 (T19) and at z = 3.1�3.7 (Section 5.2.2) as input for

the spectroscopic observations, following the same strategy described in T19. The

data were taken by using MMT/MMIRS and Keck/MOSFIRE over three observing

runs, and the details of the new observations are summarized in Table 5.1.

The majority of the new spectra were obtained using MMT/MMIRS in the 2018B

and 2019B semesters. We have collected 24 hours of on-source integration, targeting

31 galaxies (24 at z = 1.3 � 2.4 and 7 at z = 3.1 � 3.7) in the UDS field on three

separate masks, with 22 galaxies observed on two masks. Spectra were taken with

the J grism + zJ filter, H3000 grism + H filter, and K3000 grism + Kspec filter.

We used the multi-object spectroscopy mode, with a slit width of 1 arcsec for science

targets. The 1 arcsec slit width results in resolving power of R = 960, 1200, and

1200 for J + zJ , H3000 + H, and K3000 + Kspec sets. The average seeing during
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observations was between 0.8 and 1.5 arcsec. We reduced the MMIRS spectra using

the pipeline1 described in Chilingarian et al. (2015). The 1D spectra extraction and

flux calibration were performed following the methods described in T19.

We also obtained spectra using Keck/MOSFIRE in the 2019A semester. We

have targeted 15 extreme [O III] emitters at z = 1.3 � 2.4 in the GOODS-N field

on one mask, with an on-source integration time of 5.33 hours. Spectra were taken

in the J band, and we used a slit width of 0.7 arcsec resulting in a resolution of

R = 3318. This resolution allows us to resolve the strong [O III] �5007 emission lines

in the wavelength direction and measure the resolved line width (Section 5.2.4). The

average seeing during the observation was 1.0 arcsec. We reduced the MOSFIRE

spectra using the MOSFIRE Data Reduction Pipeline2 (DRP), and performed the

1D spectra extraction as well as flux calibration.

1
https://bitbucket.org/chilsai/mmirs-pipeline

2
https://www2.keck.hawaii.edu/inst/mosfire/drp.html

https://bitbucket.org/chilsai/mmirs-pipeline
https://www2.keck.hawaii.edu/inst/mosfire/drp.html
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5.2.4 Emission Line Measurements

The emission line measurements of galaxies in the new data set were performed

using the same procedures described in T19. We have confirmed redshifts of 42

extreme [O III] emitters (36 at z = 1.3 � 2.4 and 6 at z = 3.1 � 3.7) from the

observations between 2018B and 2019B. In the remaining 4 objects for which we

fail to measure redshifts, the spectra are either very low S/N or the emission lines

are contaminated by sky line residuals. The emission line fluxes were measured by

fitting Gaussian profiles to the lines in the 1D spectra. We also fitted the broadband

photometry and the available strong rest-frame optical emission line fluxes ([O II],

H�, [O III], and H↵) with photoionization models described in Section 5.3. Using

the line fluxes measured from the MMT and Keck spectra as well as the underlying

continuum inferred from the best-fitting spectral energy distributions (SEDs), we

re-calculate the EWs of [O II], H�, [O III], and H↵ emission lines. Our goal is to

investigate the physical properties of the most extreme [O III] line emitting systems

(EW[OIII]�5007 > 800 Å) in our spectroscopic sample. We have obtained rest-frame

optical spectra of 9 galaxies with EW[OIII]�5007 > 800 Å from the 2018B � 2019B

observations, and 8 of them have complete spectra coverage (with S/N > 3 detections

for [O II], H�, [O III], and H↵ at z = 1.3�2.4, and [O II], H�, [O III] at z = 3.1�3.7).

Taken together with the data set presented in T19, the spectroscopic sample of the

most extreme [O III] emitters at z = 1.3 � 3.7 contains 30 sources, with 18 of them

with the full suite of strong rest-frame optical emission line detections (Table 5.2).

We estimate the nebular gas extinction E(B � V ) by comparing the observed

H↵/H� ratio (Balmer decrement) to the intrinsic value 2.86 (Osterbrock and Fer-

land, 2006) and assuming the Cardelli et al. (1989) extinction curve. For sources

at z = 3.1 � 3.7, H↵/H� measurement is not available since the H↵ emission line

is not visible with ground-based spectrographs. We thus assume the extinction de-

rived from the Calzetti et al. (2000) law (Section 5.3) is the same as the nebular gas

extinction derived from Balmer decrement and the Cardelli et al. (1989) law. The

analysis of the dust attenuation of extreme [O III] emitters from T19 suggests that
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both extinctions are consistent with a small scatter of ⇠ 0.1 dex (see also Du et al.

2020). The derived nebular gas extinction is used to correct the dust attenuation in

emission line ratios such as [O III]/[O II].

Finally, we derive the velocity dispersion of the most extreme [O III] emitters in

our spectroscopic sample, which can be used to estimate the dynamical mass. We

use the intrinsic line width of [O III] �5007 emission line (the most luminous rest-

frame optical emission line with the highest S/N) to compute the velocity dispersion.

The intrinsic line width measurement requires a high enough spectral resolution to

deconvolve it from the observed line width. Given the typical velocity dispersion

(� ⇠ 50 km/s) of EELGs at z ⇠ 1� 2 (Maseda et al., 2014), we require the spectral

resolution to be R > 2500. This can only be done with the MOSFIRE spectra

in our sample. In our subset with MOSFIRE spectra, there is one galaxy with

EW[OIII]�5007 > 800 Å, GOODS-N-18360 (EW[OIII]�5007 = 803 ± 39 Å), and its H�

and [O III] emission lines are detected in the MOSFIRE spectrum (top panel of

Figure 5.1). Here we focus on measuring the velocity o↵set of this source. The

observed line width of GOODS-N-18360 is derived by fitting a Gaussian function

to the [O III] �5007 emission line in the 1D spectrum (bottom panel of Figure 5.1).

After subtracting the spectral resolution (R = 3318) in quadrature, we compute

the velocity dispersion from the intrinsic line width is � = 38 ± 3 km/s. We will

discuss the velocity dispersion and dynamical mass estimation of GOODS-N-18360

in Section 5.4.2.
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5.3 Photoionization Modeling

We model the broadband photometry and available emission line fluxes ([O II], H�,

[O III], H↵) of galaxies in our 1.3 < z < 3.7 spectroscopic sample using the BEAGLE

tool (Chevallard and Charlot, 2016). Details of photoionization modeling procedures

are described in T19. To summarize, we consider a Chabrier (2003) initial mass

function (IMF), allow the metallicity to vary in the range �2.2  log (Z/Z�)  0.25

(assuming the interstellar metallicity to be the same as the stellar metallicity), the

ionization parameter US (which characterizes the ratio of ionizing-photon to gas

densities at the edge of the Strömgren sphere) to vary over �4.0  log US  �1.0,

and the dust-to-metal mass ratio ⇠d (which characterizes the depletion of metals

on to dust grains) to span over 0.1  ⇠d  0.5. The ionization parameters and

metallicities derived from the models will be discussed in Section 5.4.3. We consider

models with the carbon-to-oxygen abundance ratio C/O equal to the standard value

in nearby galaxies (C/O)� ⇡ 0.44.

In T19, we assume a single constant star formation history (SFH) for model

galaxies in BEAGLE, and fit the SEDs of our z ' 2 extreme emission line galax-

ies with wavelength covering 0.3 � 2.5 µm (i.e., from rest-frame UV to rest-frame

optical). In this work, we consider more complicated star formation histories. We

build a two component stellar population model, with a burst component on top of

an underlying stellar population. We assume constant SFH for both components,

fix the age of the burst component to 3 Myr, and allow the age of the underlying

“older” component to freely vary from 3 Myr to the age of the Universe at the given

redshift. The star formation rate (SFR) of the current burst population is allowed

to vary over the range �4.0  log (SFR/M�yr�1)  4.0. We also extend the SED

fitting wavelength coverage to 0.3 � 5.0 µm (i.e., from rest-frame UV to rest-frame

near-infrared). We obtain the mid-infrared (⇠ 3.0�5.0 µm, rest-frame near-infrared

at z ' 2) fluxes of our extreme emission line galaxies from the Spitzer/IRAC 3.6 µm

and 4.5 µm fluxes in Skelton et al. (2014) catalogs. To ensure robust IRAC flux

measurements, we require S/N > 5 for IRAC flux detections, and the ratio of con-
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Figure 5.1: Keck/MOSFIRE spectrum of GOODS-N-18360. Top panel: The spec-
trum showing H�, [O III] �4959, and [O III] �5007 emission lines of GOODS-N-18360
(wavelength is shifted to the rest-frame). Bottom panel: [O III] �5007 emission line
in velocity space.



174

taminating flux from neighboring objects to the object flux to be < 0.5. Finally, we

model the broadband SEDs and available emission line fluxes by assuming both the

single component and two-component stellar populations.

In the following section, we will discuss the stellar mass and star formation

history of the most extreme [O III] emitters in our sample. Here we first present

some basic photometric properties of these systems. Using the single component,

constant star formation history stellar population synthesis models in BEAGLE, we

demonstrate in T19 that the most extreme [O III] emitters (EW[OIII]�5007 > 800 Å)

show lower stellar masses (107 � 108
M�), much younger stellar ages (' 10 Myr),

and larger sSFRs (' 100 Gyr�1) than EELGs with EW[OIII]�5007 ' 450 Å (similar to

the average EW of the general population at z ⇠ 7 � 8) and typical z ⇠ 2 galaxies.

This is consistent with the picture that the largest EW optical line emitting galaxies

undergoes rapid upturns in star formation rate. The population synthesis modeling

results of the newly obtained EW[OIII]�5007 > 800 Å galaxies (Section 5.2.3) support

this picture. For the total 30 the most extreme [O III] emitters in our sample,

we derive very young stellar ages (median of 9 Myr) and large sSFRs (median of

111 Gyr�1) with single component stellar population models, while galaxies with

EW[OIII]�5007 ' 450 Å show ages of ' 50 � 200 Myr. We note that these young

ages refer to massive stellar populations dominating the observed rest-frame UV

and optical SEDs and we do not negate the presence of underlying older stars (see

Section 5.4.1). But the very young ages and large sSFRs derived for the most

extreme [O III] emitters do reflect that they are undergoing intense bursts of star

formation powering the prominent optical line emission.

5.4 Physical Properties of the most Extreme [O III] Emitters

We have presented the rest-frame optical spectra of the most extreme [O III] line

emitting systems (EW[OIII]�5007 > 800 Å) in our z = 1.3�3.7 sample. These systems

show very di↵erent spectral properties comparing to the EELGs with similar [O III]

EWs as the average value of z ⇠ 7�8 galaxies (' 450 Å) and more massive, typical
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z ⇠ 2 galaxies (T19). In this section, we investigate the physical nature of the most

extreme [O III] emitters at z = 1.3 � 3.7. We first focus on stellar masses and star

formation histories (Section 5.4.1), as well as dynamical masses (Section 5.4.2), then

we characterize the physical properties of nebular gas (Section 5.4.3).

5.4.1 Stellar Mass and Past Star Formation History

In T19 and Section 5.3, we have shown that the most extreme [O III] emitters

(EW[OIII]�5007 > 800 Å) have the lowest stellar masses and the youngest stellar ages

(. 10 My) comparing to other z ⇠ 2 galaxies with lower EWs, under the assumed

single component models with constant star formation history. If there exists faint,

older stars from earlier activity, the stellar mass inferred from single component

models will be underestimated. It could be more di�cult to constrain the hidden

stellar mass for the most intense [O III] emitting galaxies with very young ages, as

the starlight from old stars is easily to be outshined by hot massive stars at both

rest-frame UV and optical wavelengths. Since galaxies with very large rest-frame

optical line EWs are more common at z & 7 (e.g. Smit et al., 2015; Roberts-Borsani

et al., 2016), this will introduce large uncertainties in measuring the stellar mass and

determining the assembly history of reionization-era systems. Here we investigate

the potential hidden stellar mass from old populations for the most extreme [O III]

emitters in our spectroscopic sample.

To determine the contribution from old stars to the stellar mass, we fit the

photometry of filters from rest-frame UV to rest-frame near-infrared. Although

the rest-frame UV and optical SEDs of EW[OIII]�5007 > 800 Å galaxies are mainly

dominated by young stars, older stars with main-sequence lifetime larger than a few

hundred Myr play a more important role in powering the rest-frame near-infrared.

At z ' 2, the rest-frame near-infrared wavelengths are shifted to mid-infrared, which

the flux can be measured via Spitzer/IRAC. As mentioned in Section 5.3, we select a

subset of sources with clean IRAC flux measurements. Our current sample contains

3 EW[OIII]�5007 > 800 Å galaxies with clean IRAC flux measurements (AEGIS-04711,

AEGIS-15778, and UDS-12539). We then focus on fitting the SEDs of these 3 objects
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using both single component models and the two-component models, to see if the

models can reproduce the observed SEDs.

In Figure 5.2, we show the SED of the highest-EW [O III] emitter with clean

IRAC measurements, AEGIS-04711 (EW[OIII]�5007 = 1060 ± 25 Å), with the best-

fitting single component model (top panel) and two-component model (bbottom

panel). Using the single component stellar population synthesis models, the best-

fitting stellar mass and age of AEGIS-04711 are M? = 2.6+0.2
�0.5 ⇥ 108

M� and

tage = 8.7+1.2
�0.8 Myr. Although the single component model can reproduce the optical-

to-NIR (rest-frame UV-to-optical) SED of AEGIS-04711, the IRAC fluxes are un-

derestimated by a factor of ⇠ 2 (top panel of Figure 5.2). On the other hand,

the full SED including IRAC fluxes can be reproduced by using the two-component

models (bottom panel of Figure 5.2). By including an old stellar population (⇡ 1

Gyr assuming constant star formation history), the derived stellar mass of AEGIS-

04711 is M? = 8.3+12.1
�2.5 ⇥108

M�, which is ⇠ 3⇥ larger than that derived from single

component models. For the other two galaxies with EW[OIII]�5007 > 800 Å with clean

IRAC measurements, AEGIS-15778 (EW[OIII]�5007 = 1001 ± 42 Å) and UDS-12539

(EW[OIII]�5007 = 882 ± 33 Å), we also find the similar trend. While the optical-to-

NIR SEDs of AEGIS-15778 and UDS-12539 can be reproduced by single component

models with stellar ages of 10 Myr and stellar masses of 3�5⇥108
M�, their IRAC

fluxes are underestimated by a factor of ⇠ 2 � 7. Using the two-component models,

their IRAC fluxes can be reproduced by including old stellar populations (' 3 Gyr),

and the stellar masses increase to 6⇥108
M� and 5⇥109

M� for AEGIS-15778 and

UDS-12539, respectively.

The results described above have implications for determining the stellar mass

and the assembly history of galaxies in the reionization-era. One of the fundamental

questions of reionization study is when the first galaxies begin to emerge. Evidence

of evolved stars in the early universe can be seen from Balmer breaks in z > 9

galaxies (e.g. Hashimoto et al., 2018; Roberts-Borsani et al., 2020), indicating ⇠
200�300 Myr old stellar populations formed ⇠ 250 Myr after the Big Bang. Stacked

SEDs of galaxies at z ⇠ 7 � 8 suggest that EELGs become commonplace in the
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reionization-era (e.g. Labbé et al., 2013; De Barros et al., 2019), and the population

of the most extreme [O III] emitters increases at z > 7 (e.g. Smit et al., 2015). It is

also important to consider the older stellar populations in the most extreme [O III]

emitters at z > 7, as the Balmer break from evolved stars can be outshined by

the intense nebular emission from very young stars (. 10 Myr). The SED fitting

of our z ⇠ 2 EELGs with EW[OIII]�5007 > 800 Å demonstrate that the rest-frame

NIR photometry provide useful constraints on the older stellar populations (> a few

hundred Myr) which are di�cult to be determined from rest-frame UV and optical

SEDs. Future observations on the rest-frame NIR fluxes of reionization-era systems,

which can be measured via JWST/MIRI, will help to determine the assembly history

of early galaxies.

5.4.2 Dynamical Mass

We next estimate the dynamical mass of the most extreme [O III] emitters in our

sample. In Section 5.4.1, we demonstrate that the rest-frame NIR photometry

provides evidence of faint, older stellar populations for the most extreme [O III]

emitters, revealing stellar mass contributed from earlier activity. In this case, we

would expect to see a much larger dynamical mass comparing to the stellar mass

(Mdyn/M? & 5�10; e.g., Maseda et al. 2013) derived from single component models,

indicating evolved stellar populations.

To compute the dynamical mass, we use the methods in Maseda et al. (2013),

which calculated the dynamical masses of a subset of z ⇠ 2 EELGs with [O III] �5007

EW > 500 Å. We use the velocity dispersion (�) derived from emission line width

and the half-light radius (re↵):

Mdyn = 3
re↵�

2

G
. (5.1)

Here we assume the emission line is broadened purely by gravitational motion in

a virialized system, and the half-light radius as the virial radius. As described

in Section 5.2.4, the emission line width and hence velocity dispersion can only

be measured from the high resolution (R = 3318) Keck/MOSFIRE spectra. In
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Figure 5.2: Broadband SED of the highest-EW [O III] emitter with clean IRAC
flux measurements, AEGIS-04711. Observed broadband photometry is shown as
solid black circles. The best-fitting SED models are plotted by solid blue lines, and
synthetic photometry is shown as open green squares. Strong rest-frame optical
emission lines, [O III] �5007 and H↵, are highlighted by dashed black lines. The
upper panel shows the best-fitting single component stellar population synthesis
model. The lower panel shows the best-fitting two-component (a burst on top of an
older stellar population) model.
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our spectroscopic sample, we have one galaxy with EW[OIII]�5007 > 800 Å with

MOSFIRE spectra, GOODS-N-18360 (EW[OIII]�5007 = 803±39 Å, � = 38±3 km/s).

We then focus on estimating the dynamical mass for this object. We use the half-

light radius re↵ = 1.0 kpc from Skelton et al. (2014) catalogs, which is measured

from HST/WFC3 F160W image. At the redshift of GOODS-N-18360, z = 1.6740,

the F160W filter does not contain the strong rest-frame optical emission lines (H�,

[O III], H↵) so that the size is mainly dominated by continuum light (e.g. Maseda

et al., 2014). Using Eq. (1), we compute the dynamical mass of GOODS-N-18360

is Mdyn = 1.0 ± 0.1 ⇥ 109
M�.

To compare with the dynamical mass, we fit the broadband photometry and

available emission line (H�, [O III]) fluxes of GOODS-N-18360 with BEAGLE to

derive the stellar mass. The IRAC fluxes of GOODS-N-18360 has low S/Ns (< 3),

so we do not include the IRAC fluxes in the fitting. Using the single component

models, we derive the stellar mass of GOODS-N-18360 is M? = 4.1 ± 0.9 ⇥ 107
M�.

Using the dynamical mass and the stellar mass derived from single component

models, we find a dynamical-to-stellar mass ratio of Mdyn/M? = 24 for GOODS-N-

18360. The comparison between dynamical and baryonic masses of typical z ⇠ 2

galaxies reveals a low dark matter fraction of 8% within the e↵ective radius. Thus,

the large dynamical mass and the low stellar mass of GOODS-N-18360 indicate

that only ⇠ 4% of the total baryonic mass is in stars if just considering the recently

formed young stars (⇠ 10 Myr). This dynamical-to-stellar mass ratio is about 8

times larger than the Mdyn/M? (= 3) of more massive z ⇠ 2 star forming galaxies in

MOSDEF (Price et al., 2020). We note that MOSDEF targeting older galaxies with

lower specific star formation rates (sSFRs ' 2 Gyr�1; e.g., Sanders et al. 2018) than

z ⇠ 2 EELGs (T19). Given the very young stellar age (10 Myr assuming constant

star formation history) of GOODS-N-18360, it is possible that the gas fraction is

much larger in extreme star bursting phase, leading to a larger Mdyn/M? ratio than

more typical z ⇠ 2 galaxies. Using the relationship between Mdyn/M? and specific

star formation rate (sSFR) in Price et al. (2016), we find Mdyn/M? ⇠ 10 extending

to the sSFR of GOODS-N-18360 (102 Gyr�1). However, this value is still a factor
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of two lower than the Mdyn/M? derived from single component models.

We then compare the dynamical-to-stellar mass ratio of GOODS-N-18360 to

those of z ⇠ 1 � 2 EELGs in Maseda et al. (2014), which present 22 EELGs with a

median [O III] �5007 EW = 630 Å. The median dynamical-to-stellar mass ratio of

EELGs in Maseda et al. (2014) is Mdyn/M? ⇠ 3.8 (see also Maseda et al. 2013), which

is ⇠ 1/6 of the value of GOODS-N-18360. In fact, the dynamical-to-stellar mass

ratio of GOODS-N-18360 is larger than almost all the EELGs in Maseda et al. (2014)

except one object with the youngest stellar age (7 Myr). These results show that

the most extreme [O III] emitter GOODS-N-18360 has a very large dynamical mass

comparing to its stellar mass (if purely from young massive stars) which is rarely

seen in both typical z ⇠ 2 galaxies and EELGs. Such an atypically large dynamical-

to-stellar mass ratio may indicate hidden stellar mass from older populations which

are invisible in the rest-frame UV and optical SEDs. An alternative interpretation

of the large dynamical-to-stellar mass ratio is the presence of an extremely large

gas fraction (⇠ 90%) in this system. Future observations on a statistical sample

of sources with evidence of older stars (e.g., from rest-frame NIR photometry) will

help to break this degeneracy, providing constraints on both uncovered stellar mass

and gas fraction with dynamical mass measurement.

Finally, there are several uncertainties which may a↵ect the dynamical mass es-

timation for galaxies in extreme optical line emitting phase. The emission line width

is used to derive the velocity dispersion and hence the dynamical mass, while the line

broadening may not be entirely driven by gravity. The observed line widths of very

young systems could also be caused by other factors, such as merging, or outflows

driven by stellar feedback. While more detailed kinematic properties of EELGs at

high redshift are di�cult to be constrained with current data set, they can be better

studied in future with JWST integral-field unit (IFU) spectrographs. With a longer

integration time using high resolution spectrographs such as Keck/MOSFIRE or the

future JWST/NIRSpec, we could also constrain the contribution of outflow gas to

line width by measuring the broad wing (e.g. Freeman et al., 2019). Taken together,

these will provide improved estimations for the dynamical masses of EELGs and
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hence constraints on the hidden stellar masses which are invisible at rest-frame UV

and optical wavelengths.

5.4.3 Nebular Gas Properties

We now characterize the physical properties of the nebular gas in the most extreme

[O III] emitters in our sample. The hard radiation fields produced by hot, massive

stars in these galaxies undergoing intense bursts of star formation (Chevallard et al.

2018; T19) are expected to power more extreme nebular spectral properties. Con-

straints on nebular emission line strength and line ratios hence provide important

clues to the ISM conditions of the most extreme optical line emitters.

The ionization-sensitive line ratio O32 (= [O III]/[O II]) is often used to charac-

terize the ionization state of the nebular gas. In T19, we have shown that the O32

ratio increases with [O III] EWs, implying extreme ISM ionization conditions in the

most intense optical line emitters. The O32 indices measured in our new spectro-

scopic sample (Section 5.2) are also consistent with this trend (left panel of Figure

5.3). The relationship between O32 and [O III] �5007 EW of our extreme [O III]

emitters can be described by a scaling law. We fit a linear relation between these

two quantities for our sources, within a [O III] �5007 EW range of 225 � 2500 Å.

The best-fitting relation is

log O32 = (1.15 ± 0.09) ⇥ log (EW[OIII]�5007) � (2.48 ± 0.24). (5.2)

We also derive the relationship between H� EW and O32. H� EW is less sensitive

to the gas conditions such as oxygen abundance than [O III] EW, which is commonly

used as an empirical proxy for luminosity-weighted age and sSFR. The H� EW

versus O32 relation will provide insight into how the ionization state of the ISM

evolves with sSFR. As shown by the right panel of Figure 5.3, we find that the O32

ratio also monotonically increases with H� EW, which can be fitted by the following

relation

log O32 = (1.33 ± 0.13) ⇥ log (EWH�) � (1.91 ± 0.25). (5.3)
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Figure 5.3: O32 as a function of [O III] �5007 EW (left panel) and H� EW (right
panel). Individual detections and lower limits of O32 of our z = 1.3 � 3.7 extreme
[O III] emitters are plotted by blue circles and cyan triangles. We also plot Green
Peas (open green circles; Cardamone et al. 2009) as reference. The best fitting O32
versus EW relationships and 1� confidence intervals are shown by dashed black lines
and grey regions. In the left panel, the yellow dotted line represents the average
[O III] �5007 EW of z ⇠ 7 � 8 galaxies (= 450 Å; Labbé et al. 2013), and the EWs
of the most extreme [O III] emitters (> 800 Å) are shown by the orange region. In
the right panel, the most extreme [O III] emitters are marked by open red circles.



183

The above relationships between optical line EWs and O32 ratios for z ⇠ 2

EELGs provide an empirical baseline for comparing with reionization-era systems.

Spectroscopic observations with JWST will build on the relation between optical

line EWs and O32 for galaxies at z > 6. This allows us to compare the O32 ratios

in galaxies at fixed optical line EWs from z ⇠ 2 to z > 6, revealing whether the

ISM ionization conditions evolve over cosmic time.

The very large O32 ratios (6 � 20) in the most extreme [O III] emitters in our

sample suggest extreme ionization states in the ISM. By modeling the observed

emission line ratios with BEAGLE (Section 5.3), we further explore the ISM con-

ditions in the most extreme [O III] emitters. The ionization parameter is com-

monly used to quantify the ionization state of the ISM. In Figure 5.4, we show

the correlation between the ionization parameter log U and the [O III] �5007 EW

(left panel) and H� EW (right panel). The median ionization parameter of our

EELGs with [O III] �5007 EWs similar to the average value of z ⇠ 7 � 8 galaxies

(EW[OIII]�5007 = 300�600 Å) is log U = �2.3. On the other hand, the most extreme

[O III] emitters (EW[OIII]�5007 > 800 Å) in our spectroscopic sample are character-

ized by the much larger ionization parameters, with a median value of log U = �1.8.

This result provides continued support the picture that the most extreme optical

line emitting galaxies present highly ionized ISM, reflecting intense radiation fields

reprocessed by nebular gas.

The O32 index also provides insight into the gas-phase metallicity of the most

extreme [O III] emitters. Attention has been focusing on using O32 as a proxy of

gas-phase metallicity for both local and high redshift galaxies (e.g. Maiolino et al.,

2008; Jones et al., 2015; Bian et al., 2018; Sanders et al., 2020), that more metal-

poor galaxies tend to show larger O32. As expected for galaxies dominated by

very young stellar populations, the most extreme [O III] emitters are likely to have

moderately metal-poor gas. Given the O32 � 12 + log [O/H] relation (e.g. Bian

et al., 2018; Sanders et al., 2020), the most extreme optical line emitters tend to

be more metal-poor than galaxies with lower optical line EWs as these systems

present the largest O32 values. Photoionization models suggest a similar picture,
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Figure 5.4: Left panel: ionization parameter derived from BEAGLE as a function of
[O III] �5007 EW. The yellow dotted line represents the average [O III] �5007 EW of
z ⇠ 7 � 8 galaxies (= 450 Å; Labbé et al. 2013), and the EWs of the most extreme
[O III] emitters (> 800 Å) are shown by the orange region. Right panel: ionization
parameter as a function of H� EW. The most extreme [O III] emitters are marked
by open red circles.

that the most extreme optical line emitters have on average the lowest metallicities.

In the left panel of Figure 5.5, we show the metallicities inferred from models as

a function of [O III] �5007 EW for our EELGs. The median metallicity decreases

from Z = 0.20 Z� to Z = 0.13 Z� from galaxies with EW[OIII]�5007 = 300 � 600 Å

to EW[OIII]�5007 > 800 Å systems. A tighter correlation has been found between

metallicity and H� EW (right panel of Figure 5.5), as the strength of H� is less

sensitive to oxygen abundance. The metallicity reaches to the lowest value (Z <

0.2 Z� with a median of Z = 0.1 Z�) in the most extreme line emitters with H� EW

> 150 Å. These results suggest that the most extreme optical line emitting systems

have low gas-phase metallicity (Z ' 0.1 Z� or equivalently 12 + log [O/H] ' 7.8).

As oxygen served as an e�cient cooling pathway, this moderately low gas-phase

metallicity increases the gas temperature and strengthen collisional excited [O III]

emission lines. Recent studies also suggest supersolar oxygen-to-iron ratio in high

redshift galaxies (e.g. Steidel et al., 2016; Sanders et al., 2020), that the stellar

metallicity is even lower than the gas-phase metallicity in z ⇠ 2 star forming galaxies.
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Figure 5.5: Left panel: metallicity derived from BEAGLE as a function of
[O III] �5007 EW. The yellow dotted line represents the average [O III] �5007 EW of
z ⇠ 7 � 8 galaxies (= 450 Å; Labbé et al. 2013), and the EWs of the most extreme
[O III] emitters (> 800 Å) are shown by the orange region. Right panel: metallicity
as a function of H� EW. The most extreme [O III] emitters are marked by open red
circles.

If this is the case, we would expect to see even more metal-poor stars in the most

extreme optical line emitters, which produce very hard radiation field powering

intense nebular emission lines.

The observed nebular emission lines and photoionization modeling put a coherent

picture on the nebular gas properties of the most extreme [O III] emitters in our

sample. Galaxies that are undergoing rapidly rising star formation histories have

very large ionization parameters, implying a highly ionized ISM in these systems.

Their nebular gas are characterized by low metallicities of Z ' 0.1 Z�. Future deep

spectroscopic observations with JWST or ELT targeting on temperature-sensitive

auroral emission lines (e.g., [O III] �4363) will provide direct measurement for the

gas-phase metallicities of these extreme systems.
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5.5 Summary

Galaxies with largest EW optical line emission ([O III] �5007 EW > 800 Å) are sug-

gested to be the most e↵ective ionizing agents, as expected for systems with intense

radiation fields that are dominated by very young (' 10 Myr) stellar populations

(T19). Although this population is rare at z ⇠ 2, these systems become more com-

mon at z > 7 (Smit et al., 2014, 2015; Roberts-Borsani et al., 2016). In this work,

we present the ongoing near-infrared spectroscopic survey of extreme [O III] emitters

at z = 1.3 � 3.7 following our initial result (T19). Combined with the data set in

T19, we obtained rest-frame optical spectra of 30 the most extreme [O III] emitters

with [O III] �5007 EW > 800 Å. We investigate the physical properties of these sys-

tems using constraints obtained from broadband photometry and rest-frame optical

nebular spectra. We summarize our findings below:

(1) Using two-component stellar population synthesis models, we find that the

most extreme [O III] emitters have older stellar populations that become visible

when rest-frame NIR photometry is available. By fitting SEDs including rest-frame

NIR photometry with two-component models, the stellar masses of the most ex-

treme [O III] emitters increase by & 2 comparing to the result derived from single

component models. Although the rest-frame UV and optical SEDs of the most ex-

treme [O III] emitters are outshined by young stellar populations, the rest-frame NIR

photometry provides a way to constrain the stellar mass from older stars. As the

most extreme [O III] emitters become more common at z > 7, it is important to con-

sider the potential hidden older stellar populations when determining the assembly

history of reionization-era galaxies.

(2) We present the dynamical mass of one of the most extreme [O III] emit-

ters, GOODS-N-18360, of which the spectral resolution is high enough to resolve

the [O III] �5007 emission line and measure the velocity dispersion from resolved

line width. We find the dynamical mass of GOODS-N-18360 is 24⇥ larger than

the stellar mass inferred from single component stellar population models. The

dynamical-to-stellar mass ratio is more than 2⇥ larger than those of the typical
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z ⇠ 2 galaxies in MOSDEF and the z ⇠ 2 EELGs with young ages (⇠ 10 Myr).

This atypically large dynamical-to-stellar mass ratio may reflect either a significant

older stellar population that is invisible in the rest-frame UV and optical, or an

extremely large gas fraction (⇠ 90%) in this system.

(3) We characterize the nebular gas properties of the most extreme [O III] emit-

ters in our sample. The large O32 values (= 6 � 20) of the most extreme [O III]

emitters suggest that these systems have highly ionized ISM and more metal-poor

nebular gas comparing to both the typical z ⇠ 2 galaxies and the z ⇠ 2 EELGs with

[O III] EW similar to the general population at z ⇠ 7 � 8. Photoionization model-

ing of the rest-frame optical spectra of the most extreme [O III] emitters indicates

larger ionization parameters (log U = �1.8) and lower metallicities (Z = 0.1 Z�)

than galaxies with lower optical line EWs.
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CHAPTER 6

Conclusion and Future Prospects

In this chapter, I summarize my thesis work and in Section 6.1, and then present

future prospects of studies of galaxies in the reionization-era in Section 6.2.

6.1 Conclusions

I present the main conclusions of each chapter below.

Chapter 2. We present near-infrared (rest-frame optical) spectroscopy of 227 ex-

treme [O III] line emitting galaxies at z = 1.3�2.4. The targets are selected to have

large EW [O III] emission lines (300 � 2000 Å), similar to the values estimated in

reionization-era systems. Stellar population synthesis models suggest large specific

star formation rates (5 � 300 Gyr�1) for extreme [O III] emitters, indicating these

galaxies are undergoing a burst or recent upturn in star formation. We quantify the

hydrogen ionizing photon production e�ciency (⇠ion) of our sources, and find that

⇠ion increases with [O III] EW. The result demonstrates that extreme [O III] emit-

ters are more e�cient in producing ionizing photon than typical z ⇠ 2 star forming

galaxies. Galaxies with the largest optical line EWs are the most e�cient ionizing

producers with hard radiation fields, likely explaining the anomalous success rate in

detecting Ly↵ emission in z > 7 galaxies with extremely intense [O III]+H� emis-

sion. We also characterize the ionization state of the ISM using O32 and Ne3O2

ratios. Both indices increase with [O III] EW, revealing extreme ionization condi-

tions rarely seen in typical z ⇠ 2 galaxies. The most extreme line emitters show very

large line ratios (O32 & 10) which have been shown to be associated with ionizing

photon escape. The results indicate that the most extreme line emitters are the

most e↵ective ionizing agents, in both production and likely leaking significant ion-
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izing photons. Finally, we show that [O II] is likely to be one of the e�cient probes

at z ' 10 where the strongest optical lines are shifted out of the JWST/NIRSpec.

Chapter 3. We present optical (rest-frame UV) spectroscopy of 138 extreme [O III]

emitters at z = 1.3 � 3.7 and near-infrared spectroscopy of 11 sources at z ⇠ 4 � 6.

We detect rest-frame UV emission lines (C IV, He II, O III], C III]) in 24 extreme

[O III] emitters at z = 1.3�3.7, and a tentative O III] detection in a source at z = 5.7.

We find that the C III] increases with [O III]+H� EW, and the largest C III] EW

(18 Å) found in our sample is comparable to the intense values measured in z > 6

galaxies. However, the galaxies with the largest [O III]+H� EWs (> 1500 Å) also

show a large dispersion in C III] EW. The most luminous systems (MUV < �19.5) in

our sample tend to power weaker C III] emission (EW < 10 Å) than fainter sources

at fixed [O III]+H� EW, which is in contrast to the result at z > 6 that very strong

C III] (EW > 15 Å) have been found in luminous galaxies (MUV ' �21). We also

consider the fraction of nebular C IV emitter in our sample. We find that none of

our z = 1.3 � 3.7 galaxies with intense [O III]+H� emission (EW > 1000 Å) show

nebular C IV emission with EW > 10 Å, which is also in contrast to the detection of

EW > 20 Å nebular C IV emission in two z > 6 galaxies. The above results indicate

that the intense C III] and C IV line emission seen at z > 6 is not entirely driven by

a shift toward larger [O III]+H� EW, but may also be driven a shift toward lower

metallicity at earlier times.

Chapter 4. We present Ly↵ spectroscopy of 49 extreme [O III] line emitting galaxies

at z = 2.2 � 3.7. The IGM is highly ionized at these redshifts, which allows us to

investigate how the Ly↵ properties depend on [O III]+H� EW, and how properties

internal to galaxies impact such trend. We find that strong Ly↵ emission with

EW > 20 Å is more common in galaxies with larger [O III]+H� EWs. This result

is likely due to both more e�cient ionizing photon production and enhanced Ly↵

escape in more extreme optical line emitters. We also notice that galaxies with the

most intense [O III]+H� line emission (EW > 900 Å) do not uniformly show strong
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Ly↵ emission, with 50% of this population presenting Ly↵ with EW > 20 Å. We

find that the z = 2.2 � 3.7 galaxies with very large [O III]+H� EWs (> 900 Å)

show a similar strong Ly↵ emitter fraction as z > 7 galaxies with similar [O III]+H�

EWs. This result is in contrast to the strong downturn in Ly↵ emitter fraction

seen in the general galaxy population at z > 7 due to the partially neutral IGM.

We suggest that the anomalously large Ly↵ emitter fraction of z > 7 galaxies with

intense [O III]+H� emission likely reflects both properties internal to galaxies and

a very ionized IGM. Finally, we consider Ly↵ EW as a probe of LyC leakage along

the line of sight. The most extreme optical line emitters tend to show strong Ly↵

EW associated with LyC leakage comparing to those with lower [O III]+H� EWs,

supporting the indication that the most extreme line emitting systems are the most

e↵ective ionizing agents.

Chapter 5. We present an investigation of the stellar populations and gas prop-

erties of the most extreme [O III] emitters ([O III] EW > 800 Å) at z = 1.3 � 3.7

in our sample, which are suggested to be the most e↵ective ionizing agents. The

very large optical line EWs in these systems imply that they are undergoing in-

tense bursts of star formation, with rest-frame UV and optical SEDs dominated by

very young (⇠ 10 Myr), massive stellar populations. Using two-component stellar

population models, we find that these galaxies have older stellar populations that

become visible when rest-frame near-infrared photometry is available. We also esti-

mate the dynamical mass of the most extreme [O III] emitters. We find a dynamical

mass which is much greater (24⇥) than the stellar mass inferred from a young stel-

lar population. This dynamical-to-stellar mass ratio is much larger than those of

typical z ⇠ 2 galaxies and z ⇠ 2 EELGs. We suggest that this may reflect either

hidden stellar mass from older populations which are invisible in the rest-frame UV

and optical, or an extremely large gas fraction (⇠ 90%). Finally, we characterize

the nebular gas properties of the most extreme [O III] emitters with O32 ratio and

photoionization models. The most extreme [O III] emitters are more metal-poor

(Z ' 0.1 Z�) systems with large ionization parameters (log U = �1.9) comparing
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to other galaxies with lower optical line EWs.

6.2 Future Prospects

Understanding the nature of star forming galaxies at z > 6 and their role in reioniza-

tion requires detailed investigation of the spectra of reionization-era systems, which

remains to be di�cult with current facilities. In this thesis, I present the rest-frame

UV and optical spectroscopic studies of a large statistical sample of galaxies with ex-

tremely large EW optical line emission at z ' 1�3, which the systems are considered

as low redshift analogs of galaxies in the reionization-era. The nebular line spectra

provide crucial constraints on the radiation fields produced by massive stars, and

the gas properties (e.g., metallicity, density, electron temperature, ionization state)

which reprocess the radiation field and power the observed nebular emission lines.

By investigating galaxies with similar emission line properties of z > 6 galaxies

at lower redshifts, my thesis work provides insight into the physical properties of

reionization-era systems. In the coming years, the next generation space telescopes

such as JWST, and ground-based 25 � 40 meter class telescopes like GMT, TMT,

and ELT, will make significant progress on both spectroscopic and imaging obser-

vations of galaxies at z > 6, allowing us to characterize the stellar populations and

the ISM conditions in these systems and their contribution to the reionization of

neutral IGM.

One of the frontiers in reionization study is whether star forming galaxies are

able to provide su�cient ionizing output to reionize the intergalactic hydrogen by

z ' 6. As introduced in Chapter 1, to achieve reionization by z ' 6, there must be

an abundant population of faint (extending to MUV ' �13) star forming galaxies.

The current observational limit of luminosity functions at z > 6 with HST only

reaches to MUV ' �17 (e.g. Bouwens et al., 2015b; Finkelstein et al., 2015). Fu-

ture deep imaging surveys with JWST will reveal a large amount of systems with

MUV > �17. To reach the minimum galaxy luminosity required to achieve reion-

ization (MUV ' �13), observations targeting faint gravitationally lensed galaxies
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with JWST will provide useful constraints. Moreover, if the hypothetical Large

UV/Optical/IR Surveyor (LUVOIR) becomes a reality, it will better characterize

the very faint end of the UV luminosity function of galaxies in the reionization-era

(e.g. Finkelstein et al., 2019).

Future observations of the rest-frame optical spectra of z > 6 galaxies with

JWST will provide important clues on whether reionization-era systems are e�-

cient ionizing agents. By measuring Balmer emission lines (H↵, H�) together with

rest-frame UV continuum inferred from imaging, we will be able to constrain the

hydrogen ionizing photon production e�ciency (⇠ion) of z > 6 galaxies to determine

whether they produce a significant amount of ionizing photons. Particularly, the

most extreme optical line emitting systems with [O III]+H� EW > 1000 � 2000 Å,

which are suggested as the most e↵ective ionizing agents (see Chapter 2 and Chapter

4), are likely the most interesting sources to be targeted.

Perhaps the largest uncertainty in reionization calculation comes from determin-

ing the escape fraction of ionizing photons in galaxies in the reionization-era. To

achieve reionization by z ' 6, a large escape fraction (fesc ' 20%) is required for

galaxies at z > 6, while the escape fraction measured in z ⇠ 0 � 3 galaxies are

found to be small (fesc < 5 � 10%). Due to the neutral IGM, it is very di�cult

to directly measure the leaking Lyman continuum radiation from z > 6 galaxies

and hence the escape fraction. Attention has been focused on linking the ionizing

photon escape fraction with indirect indicators in galaxies at z . 3, where the direct

measurement of LyC is possible. The O32 index has been suggested as a proxy of

escape fraction (e.g. Izotov et al., 2018; Fletcher et al., 2019). The line profile of Ly↵

emission (the separation of double peaks of Ly↵; e.g., Verhamme et al. 2015, 2017),

and the strength of low-ionization UV absorption lines are a↵ected by the neutral

gas internal to galaxies along the line of sight, and hence also correlates with escape

fraction. The next step is to build a statistical sample of reionization-era analogs at

z ⇠ 0 � 3 to characterize the correlation between directly measured escape fraction

and these indirect indicators. With this information as a baseline, future observa-

tions measuring indirect indicators of escape fraction in z > 6 galaxies will provide
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useful constraints on the leakage of ionizing radiation in reionization-era systems.

The future spectroscopic study of z > 6 galaxies will also help to characterize

the properties of nebular gas. For galaxies at z ' 6�10, rest-frame optical emission

lines obtained via JWST will significantly improve our understanding of the gas con-

ditions in these systems such as metallicity, temperature, and ionization parameter.

At higher redshifts (z > 10), our interpretation of the nebular gas properties will

depend on rest-frame UV emission lines. Therefore, it is important to calibrate the

rest-frame UV and optical diagnostics (e.g., chemical abundance, ionization state of

the ISM) for extreme emission line galaxies which will be applied at z > 6. Com-

bining with the results derived at lower redshifts (z ⇠ 0 � 3), we will be able to

constrain the cosmic evolution of the ISM properties depending on sSFR (or optical

line EW), stellar mass, or luminosity.

Finally, observations of z > 6 galaxies with JWST will improve our understand-

ing of the stellar population of reionization-era systems. Photometric observations

of z > 6 galaxies extending to mid-infrared will provide constraints on stellar mass

assembly and galaxy formation. We have shown that the rest-frame near-infrared

imaging would help to reveal the hidden stellar mass from faint, older stellar popu-

lations which are invisible in the rest-frame UV and optical in galaxies dominated

by recent bursts. Rest-frame near-infrared flux of z > 6 galaxies obtained from

JWST/MIRI will provide evidence of whether there are evolved stellar populations

in these systems, which the results will impact the assembly history of early galaxies.

To summarize, the spectroscopic studies presented in my thesis work provide

constraints on the physical properties and ionizing output of reionization-era analogs

at z ⇠ 1 � 3. The results provide a baseline for future investigations of galaxies at

z > 6. In the coming years, observations with next generation telescopes will extend

these studies to galaxies in the reionization-era, improving our understanding of

early galaxies and the reionization process.
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J. Gutkin, T. Jones, R. Mainali, and A. Wo↵ord (2018). Physical properties
and H-ionizing-photon production rates of extreme nearby star-forming regions.
MNRAS, 479, pp. 3264–3273. doi:10.1093/mnras/sty1461.

Chilingarian, I., Y. Beletsky, S. Moran, W. Brown, B. McLeod, and D. Fabricant
(2015). Data Reduction Pipeline for the MMT and Magellan Infrared Spectro-
graph. PASP, 127, p. 406. doi:10.1086/680598.

Civano, F., S. Marchesi, A. Comastri, M. C. Urry, M. Elvis, N. Cappelluti, S. Puc-
cetti, M. Brusa, G. Zamorani, G. Hasinger, T. Aldcroft, D. M. Alexand er, V. Al-
levato, H. Brunner, P. Capak, A. Finoguenov, F. Fiore, A. Fruscione, R. Gilli,
K. Glotfelty, R. E. Gri�ths, H. Hao, F. A. Harrison, K. Jahnke, J. Kartaltepe,
A. Karim, S. M. LaMassa, G. Lanzuisi, T. Miyaji, P. Ranalli, M. Salvato, M. Sar-
gent, N. J. Scoville, K. Schawinski, E. Schinnerer, J. Silverman, V. Smolcic,
D. Stern, S. Toft, B. Trakhtenbrot, E. Treister, and C. Vignali (2016). The
Chandra Cosmos Legacy Survey: Overview and Point Source Catalog. ApJ, 819,
62. doi:10.3847/0004-637X/819/1/62.

Cowie, L. L., A. J. Barger, and E. M. Hu (2011). Ly↵ Emitting Galaxies as Early
Stages in Galaxy Formation. ApJ, 738(2), 136. doi:10.1088/0004-637X/738/2/
136.

Dayal, P. and A. Ferrara (2018). Early galaxy formation and its large-scale e↵ects.
PhR, 780, pp. 1–64. doi:10.1016/j.physrep.2018.10.002.
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rington, P. F. Hopkins, J.-S. Huang, S. W. Jha, A. Johnson, J. S. Kartaltepe,
A. A. Khostovan, R. P. Kirshner, C. Lani, K.-S. Lee, W. Li, P. Madau, P. J.
McCarthy, D. H. McIntosh, R. J. McLure, C. McPartland, B. Mobasher, H. Mor-
eira, A. Mortlock, L. A. Moustakas, M. Mozena, K. Nandra, J. A. Newman, J. L.
Nielsen, S. Niemi, K. G. Noeske, C. J. Papovich, L. Pentericci, A. Pope, J. R.
Primack, S. Ravindranath, N. A. Reddy, A. Renzini, H.-W. Rix, A. R. Robaina,
D. J. Rosario, P. Rosati, S. Salimbeni, C. Scarlata, B. Siana, L. Simard, J. Smidt,
D. Snyder, R. S. Somerville, H. Spinrad, A. N. Straughn, O. Telford, H. I. Teplitz,
J. R. Trump, C. Vargas, C. Villforth, C. R. Wagner, P. Wand ro, R. H. Wechsler,
B. J. Weiner, T. Wiklind, V. Wild, G. Wilson, S. Wuyts, and M. S. Yun (2011).
CANDELS: The Cosmic Assembly Near-infrared Deep Extragalactic Legacy Sur-
vey—The Hubble Space Telescope Observations, Imaging Data Products, and
Mosaics. ApJS, 197, 36. doi:10.1088/0067-0049/197/2/36.

Kornei, K. A., A. E. Shapley, D. K. Erb, C. C. Steidel, N. A. Reddy, M. Pettini,
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The MOSFIRE Deep Evolution Field (MOSDEF) Survey: Rest-frame Optical
Spectroscopy for ˜1500 H-selected Galaxies at 1.37  z  3.8. ApJS, 218, 15.
doi:10.1088/0067-0049/218/2/15.



209
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