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This thesis seeks to understand galaxy formation and evolution in the
first three billion years after the Big Bang. Under this goal, studies presented in this thesis consist of several themes, from exploring both individual
galaxies using spectroscopic data (Lyα emitters at z ∼ 2.3; Keck/MOSFIRE
spectroscopy of z = 7–8 galaxies) and large samples of galaxies using imaging data (galaxy stellar mass function at z = 4–8) to empirical modeling of
galaxy evolution over cosmic time. First, we explore the physical origin of
Lyα emitters at z ∼ 2.3, analogs to high-redshift galaxies, with near-infrared
spectroscopic data. By comparing their properties with typical star-forming
galaxies at comparable stellar mass and redshift, we propose that the metallicity may be the key factor discerning these two populations. Second, with
the aim of spectroscopically confirming galaxies at z & 7 as well as placing
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constraints on the neutrality of intergalactic medium, we conduct deep spectroscopic campaign for z = 7–8 galaxy candidates. We report the discovery of
Lyα emission at z = 7.66, which marks the third most distant spectroscopically
confirmed galaxy via Lyα. Subsequent chapters are devoted to exploring the
galaxy stellar mass growth history over cosmic time. This consists of two studies; first, observationally constraining the galaxy stellar mass function at z =
4–8 using deep Hubble and Spitzer Space Telescope data, and second, building
an empirical model of galaxy evolution out to z = 8 by combining abundance
matching techniques with the dark matter halo growth history extracted from
cosmological simulation.
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2.10 Plot of galaxy stellar mass vs. gas-phase metallicity. Orange
(VLT/SINFONI) and blue (Keck/NIRSPEC) filled circles represent 1σ upper limits on the metallicities for the LAEs at z
= 2.1–2.5 from this study. Each LAE has an 84% likelihood of
lying below these points. Blue filled stars represent each component of HPS 194, assuming that all the Hα emission originates
from one or the other. The gray 2D histogram displays the
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Erb et al. 2006a). The dashed line represents the z ∼ 0.1 MZR
(Tremonti et al., 2004) shifted downward by 0.56 dex, to match
the observations by Erb et al. All points on this figure have
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2.11 Fundamental metallicity relation (FMR) proposed by Mannucci
et al. (2010, 2011). Solid and dashed black lines are the original
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3.1

3.2

MOSFIRE Y -band 2D (top) and 1D (bottom) stacked spectra
for the object with detected emission (z7 GSD 3811), showing
a clear asymmetric line profile characteristic of Lyα emission.
The displayed 1D spectrum was smoothed by the instrumental
resolution (∼3 Å). The best-fit asymmetric Gaussian curve and
the line centroid are overplotted as the red thick solid curve
and red dotted vertical line, respectively. The red thin curves
are 100 Monte Carlo fits. The gray-shaded region near the bottom of the 1D spectrum shows a scaled sky spectrum. Also
shown on the upper left corner is the 1D spectrum of the emission extracted along the spatial direction with inverse-variance
weighting over the extraction width of the FWHM of the line.
The red solid line and two red dotted lines overplotted are the
expected spatial location of the postive peak and two negative
peaks, respectively. We show in the blue box on the right side
that the emission line is independently detected on all nights
(n2, n3, n4) except in n1 which suffered from poor conditions,
indicating that the chance of the detection being a spurious one
is negligible. . . . . . . . . . . . . . . . . . . . . . . . . . . .
98
T op: postage stamp images of z7 GSD 3811 showing, from upper left to lower right, HST/ACS B435 , V606 , i775 , I814 , z850 ,
HST/ACS stack (V606 +i775 +I814 +z850 bands), HST/WFC3 Y105 ,
J125 , H160 , and VLT/Hawk-I K band. All stamp images are 300
on a side, north up, east to the left. Bottom: the observed SEDs
(orange circles) and the best-fit SPS model and model bandpassaveraged fluxes (blue curve and blue squares) for z7 GSD 3811.
For non-detections, we list 1σ upper limits (downward arrows).7
The dark red downward arrow represents the 1σ upper limit for
the optical stack (V606 +i775 +I814 +z850 bands). The best-fit SPS
model and model fluxes under the alternative interpretation for
the detected line (i.e., [O ii] doublet at z = 1.83) are also shown
as the gray curve and gray stars. The thin light-colored lines are
100 Monte Carlo fits, showing that the low-z solution is disfavored by the non-detection in the deep optical bands. The inset
shows the probability distribution function of photometric redshift, in good agreement with the redshift of the Lyα emission
(blue vertical line). . . . . . . . . . . . . . . . . . . . . . . . . 102
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3.3

3.4

Lef t: an [O ii] emitter serendipitiously detected in the same
mask under the same observing conditions as z7 GSD 3811.
This source, detected at only slightly longer wavelength of λobs =
1.096 µm than z7 GSD 3811, exhibits a well-resolved doublet
both in its 1D and 2D spectra, indicating the possibility of the
line detected in z7 GSD 3811 being an unresolved [O ii] doublet
is low. Right: detection of the Hβ and [O iii]λλ4959,5007 doublet from a source close to one of our original targets. The cyan
and red lines on the right side of the 2D spectrum mark the
expected positions of our original target and the nearby source,
respectively. The position of the emission is spatially consistent
with the position of the nearby source, not our original target. 105
U pper lef t: 5σ limiting line flux as a function of wavelength,
estimated from a Monte Carlo simulation in which we inserted
and recovered fake Lyα lines with varying line flux into our
MOSFIRE spectra. The thin lines with different colors denote
the estimates for each slit, and the black solid line indicates the
median. Bottom lef t: 5σ rest-frame EW(Lyα) limit as a function of wavelength. Each symbol denotes a trial of our Monte
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Chapter 1
Introduction

In the ΛCDM cosmology, overdensities of dark matter imprinted by
primordial quantum fluctuations collapse into dark matter halos. Baryonic gas
is accreted into the gravitational potential well of these halos, and gas cooling
and star formation ensue. These structures continue to grow via accretion
and mergers, marking the formation and evolution of galaxies. These galaxies
are thought to be responsible for the cosmic reionization, the major phase
transition of gas in the universe, from neutral to ionized, that occured by
z ∼ 6 (Robertson et al., 2015).
Although we have converged on this global picture of galaxy formation and evolution, the details of how they grow in their stellar mass and
how they are chemically enriched, especially in the early universe, are not
well constrained observationally yet. Despite the significant progress in our
understanding of galaxies in the early universe over the last decade thanks to
the confluence of space-based telescopes such as the Hubble Space Telescope
(HST) and the Spitzer Space Telescope with large-aperture ground-based facilities that has led to the discovery of thousands of galaxies out to z ∼ 11,
characterizing the properties of galaxies in the early universe directly at the
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epoch of galaxy formation is still challenging. The first hurdle comes in finding
galaxies at high redshift. Although prominent Lyα emission is expected for
young star-forming galaxies (Partridge & Peebles, 1967) and has been widely
used for spectroscopically confirming galaxies at z . 6 (e.g., Cowie & Hu,
1998), observational limitations that require deep spectroscopy in the nearinfrared and the increasing neutrality of the intergalactic medium (IGM) at
the epoch of reionization pose a challenge for attempts in search for Lyα emission at higher redshifts of z & 7. As a result, only four galaxies at z > 7.5
have been identified via Lyα so far.
In these circumstances, analogs at closer distance of which properties
can be studied in detail are not only complementary to the direct observations
of high-redshift galaxies but also crucial in that they may provide unique insights on galaxy evolution at high redshift to the extent that is not currently
feasible. Young star-forming galaxies showing prominent Lyα line emission
(Lyα emitters; hereafter, LAEs) at z ∼ 2 are interesting as not only they are
the progenitors of galaxies like our Milky Way (Gawiser et al., 2007; Guaita
et al., 2010), but they are also believed to exhibit characteristics similar to the
most distant galaxies known (Partridge & Peebles, 1967). Early studies on
LAEs reported that they are a primordial galaxy population which are mostly
young and dust-free (e.g., Gawiser et al., 2007; Finkelstein et al., 2007; Nilsson
et al., 2007; Pirzkal et al., 2007) as opposed to typical continuum-selected starforming galaxies (Lyman-break galaxies; LBGs), which are somewhat more
evolved. However, these studies were mostly based on faint LAEs discov-
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ered by narrowband surveys probing small volumes, and thus not suitable for
spectroscopic observations. Moreover, more recent works have shown that a
subpopulation of them is more evolved systems than previously thought and
contains a moderate amount of dust (Finkelstein et al., 2009b; Pentericci et al.,
2009; Blanc et al., 2011). The presence of dust makes it interesting that we
observe such Lyα emission, as the resonant nature of Lyα should make its
escape practically impossible in a static homogeneous medium when even a
little amount of dust exists. This indicates that other mechanisms are responsible for its escape. Outflows and ISM inhomogenaities have been proposed
for such mechanisms (Neufeld, 1991; Verhamme et al., 2006), but the physical
origin of LAEs is still unclear as recent studies have reported that the mean
outflow velocity of LAEs is comparable to that of LBGs (Hashimoto et al.,
2013; Shibuya et al., 2014).
In Chapter 2, we explore the physical origin of LAEs at z ∼ 2.3 with
near-infrared spectroscopic data, tripling the number of LAEs known to date
with rest-frame optical spectroscopic data. These LAEs, which were discovered
from an integral field unit (IFU) survey probing a large volume, are unique in
that they enable the comparison of LAEs with LBGs with comparable physical
properties (e.g., stellar mass) at similar redshifts. By combining our nearinfrared spectroscopic data with Lyα and ancillary imaging data, we measure
various physical properties including their chemical abundance and compare
them with those of LBGs. Based on our results, we propose what among their
physical parameters is the key factor in regulating Lyα escape.

3

In the subsequent Chapter 3, we present the discovery of Lyα emission
at z = 7.66 in search of z = 7–8 galaxy candidates with deep spectroscopy.
We report the properties of this galaxy, which marks the third most distant
spectroscopically confirmed galaxy via Lyα. We discuss the implications of
the non-detection of the other galaxies in our sample on the redshift evolution
of the Lyα visibility.
Such sparse spectroscopic data at high redshifts make statistical study
of a large sample using imaging data becomes crucial to understand galaxy
formation and evolution at high redshift. Among the physical parameters that
can be derived from photometric datasets available for large samples of highredshift galaxies, the stellar mass is known to have the smallest uncertainties
(e.g., Papovich et al., 2001). The statistical description of this parameter
is the galaxy stellar mass function (hereafter GSMF), specifying the comoving number density of galaxies as a function of stellar mass. Although the
GSMF is one of the key observational quantities we need to measure to understand how galaxies evolve, however, the GSMF at high redshift has been
remarkably poorly studied, due to i) the limited sample size, particularly of
low-mass galaxies at high redshift, ii) lack of rest-frame optical data (from
Spitzer/IRAC) with comparable depth to rest-frame ultraviolet data (from
HST/WFC3), and iii) systematic uncertainties in stellar mass estimations.
Chapter 4 is concerned with improving all the three factors above,
providing better observational constraints on the GSMFs of galaxies at z =
4–8. This is done by combining HST near-infrared data from the CANDELS
4

GOODS fields with the deepest existing Spitzer/IRAC data over the GOODS
fields with deblending photometry, which is crucial for stellar mass estimation
probing the rest-frame optical continuum. The deep IRAC data allows us to
better constrain the low-mass-end slope of the GSMFs, while the large volume
probed in my study provides a better constraint on the massive end when
compared to comparable previous studies.
A natually arising question related to the improvement in the observational constraints on the GSMF is how galaxies build up their stellar mass
over cosmic time. Constraining the galaxy stellar mass growth history is one
of the key constraints on galaxy formation models. One such method that has
become increasingly popular over the past few years, while being free from
degeneracy between physical parameters describing the complex interplay of
baryonic processes governing galaxy evolution, is to link galaxies to dark matter halos by combining observational data with our knowledge of the buildup
of dark matter halos (e.g., Conroy & Wechsler, 2009; Behroozi et al., 2013).
In Chapter 5, we switch our gears from observations to combining observations and simulations. To gain a broad view on galaxy evolution implied
by the observed GSMFs, we develop an empirical model for galaxy evolution
over the last 13 billion years, by combining abundance matching techniques
with the dark matter halo growth history extracted from cosmological simulation. By adopting the approach of using the observed GSMFs as the only input
constraints and predicting the rest of galaxy properties, we leave a comparison
of my model predictions and independent observations to be a valuable tool to
5

test the reliability of my model, being free from the possibility that the interpretation of the solution is driven by observational bias or uncertainties. From
our empirical model, which shows an excellent agreement with independent
observations, we can present useful predictions on various physical properties
of ensembles of galaxies as a function of stellar mass, halo mass, and redshift,
among which we focus in this chapter on the stellar mass–halo mass (SMHM)
relation and star-forming main-sequence. We discuss the power of our model
predictions in providing fresh insights into galaxy evolution.
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Chapter 2
The HETDEX Pilot Survey V: The Physical
Origin of Lyman-alpha Emitters Probed by
Near-infrared Spectroscopy1

2.1

Abstract
We present the results from a Very Large Telescope/SINFONI and

Keck/NIRSPEC near-infrared spectroscopic survey of 16 Lyα emitters (LAEs)
at z = 2.1–2.5 in the COSMOS and GOODS-N fields discovered from the
Hobby Eberly Telescope Dark Energy Experiment Pilot Survey. We detect
rest-frame optical nebular lines (Hα and/or [O iii]λ5007) for 10 of the LAEs
and measure physical properties, including the star formation rate (SFR),
gas-phase metallicity, gas-mass fraction, and Lyα velocity offset. We find that
LAEs may lie below the mass–metallicity relation for continuum-selected starforming galaxies at the same redshift. The LAEs all show velocity shifts of Lyα
relative to the systemic redshift ranging between +85 and +296 km s−1 with
a mean of +180 km s−1 . This value is smaller than measured for continuum1

The work presented in this chapter has been published as Song, M., Finkelstein, S. L.,
Gebhardt, K., et al. 2014, ApJ, 791, 3. M.S. carried out the VLT data reduction, main analysis, and manuscript composition. S.L.F. was responsible for the reduction of the Keck data,
led the Keck observing proposal, and contributed to the manuscript composition. N.D. led
the VLT observing proposal. All of the authors contributed to the scientific interpretation.
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selected star-forming galaxies at similar redshifts. The Lyα velocity offsets
show a moderate correlation with the measured SFR (2.5σ), but no significant correlations are seen with the SFR surface density, specific SFR, stellar
mass, or dynamical mass (.1.5σ). Exploring the role of dust, kinematics of
the interstellar medium (ISM), and geometry on the escape of Lyα photons,
we find no signature of selective quenching of resonantly scattered Lyα photons. However, we also find no evidence that a clumpy ISM is enhancing the
Lyα equivalent width. Our results suggest that the low metallicity in LAEs
may be responsible for yielding an environment with a low neutral hydrogen
column density and less dust, easing the escape of Lyα photons over that in
continuum-selected star-forming galaxies.

2.2

Introduction
Empirical relations among fundamental galaxy parameters provide strin-

gent constraints on the physical processes driving galaxy evolution.

One

such well-established scaling relation seen in nearby galaxies is the “mass–
metallicity relation” (MZR). Using ∼53,000 galaxies from the Sloan Digital
Sky Survey (SDSS; York et al. 2000), Tremonti et al. (2004) showed that there
exists a tight correlation between stellar mass and gas-phase metallicity among
local (z ∼ 0.1) star-forming galaxies (MZR), with a scatter of only about 0.1
dex. Subsequent studies using continuum-selected star-forming galaxies (e.g.,
Lyman break galaxies (LBGs)) found that this MZR exists at redshifts up
to ∼3.5 (Erb et al., 2006a; Maiolino et al., 2008) and evolves smoothly with

8

redshift, in that galaxies at higher redshift are more metal-poor than those
at lower redshift at a given stellar mass. This is a record of the chemical enrichment history of galaxies, which is in principle governed by star formation
and modulated by inflows of pristine gas and metal ejection by outflows (e.g.,
Davé et al. 2011).
In contrast to the typical star-forming galaxies selected by their ultraviolet (UV) continuum light (i.e., the “dropout technique”; Steidel & Hamilton
1993) that have been utilized for probing the MZR, another method commonly used to select high-redshift galaxies is via their strong Lyα emission
lines. Early studies of these Lyα emitters (LAEs) using broadband spectral
energy distribution (SED) modeling reported that LAEs appeared to be predominantly young, low mass, and low in dust extinction (e.g., Gawiser et al.
2006b, 2007; Finkelstein et al. 2007; Nilsson et al. 2007; Gronwall et al. 2007;
Ouchi et al. 2008), although more recent works have reported that the LAE
population does contain a subset of more evolved systems containing a moderate amount of dust (e.g., Finkelstein et al. 2009a; Nilsson et al. 2009; Pentericci
et al. 2009; Guaita et al. 2011). It is interesting that we are observing strong
Lyα emission from dusty systems despite the fact that in a static homogeneous medium the resonant nature of Lyα should make its escape practically
impossible if even a small amount of dust exists (e.g., Charlot & Fall 1993).
One way to enable the escape of Lyα even with the presence of dust is
the existence of outflows. Galactic-scale starburst-driven winds have been observed to be ubiquitous in both local starbursts and high-redshift star-forming
9

galaxies (e.g., Heckman et al. 1990; Shapley et al. 2003; Martin 2005). This
bulk motion of neutral gas can in principle help the escape of Lyα photons by
shifting the Lyα photons out of resonance and reducing the number of resonant
scatterings that they undergo before escape. For example, numerical modeling
of Lyα radiative transfer in a simplified expanding shell scenario predicts that
Lyα will preferentially escape redshifted with respect to the systemic redshift
(which can be measured from nebular lines such as Hα or [O iii] originating
from the H ii regions), as the red wing of the Lyα line can escape by backscattering off the receding side of the expanding shell (Verhamme et al., 2006, 2008;
Schaerer et al., 2011). This prediction can explain (although not exclusively)
what is found by observational studies using continuum-selected star-forming
galaxies with Lyα emission (e.g., Shapley et al. 2003; Steidel et al. 2010), which
find that Lyα is commonly redshifted by ∼450 km s−1 on average, and up to
∼800 km s−1 .
Another scenario proposed in addition to kinematics to enhance the
chance of the escape of Lyα photons is a multiphase interstellar medium (ISM)
with an inhomogeneous dust distribution (Neufeld, 1991; Hansen & Oh, 2006).
In this scenario the dust is confined in clumps of neutral gas, and Lyα photons
suffer little dust attenuation compared to the continuum photons by resonantly
scattering off of the clump surfaces, and thus have a higher probability of
escape. This was first observationally studied by Finkelstein et al. (2008,
2009b), and these studies along with subsequent investigations (e.g., Blanc
et al. 2011) support a “quasi-clumpy” ISM, where dust does not preferentially
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attenuate Lyα more than the UV continuum.
Another observable that appears to be an important factor in governing the presence of Lyα is the metallicity. This property has been, however,
relatively poorly understood because the metallicity inferred from broadband
imaging data is highly uncertain, and near-infrared (NIR) spectroscopy is required to directly measure the metallicity using rest-frame optical nebular lines
for galaxies at significant redshift. In this context, it is interesting that there
have been recent reports that LAEs at low redshift (z ∼ 0.3) may lie below
the empirical relation between stellar mass and metallicity that holds for typical star-forming galaxies at the same epoch (Cowie et al., 2010; Finkelstein
et al., 2011a). At higher redshift, Finkelstein et al. (2011b) found a massive (M∗ ∼ 1010 M ) but significantly more metal-poor LAE at z ∼ 2.3 than
continuum-selected star-forming galaxies with the same stellar mass. Nakajima et al. (2013) also reported two LAEs at similar redshift that are offset
toward lower metallicity in the stellar mass–gas-phase metallicity plane.
Obtaining a better understanding of how Lyα emission escapes, and
how LAEs are different from continuum-selected star-forming galaxies with
little or no Lyα emission thus requires a large suite of data sets, including
multiwavelength imaging (to derive stellar mass and dust attenuation), optical spectroscopy (to measure Lyα), and NIR spectroscopy (to measure the
metallicity and systemic redshift). However, only a few LAEs at z & 2 have
measured metallicities (Finkelstein et al., 2011b; Nakajima et al., 2013; Guaita
et al., 2013). This is primarily due to observational difficulties: the bright night
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sky still poses difficulties for NIR spectroscopy, although new instruments are
rapidly becoming more sensitive. Additionally, most known LAEs are discovered via the narrowband imaging technique (e.g., Cowie & Hu 1998; Rhoads
et al. 2000), which probes a narrow redshift range, and thus a relatively small
volume, to deep line flux limits. These studies discovered numerous faint LAEs
but not many bright ones suitable for detailed spectroscopic observation. An
integral field unit survey can probe a large volume and is thus able to provide a bright LAE sample for NIR spectroscopic observations. In this study
we utilize LAEs discovered from a blind integral-field unit survey, the Hobby
Eberly Telescope Dark Energy Experiment (HETDEX) Pilot Survey (HPS),
which discovered 104 LAEs at 1.9 < z < 3.8 from a comoving volume of ∼106
Mpc3 over a 169 arcmin2 area (Adams et al., 2011), several times larger than
a typical narrowband LAE survey (e.g., ∼1×105 Mpc3 by Gronwall et al. 2007
and Guaita et al. 2010, ∼3×105 Mpc3 by Nilsson et al. 2009).
Here we present a NIR spectroscopic study of LAEs at z = 2.1–2.5 discovered from the HPS to directly measure their metallicities using rest-frame
optical emission lines. We will use previous Lyα spectroscopy and multiwavelength imaging data to also investigate ISM kinematics by comparing the
redshift inferred from Lyα to that from Hα and/or [O iii]λ5007 and explore
correlations between the velocity offset of the Lyα line and other physical properties. Also, the flux ratio of Lyα to optically thin nebular lines (e.g., Hα)
and the derived dust extinction will provide insights into their ISM geometry.
These data will allow an unprecedented exploration into the physical proper-
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ties of LAEs, which have previously been probed mainly through SED fitting
techniques, as well as the nature of LAEs by enabling the comparison with
continuum-selected star-forming galaxies with comparable physical properties
(e.g., stellar mass) at the same redshift.
In Section 5.2 we describe our NIR spectroscopic observations and data
reduction for our sample of LAEs at z = 2.1–2.5. Combining these data
with ancillary data sets, we present our measurement of physical properties in
Section 2.4. In Section 4.8 we explore the MZR; study the role of dust, ISM
kinematics; and geometry on the escape of Lyα photons, and discuss the nature
of LAEs. Lastly, we summarize our results in Section 4.9. Throughout the
paper we assume a standard ΛCDM cosmology with H0 = 70 km s−1 Mpc−1 ,
ΩM = 0.3, and ΩΛ = 0.7. Magnitudes are in the AB magnitude system (Oke
& Gunn, 1983), and a Salpeter initial mass function (IMF Salpeter, 1955) is
assumed throughout the paper unless otherwise specified.

2.3
2.3.1

Data
Sample Selection
HETDEX (Hill et al., 2008b) is a blind integral-field spectrograph (IFS)

survey, which, starting in 2014, will probe dark energy using baryonic acoustic
oscillations traced by LAEs at z = 1.9–3.8. Our sample is selected from the 104
1.9 < z < 3.8 LAEs spectroscopically discovered from the HPS (Adams et al.,
2011), which utilized a prototype IFS (the Mitchell Spectrograph; formerly
called VIRUS-P; Hill et al. 2008a) mounted on the 2.7 m Harlan J. Smith
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Telescope at the McDonald Observatory. The data used to select the LAE
sample have a resolution FWHM of ∼5 Å, corresponding to FWHM of ∼400
km s−1 for Lyα at the median redshift z = 2.3 of our sample in this study.
For our follow-up observations, we selected LAEs from the HPS sample
that have bright Lyα emission (fLyα > 10−16 erg cm−2 s−1 ) and a redshift such
that the Hα line falls in the K band (2 . z . 2.6). Using these criteria, we
selected 16 LAEs (15 in the COSMOS and 1 in the GOODS-N field, including
HPS 194 and HPS 256, which were originally published in Finkelstein et al.
(2011b) but reanalyzed and included in this study) at z = 2.1–2.5 (hzi = 2.33)
+
as suitable for our study. The range of rAB
magnitude of LAEs in our sample is

22.9–25.4, bright enough to satisfy the selection criteria for z ∼ 2 BX galaxies
(z ∼ 2 counterpart of LBGs at z ∼ 3) in the apparent magnitude cut (R < 25.5;
Adelberger et al. 2004) and rest-frame UV color probed by (g+ − r+ ). About
half of our sample, however, have bluer (u+ − g+ ) colors than the BX criteria.
At the known redshifts, Lyα emission would contribute flux to the u + band.
Lyα luminosities of our LAEs are in the range log(LLyα /erg s−1 )= 42.8–43.4,
about 10 times brighter than the median Lyα luminosity of log(LLyα /erg s−1 )=
42.1, or a few times brighter than the characteristic luminosity of log(L∗ /erg
s−1 )= 42.3 of the Lyα luminosity function (Ciardullo et al., 2012), at z ∼ 2.1
of the narrowband survey by Guaita et al. (2010).
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2.3.2

Observations

2.3.2.1

SINFONI

Observations for 10 of the LAEs in our sample were performed with the
Spectrograph for Integral Field Observations in the Near Infrared (SINFONI;
Eisenhauer et al. 2003) mounted on the Very Large Telescope (VLT) UT4
between 2010 December and 2012 February. Each object in the sample was
observed with both the H - (λ = 1.45–1.85 µm) and K -band (λ = 1.95–2.45
µm) gratings, with spectral resolutions of R ∼ 3000 and 4000, respectively.
The observations were conducted in seeing-limited mode, with a point-spread
function (PSF) FWHM range of 0.00 4–2.00 1 in the NIR (mean = 1.00 0). This
corresponds to a physical size of 3.3–17.5 kpc (mean = 8.3 kpc) at z ∼ 2.3,
which is much larger than the typical size of . 2 kpc in rest-frame UV for
LAEs at similar redshifts (e.g., Bond et al. 2012); thus, none of our LAEs are
spatially resolved. Considering the large uncertainties in the positions of our
sample inherited from the large fiber diameter of the Mitchell Spectrograph
(4.00 1) used for Lyα detection, we used the 250 mas pixel−1 scale to produce a
field of view (FOV) of 800 × 800 .
Each observing block (OB) typically consisted of 16 × 150 s individual
exposures, with 300 on-source dithering of an ABAB pattern (i.e., our targets
were always kept in the FOV). Depending mainly on the expected Hα or [O iii]
flux from the observed Lyα flux and broadband fluxes, one to three OBs were
obtained for each object. The mean integration time was ∼70 minutes for the
H band and ∼90 minutes for the K band. For telluric absorption correction,
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as well as flux calibration, we observed one to six telluric standard stars with
spectral types of B2V–B8V in each filter per night with an object–sky–object–
sky pattern.
2.3.2.2

NIRSPEC

We observed with the Near Infrared Spectrograph (NIRSPEC; McLean
et al. 1998) on the Keck II 10 m Telescope on 2011 April 15 and 17 (UT). Two
LAEs from the HPS (HPS 251 and HPS 306) were observed on the first night,
while on the second night we observed three LAEs (HPS 269, HPS 286, and
HPS 419). Each LAE was observed in the K band with a spectral resolution
of R ∼ 1500, using six ×15 minute exposures, dithering with an ABBAAB
pattern for the removal of night-sky lines. We obtained flat-field and arc lamp
calibrations in the afternoon, and we observed one to two telluric standards
each night.
Table 3.1 lists the total on-source integration time in each bandpass
obtained for our LAEs, as well as their celestial coordinates, Lyα flux, Lyα
equivalent width (EW), and Lyα redshift.
2.3.3

Data Reduction

2.3.3.1

SINFONI

Basic data reduction was performed using the SINFONI pipeline and
Gasgano application package.2 This data processing includes dark subtraction,
2

www.eso.org/sci/software/gasgano/
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Table 2.1.
Object

R.A.a
(J2000)

Decl.a
(J2000)

Summary of Target LAEs

FLyα
(10−17 erg s−1 cm−2 )

EWLyα b
(Å)

zLyα c

EXPTIME (H)d EXPTIME (K)d
(minutes)
(minutes)

VLT/SINFONI
HPS 145

10:00:06.26 02:13:10.9

84.0 +8.1
−14.8

155 +35
−22

+6.4
−10.5
+5.2
−5.8
+11.3
−23.1
+6.7
−8.7
+4.3
−4.9
+9.4
−11.5
+7.7
−8.0
+10.1
−12.4
+11.1
−8.9

HPS 160

10:00:08.61 02:17:38.6

17.1

HPS 182

10:00:12.33 02:14:16.0

25.6

HPS 183

10:00:12.44 02:17:53.0

27.8

HPS 189

10:00:13.11 02:18:56.3

12.9

HPS 194

10:00:14.16 02:14:28.3

61.0

HPS 223

10:00:18.56 02:14:59.8

39.0

HPS 263

10:00:29.06 02:14:09.2

24.1

HPS 313

10:00:40.78 02:18:23.6

25.1

HPS 318

10:00:44.13 02:15:58.9

30.3

10:00:14.16 02:14:28.3

61.0 +4.3
−4.9
45.0 +11.6
−13.7

2.1765 ± 0.0004
698 +1000
2.4361 ± 0.0004
−334

40

40

40

160

2.4352 ± 0.0004

120

80

2.1638 ± 0.0004

70

65

2.4531 ± 0.0004

80

80

2.2897 ± 0.0004

80

120

2.3071 ± 0.0004

80

80

2.4338 ± 0.0004

60

100

240 +56
−50

206 +173
−85
90 +61
−47
175 +18
−18

268 +157
−87
52 +19
−17
23 +11
−9

2.0989 ± 0.0004

65

80

70 +21
−26

2.4574 ± 0.0004

80

95

175 +18
−18

2.2897 ± 0.0004

90

60

2.2866 ± 0.0004

—

90

2.4922 ± 0.0004

20

60

2.5672 ± 0.0004

—

90

2.2307 ± 0.0004

—

90

2.4405 ± 0.0004

—

90

2.2363 ± 0.0004

—

90

Keck/NIRSPEC
HPS 194e
HPS 251
HPS 256e

a

10:00:27.28 02:17:31.3
10:00:28.25 02:17:58.4

HPS 269

10:00:30.60 02:17:43.9

HPS 286

10:00:33.91 02:13:17.9

HPS 306

10:00:39.61 02:13:38.6

HPS 419

12:36:50.04 62:14:00.7

208 +64
−54

31.4 +6.5
−9.3

185 +56
−38

13.9 +4.4
−2.9

95 +39
−24

28.4 +4.3
−8.1

79 +23
−12

38.3 +9.2
−5.8

85 +13
−21

24.4 +3.3
−5.1

72 +19
−18

R.A. and decl. of Lyα emission. Taken from Adams et al. (2011), along with Column 4.

b

Rest-frame Lyα EWs calculated from the observed Lyα flux and the mean best-fit model continuum from SED fitting in a
∆λrest = 100 Å region at wavelengths redward of the Lyα line (see Section 2.4.7). For LAEs not detected in our NIR observation
(i.e., HPS 145, HPS 160, HPS 223, HPS 263, HPS 269, HPS 419), we present values from Adams et al. (2011).
c
Lyα redshift in the heliocentric frame. Corrected for natm from the values in Adams et al. (2011); see Section 3.1 in Chonis
et al. (2013) for details.
d
e

Total on-source integration time.

Originally published in Finkelstein et al. (2011b), but reanalyzed and included in our analysis.
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flat-fielding, distortion correction, cosmic-ray rejection, sky subtraction, wavelength calibration, and cube reconstruction. Sky background was subtracted
using two consecutive science frames (for our LAE samples) or sky frames (for
telluric standards). Residual sky lines were removed by modeling a scaling
function at each wavelength that was used to generate a modified sky cube
as described in Davies (2007). Cosmic rays were eliminated by first removing
pixels with the highest 5% and the lowest 5% values and then applying 10
iterative 2σ clippings (rejecting the highest ∼2.5% and the lowest ∼2.5%).
Data cubes were reconstructed for each OB, and then, additionally, for those
where we could identify Hα or [O iii] emission, every possible combination of
co-added data cubes was constructed using the spatial shifts determined from
central positions in the smoothed Hα or [O iii] images. These individual and
co-added data cubes for each filter and object were examined as described
in the next section, to maximize the signal-to-noise ratio (S/N) for further
analysis.
Subsequent data reduction was conducted with in-house custom IDL
codes. To extract the one-dimensional (1D) spectrum from each cube, we utilized an aperture box of approximately 1.5× the seeing (PSF FWHM) on a
side, which corresponds to a typical box size of 1.00 4 × 1.00 4. For our LAEs,
the center of the extraction box was determined by finding the peak position in a 3 pixel boxcar-smoothed Hα or [O iii] image, starting at an initial
estimate determined from visual inspection. For our telluric standards, we
determined the position of the extraction box by performing two-dimensional
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(2D) Gaussian surface fitting. Two boxes with the same size as the extraction
box, located two times the extraction box size apart from the source in a direction perpendicular to the dithering, were used for additional residual sky
subtraction.
Flux calibration and correction for telluric absorption were performed
using standard-star spectra as described in Finkelstein et al. (2011b). Briefly,
we first found a model stellar spectrum from the Kurucz library (Kurucz, 1993)
that has the same spectral type as the observed standard star. Absorption
features common in the model and standard spectra were removed by linear
interpolation of the adjacent continuum. We scaled the model to the fluxcalibrated Two Micron All Sky Survey (Skrutskie et al. 2006) H - or Ks -band
flux, and the ratio of the 1D observed standard spectrum to the scaled model
spectrum gives the calibration array.
In the case where there was more than one telluric standard observed
in each night and filter, we first rejected outliers in the calibration arrays and
utilized only those that were taken under seeing conditions similar to those of
our sample. This ensures a more accurate aperture correction by adopting the
same extraction box size for standards as that for our sample.
Errors for the final spectrum consist of a combination of photometric errors and the systematic error from the flux calibration. First, we estimated photometric errors for each OB as follows: since the background sky is
the dominant source of error, we started by extracting multiple independent
(nonoverlapping) sky regions selected within the FOV of the cube excluding
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the region where the object was extracted. In the object OBs, individual
frames with 300 ABAB dithering were stacked; thus, the overlapping central
(∼800 × 500 ) regions, where the source spectrum is also extracted, are less noisy.
When at least 10 extraction boxes are possible, we limited the noise estimation
to only these central regions, but we utilized the entire image otherwise. Using
these extracted off-source spectra, we calculated flux uncertainty at each wavelength as the standard deviation of pixel counts to create the resultant error
spectrum. Error spectra for standard stars were measured in the same manner
but using the dedicated sky frames. Systematic errors at each wavelength due
to the flux calibration were estimated as the standard deviation of the calibration arrays used for flux calibration. The resulting final error spectrum is the
quadrature sum of photometric errors of object and systematic errors of flux
calibration. The uncertainties in the final error spectrum, however, are found
to be dominated by the photometric errors of the object (>99%).
2.3.3.2

NIRSPEC

The NIRSPEC data reduction proceeded in a nearly identical fashion to
that described in Finkelstein et al. (2011b); thus, we refer the reader there for
more details. To ensure consistency, we reprocessed the data from that paper,
as we wished to include those two LAEs in our sample (HPS 194 and HPS 256).
Briefly, we used the NIRSPEC IDL reduction pipeline redspec to perform the
wavelength calibration and rectification. We used our own specialized routines
for the remainder of the reduction, including cosmic-ray rejection (using the

20

Figure 2.1: K -band spectra around the Hα line for the nine Hα-detected
LAEs. The top two rows show our VLT/SINFONI observations, while the last
two rows show our Keck/NIRSPEC observations. HPS 194 was observed (and
detected) with both instruments. The best-fit double Gaussian is overplotted
in red, and the error spectrum is shown in the bottom panel. Vertical dotted
lines are the expected wavelengths of Hα and [N ii]λ6583 from the observed
Lyα line.
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Figure 2.2: Similar to Figure 2.1, except for our H-band observations, showing
the region around the Hβ and [O iii]λλ4959,5007 lines. The first two rows show
our VLT/SINFONI observations, while the last row shows the Keck/NIRSPEC
H-band spectra (a reprocessing of the spectra shown in Finkelstein et al.
(2011b). The best-fit triple Gaussian is overplotted in red, and the expected
wavelengths of the Hβ and [O iii]λλ4959,5007 lines are shown as vertical dotted
lines.
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IRAF task L. A. Cosmic; van Dokkum 2001), sky subtraction, and 1D spectral
extraction. During the extraction and subsequent combination of individual
frames, we only included frames in the stack that increased the resultant S/N,
which typically resulted in four frames being used. The total exposure times
in the final spectra are listed in Table 2.2. The same procedure was applied to
the telluric standard star. After the 1D extraction, the analysis was identical
to that described above for our SINFONI data.
2.3.4

Line Detection
We measured the emission-line flux, FWHM, and redshift by fitting

a double Gaussian to the K -band spectra (for Hα and [N ii]λ6583) and a
triple Gaussian to the H -band spectra (for Hβ, [O iii]λ4959, and [O iii]λ5007)
with Gaussian weighting from the error spectrum calculated in the previous
section. Since the [N ii] line is weak compared to the noise level of our spectra,
it is difficult to constrain its properties from these fits. Therefore, we fix
its redshift and FWHM to be the same as Hα as no other strong forbidden
line is available in the K -band spectral range, while leaving its flux as a free
parameter: we iteratively fit a double Gaussian until the redshift and FWHM
of two lines satisfy ∆z < 0.00001 and ∆FWHM < 0.01 Å. Similarly, the
redshift and FWHM of the Hβ and [O iii]λ4959 lines are fixed to those of
[O iii]λ5007. We furthermore impose a constraint on the [O iii]λ4959 flux such
that the ratio of [O iii]λ5007/[O iii]λ4959 is equal to the theoretical value of
2.98 (Storey & Zeippen, 2000). All line fluxes are constrained to be positive.
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The uncertainties for line flux, FWHM, and redshift were quantified as the
68% confidence interval from 103 Monte Carlo realizations of the data, where
the input spectrum is given as the observed spectrum perturbed by Gaussian
random noise, with the Gaussian σ equal to the noise spectrum value at a
given wavelength.
For the SINFONI data, we measured the line fluxes for each of the OB
combinations discussed above in Section 2.3.3.1. These line fluxes and associated uncertainties measured from individual and co-added OBs were used
to select the final spectrum for each object to be used for further analysis,
using the one with the highest Hα or [O iii]λ5007 S/N. In summary, imposing
a 3σ detection limit, we detect Hα in 5 out of 10 SINFONI-observed LAEs
and [O iii]λ5007 in 5 out of 10, among which 4 have both Hα and [O iii]λ5007
detections. One object (HPS 194) is detected in Hβ with more than 3σ significance, and no galaxy has significant [N ii] detection.
We measured line fluxes in a similar way on the spectra of the Keck/NIRSPEC
observed LAEs. Of the newly observed LAEs, we find a ≥ 3σ significant detection of Hα for HPS 251, HPS 286 and HPS 306, for a total sample of five
LAEs (including the previously published HPS 194 and HPS 256) in the COSMOS field with detected Hα. None of these five objects have significant [N ii]
emission. Of these five LAEs, only HPS 194 and HPS 256 were observed in the
H band, as discussed in Finkelstein et al. (2011b); both objects have detected
[O iii]λ5007 emission and marginal Hβ emission.
We emphasize that these 10 LAEs originally selected via strong Lyα
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emission have secure spectroscopic redshifts confirmed by these detections of
rest-frame optical nebular emissions.
Meanwhile, the nondetection in NIR in 6 out of 16 targets may be
attributed to the following: first, they may be LAEs with high Lyα escape
fraction, as to be discussed in Section 2.5.3. Another possibility is that their
Lyα may be false detections caused by statistical noise fluctuations. Adams
et al. (2011) predict a 4%–10% contamination fraction due to spurious sources
in the HPS LAE sample based on simulations and empirical tests they performed. While sources with high Lyα S/N are free from this possibility, two
sources (HPS 160 and HPS 223) have low enough S/N that their Lyα detection
could be spurious. Lastly, there is a possibility of a misidentification of [O ii]
line as Lyα, and they may in fact be low-redshift [O ii] emitters. If this is
true, we would have detected other recombination lines through [O iii]λ5007
for these sources (except HPS 419 of which [O iii] falls out of spectral coverage)
in their HPS data. However, we do not find any hint of other line detections
in any of them. Under the hypothesis that they are [O ii] emitters, we also
checked our NIR data cubes if a Brδ (λrest =1.9447 µm) or Brγ (λrest = 2.1657
µm) line, which should be bright if they are [O ii] emitters, is detected. However, we found no indication of them, and thus we believe the chance of them
being low-redshift interlopers to be low.

25

2.3.5

Upper Limit on [N ii] and Hβ Flux
A robust measurement of the [N ii] line fluxes is critical to constrain

the metallicities of our sample. As none of our LAEs have a detected [N ii]
line, we quantified the upper limits via simulations, inserting a mock line at
the [N ii] wavelength with varying flux and fixing the line FWHM to be equal
to that of the Hα line. We measured the S/N of the mock line by performing
the same fitting procedure described in the previous section. We input lines
at a range of fluxes, resulting in recovered S/Ns of ∼3–50. The 1σ upper limit
is estimated as one-fifth of the input flux, which has an S/N of 5.
A possible caveat of this approach is that when there is an underlying weak line in a noisy spectrum, the resulting flux limit estimated from the
simulation would be underestimated, as the underlying weak line contributes
to the S/N measurements. Therefore, we performed a second simulation, inserting mock lines at multiple wavelengths around the [N ii] line (rather than
directly on top). Mock lines with varying flux were inserted at 30 different
wavelengths around the expected location of the [N ii] wavelength with ∆λrest
= 5 Å (excluding the Hα and [N ii] wavelengths). From this simulation the 1σ
flux limit was estimated as the median of the 1σ limits measured at these 30
wavelengths. If the observed [N ii] line fell on a sky line (where any weak [N ii]
emission would be thoroughly washed out by the sky noise), we used the result
from the first simulation. Otherwise, the final 1σ limit for [N ii] flux for each
object was then determined as the one from the second simulation. Excluding
the former cases, the results of two simulations show a qualitative agreement
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(the mean difference in the resulting 1σ limits of h∆i = 1.4 × 10−18 erg s−1
cm−2 ). Upper limits of the Hβ fluxes were measured in the same manner.
Figures 2.1 and 2.2 show the final K - and H -band spectra of our samples
with Hα and/or [O iii] line detections, and Table 2.2 summarizes the measured
emission line wavelength, flux, 1σ limit of [N ii] flux, redshift inferred from Hα
and/or [O iii], and total integration time of the data used for analysis.

2.4
2.4.1

Physical Properties
Spectral Energy Distribution Fitting
Using broadband photometry, one can measure several physical proper-

ties of galaxies using SED fitting. In this method, one compares the measured
photometry to a suite of stellar population models while varying several parameters, typically stellar mass, dust content, stellar population age, stellar
metallicity, and star formation history (SFH). Depending on the rest-frame
wavelengths probed, there can be several degeneracies between these parameters; thus, not all can be well constrained. The stellar mass is typically the
best-constrained parameter, since although differing values of dust or age can
reproduce a given color, the possible fractional range of mass-to-light ratios
is typically less (e.g., Shapley et al. 2001; Papovich et al. 2001). Additionally, when photometry is measured redward of rest frame 4000 Å, the dust
attenuation can be reasonably well constrained. For our analysis, we wish to
measure the stellar masses of our LAEs (such that we can explore our LAEs on
a stellar mass and gas-phase metallicity plane), as well as the dust extinction,
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Table 2.2. Emission Line Detection
Object

VLT/SINFONI
HPS 182

HPS 183

HPS 189

HPS 194

HPS 313

HPS 318

Keck/NIRSPEC
HPS 194

HPS 251

HPS 256

HPS 286

HPS 306

Line

λrest a
Fline b
(Å)
(10−17 erg s−1 cm−2 )

S/N

Hβ
[O iii]

4861
5007

< 2.14
8.18 ± 0.72

—
11.4

Hα
[N ii]

6563
6583

11.74 ± 1.70
< 1.32

6.89
—

Hβ
[O iii]
Hα
[N ii]

4861
5007
6563
6583

Hβ
[O iii]
Hα
[N ii]

4861
5007
6563
6583

Hβ
[O iii]
Hα
[N ii]

4861
5007
6563
6583

< 1.92
9.46 ± 1.83
14.41 ± 4.43
< 1.78

—
5.16
3.25
—

Hβ
[O iii]
Hα
[N ii]

4861
5007
6563
6583

< 0.46
12.65 ± 0.90
7.29 ± 1.00
< 0.94

—
14.1
7.26
—

Hβ
[O iii]
Hα
[N ii]

4861
5007
6563
6583

Hα
[N ii]

6563
6583

Hβ
[O iii]
Hα
[N ii]

4861
5007
6563
6583

Hα
[N ii]

6563
6583

Hα
[N ii]

6563
6583

zc

EXPTIME d
(minutes)

2.43422 ± 0.00011
(zsys = 2.43422 ± 0.00011 ± — )

80

2.16210 ± 0.00024

45

(zsys = 2.16210 ± 0.00024 ± —)
< 0.74
10.47 ± 0.95
5.47 ± 1.04
< 1.72

—
11.1
5.27
—

2.45039 ± 0.00010
2.44994 ± 0.00010

40
80

(zsys = 2.45017 ± 0.00007 ± 0.00022)
3.49 ± 1.15
15.02 ± 1.39
10.28 ± 1.16
< 0.68

3.04
10.8
8.85
—

2.28699 ± 0.00008
2.28675 ± 0.00011

80
80

(zsys = 2.28690 ± 0.00007 ± 0.00012)

2.09711 ± 0.00022
2.09726 ± 0.00061

25
40

(zsys = 2.09713 ± 0.00021 ± 0.00005)

2.45406 ± 0.00007
2.45313 ± 0.00025

80
40

(zsys = 2.45399 ± 0.00007 ± 0.00025)

3.64 ± 0.42
14.56 ± 0.48
8.99 ± 0.30
< 0.14

8.72
30.3
30.4
—

2.28632 ± 0.00003
2.28667 ± 0.00004

90
60

(zsys = 2.28646 ± 0.00003 ± 0.00018)
3.06 ± 0.15
< 0.08

20.3
—

2.28500 ± 0.00009

60

(zsys = 2.28500 ± 0.00009 ± —)
1.30
3.27
8.58
<

± 0.30
± 0.38
± 0.37
0.37

4.29
8.58
23.3
—

2.49048 ± 0.00012
2.49029 ± 0.00006

20
60

(zsys = 2.49032 ± 0.00005 ± 0.00008)
1.98 ± 0.12
< 0.11

16.1
—

2.22970 ± 0.00006

45

(zsys = 2.22970 ± 0.00006 ± —)
2.26 ± 0.13
< 0.08

17.1
—

2.43905 ± 0.00006

60

(zsys = 2.43905 ± 0.00006 ± —)

Note. — Dash bars mean nondetection, while blank fields indicate non-independent quantities: redshifts of Hβ and
[O iii]λ4959 ([N ii]) are fixed to that of [O iii]λ5007 (Hα). [O iii]λ4959 flux is determined by flux of [O iii]λ5007, by
f ([O iii]λ5007)/f ([O iii]λ4959) = 2.98 Storey & Zeippen (2000).
a
Wavelength in air. For redshift estimation, we use vacuum wavelengths; λ(Hβ)= 4862.7 Å, λ([O iii])= 5008.2 Å,
λ(Hα)= 6564.6 Å, λ([N ii])= 6585.2 Å.
b

For nondetection (< 3σ), the 1σ limit is listed.

c

Listed in parentheses are zsys ± δ(phot) ±δ(sys)—i.e., systemic redshift (an inverse-variance weighted mean of
z(Hα) and z([O iii])), photometric error, and systematic error (see Section 2.4.6).
d

Total on-source integration time used for analysis selected based on S/N of the Hα or [O iii] line (see Section 2.3.4).
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to determine dust-corrected star formation rates (SFRs) and to explore the
escape of Lyα photons.
We utilize archival multiwavelength photometry from a total of 25
bands from observed optical to the mid-infrared (MIR) in the COSMOS field;
12 are broad bands from V band to Spitzer /IRAC 4.5 µm, and 13 are Subaru/SuprimeCam optical medium and narrow bands. Most of the photometric measurements were taken from the COSMOS Intermediate and Broadband Photometry Catalog. We add to these recently obtained first-year UltraVISTA Y and Ks-band imaging (McCracken et al., 2012), as well as Hubble Space Telescope/Wide Field Camera 3 (HST /WFC3) F125W (J ) and F160W (H ) imaging from the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS; Grogin et al. 2011; Koekemoer et al. 2011) and Spitzer/IRAC
3.6 µm and 4.5 µm imaging from the Spitzer Very Deep Survey of the HST /CANDELS
Fields (S-CANDELS; Fazio et al. 2011). We measure our own photometry from
these new UltraVISTA and CANDELS data using the Source Extractor package (Bertin & Arnouts, 1996), using the FLUX AUTO measurement for the
UltraVISTA data, and using the techniques from Finkelstein et al. (2010) for
the CANDELS data.
For reliable photometry of MIR (rest-frame NIR) imaging data, which is
crucial for the stellar mass determination but is often challenging due to severe
source confusion, we utilize the template-fitting software TFIT (Laidler et al.,
2007) for our own photometry on the S-CANDELS data. Briefly, we performed
our photometry on the first two IRAC channels (3.6 and 4.5 µm) using the
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CANDELS HST /F160W (or COSMOS F814W for two objects—HPS 182 and
HPS 183—lying out of the F160W field) data as a high-resolution image. This
high-resolution detection image is smoothed to construct low-resolution (MIR)
models of each object, from which the best-fit fluxes are determined as the ones
that best reproduce the low-resolution data. Our photometry is confirmed to
be consistent within 0.2 and 0.1 dex with the S-COSMOS IRAC Photometry
Catalog (Sanders et al., 2007) and the TFIT SEDS photometry (H. Nayyeri et
al. 2014, in preparation), respectively, for objects not contaminated by nearby
sources and of which fluxes are above the shallower depths of the S-COSMOS
(23.9 AB in 3.6 µm, 5σ) or the SEDS (26.0 AB in 3.6 and 4.5 µm, 3σ; Ashby
et al. 2013) catalog.
For one object of particular interest (HPS 194; to be discussed in Section 2.5.1 and Figure 2.10), we also utilize the CANDELS COSMOS TFIT
multi-wavelength catalog (H. Nayyeri et al. 2014, in preparation), in which
photometry of all bands except HST data is performed with TFIT. As a consequence, each component in HST images that HPS 194 consists of, but is
blended together in other ground-based or Spitzer images, could be analyzed
separately.
Table 2.3 lists the filter sets and photometry used in the SED fitting, and Figure 2.3 shows “postage stamp” images from the B band to
Spitzer /IRAC 4.5 µm for each object.
The model templates were generated using the updated version of the
Bruzual & Charlot (2003) stellar population synthesis models (the 2007 ver30
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(0.08)
(0.10)
(0.09)
(0.05)
(0.07)
(0.10)
(0.06)
(0.05)
(0.03)
(0.04)

25.37
25.85
25.72
24.35
25.14
25.29
24.35
24.20
23.12
24.32

(0.13)
(0.24)
(0.22)
(0.09)
(0.15)
(0.18)
(0.08)
(0.07)
(0.04)
(0.10)

IA464

25.30
25.36
25.09
24.07
24.70
25.07
24.46
24.08
22.83
23.84

VJ
(0.09)
(0.13)
(0.09)
(0.06)
(0.09)
(0.09)
(0.06)
(0.05)
(0.03)
(0.05)

25.56
25.81
25.23
24.13
24.71
25.09
24.41
24.12
23.07
24.10

(0.13)
(0.21)
(0.14)
(0.07)
(0.10)
(0.15)
(0.08)
(0.06)
(0.03)
(0.07)

IA484

25.56
25.64
25.28
24.24
24.93
24.99
24.48
24.24
23.10
24.04

g+
(0.09)
(0.11)
(0.09)
(0.05)
(0.08)
(0.10)
(0.06)
(0.05)
(0.03)
(0.04)

25.53
25.90
25.28
24.25
24.81
24.87
24.51
24.13
22.93
24.15

(0.17)
(0.29)
(0.19)
(0.09)
(0.13)
(0.15)
(0.10)
(0.07)
(0.04)
(0.08)

IA505

25.44
25.45
25.20
24.10
24.82
25.18
24.39
24.24
22.86
23.84

r+
(0.09)
(0.13)
(0.10)
(0.06)
(0.08)
(0.13)
(0.06)
(0.05)
(0.03)
(0.04)

25.50
25.37
25.38
24.16
25.03
25.45
24.49
24.18
23.15
23.99

(0.13)
(0.15)
(0.15)
(0.07)
(0.13)
(0.19)
(0.08)
(0.06)
(0.04)
(0.06)

IA527

25.44
25.53
25.23
24.18
24.83
25.31
24.30
24.10
22.78
23.75

i+

z+

Broad Band
Y

25.43
25.40
25.62
24.30
25.33
25.32
24.71
24.16
23.02
23.83

(0.14)
(0.19)
(0.23)
(0.09)
(0.19)
(0.21)
(0.11)
(0.07)
(0.04)
(0.06)

IA574
25.70
25.65
25.22
24.14
25.01
25.18
24.31
24.03
22.85
23.81

(0.18)
(0.22)
(0.16)
(0.08)
(0.15)
(0.18)
(0.08)
(0.07)
(0.03)
(0.07)

25.10
25.80
25.16
23.99
25.14
25.39
24.16
23.84
22.64
23.66

(0.12)
(0.27)
(0.16)
(0.07)
(0.18)
(0.24)
(0.08)
(0.06)
(0.03)
(0.06)

Medium and Narrow Band
IA624
IA679

—
25.53 (0.24) 24.78 (0.11)
—
25.45 (0.28) 26.94 (0.34)
25.31 (0.14) 25.43 (0.28) 25.12 (0.11)
23.82 (0.10) 23.90 (0.10) 23.85 (0.07)
25.03 (0.11) 24.53 (0.15) 25.39 (0.22)
25.71 (0.13) 25.26 (0.28) 27.21 (0.54)
24.39 (0.13) 24.44 (0.13) 24.75 (0.10)
24.15 (0.09) 24.17 (0.10) 24.17 (0.05)
22.70 (0.03) 22.66 (0.04) 22.86 (0.03)
23.72 (0.10) 23.67 (0.08) 23.60 (0.04)

F814W

25.56
26.05
25.33
24.10
25.01
25.43
24.54
24.14
22.82
23.89

(0.16)
(0.30)
(0.17)
(0.08)
(0.15)
(0.23)
(0.10)
(0.07)
(0.03)
(0.07)

IA709

—
—
25.10 (0.06)
23.49 (0.03)
24.94 (0.07)
25.55 (0.08)
24.39 (0.07)
24.19 (0.04)
22.21 (0.01)
23.53 (0.03)

F125W

Ks

3.6 µm

4.5 µm

IA738

IA767
25.40 (0.31) 25.39 (0.18) 25.67 (0.26)
25.49 (0.40) 25.98 (0.36) 25.82 (0.41)
25.34 (0.36) 25.46 (0.23) 25.20 (0.21)
24.05 (0.16) 24.24 (0.10) 24.23 (0.10)
25.14 (0.34) 24.83 (0.16) 24.79 (0.16)
—
26.19 (0.49) 25.22 (0.25)
24.86 (0.27) 24.60 (0.12) 24.48 (0.12)
24.16 (0.14) 24.08 (0.08) 24.30 (0.09)
22.78 (0.05) 22.87 (0.04) 22.77 (0.04)
23.80 (0.13) 23.90 (0.08) 23.76 (0.08)

NB711

25.32
25.72
25.57
24.04
24.80
25.15
24.66
24.27
22.80
23.73

(0.15)
(0.26)
(0.24)
(0.09)
(0.14)
(0.19)
(0.12)
(0.08)
(0.04)
(0.06)

NB816

—
24.64 (0.24) 24.46 (0.12) 24.77 (0.15)
—
25.62 (0.27) 25.35 (0.27) 26.26 (0.51)
25.07 (0.05) 24.63 (0.17) 24.82 (0.15) 24.99 (0.17)
22.84 (0.01) 22.51 (0.05) 22.46 (0.04) 22.26 (0.04)
24.21 (0.03) 23.68 (0.12) 24.77 (0.22) 24.76 (0.24)
25.69 (0.08) 25.11 (0.24) 25.64 (0.25) 26.38 (0.48)
23.87 (0.04) 24.44 (0.18) 23.97 (0.27) 23.97 (0.26)
24.17 (0.03) 24.03 (0.11) 24.09 (0.08) 24.07 (0.08)
22.03 (0.01) 21.75 (0.03) 21.68 (0.01) 21.62 (0.01)
23.40 (0.02) 22.75 (0.05) 22.78 (0.02) 22.94 (0.03)

F160W

25.49
26.39
25.70
24.07
24.87
25.52
24.67
24.29
22.73
23.96

(0.17)
(0.44)
(0.26)
(0.08)
(0.15)
(0.27)
(0.12)
(0.08)
(0.03)
(0.10)

IA827

Note. — Magnitudes and magnitude errors for Subaru/SuPrimeCam VJ , g+ , r+ , i+ , z+ and medium and narrow bands are from the COSMOS Intermediate and Broadband Photometry
Catalog. The rest are from our photometry on the CANDELS v1.0 data for HST /ACS F814W (I ), HST /WFC3 F125W (J ), F160W (H ), on the first-year UltraVISTA data McCracken et al.
(2012) for UVISTA/Y, Ks, and on the S-CANDELS data for Spitzer/IRAC 3.6 and 4.5 µm.

HPS 182
HPS 183
HPS 189
HPS 194
HPS 251
HPS 256
HPS 286
HPS 306
HPS 313
HPS 318

Object ID

HPS 182
HPS 183
HPS 189
HPS 194
HPS 251
HPS 256
HPS 286
HPS 306
HPS 313
HPS 318

Object ID

Table 2.3. Multiwavelength Photometry of the Sample

Figure 2.3: Cutout stamp images of our LAEs. From top left to bottom
right, HST /F606W (V ), F814W (I), F125W (J), F160W (H), Subaru/BJ ,
VJ , z + , VISTA/Y, Ks , Spitzer /3.6, 4.5 µm. The HST images are 300 × 300 , and
others are 900 × 900 (indicated by the inset in the Subaru/BJ panel). For the two
components that compose HPS 194, we name the upper-left one as HPS 194A
and the lower-right one as HPS 194B in our subsequent analysis.
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Figure 2.4: Best-fit stellar population model template overlaid on the observed
SEDs. The filled orange and small blue circles represent observed broadband
and medium-/narrowband photometry points, respectively. The solid line
and black squares indicate the best-fit template model and model bandpassaveraged flux, respectively. We impose constraints on a set of emission-line
models by fitting the observed [O iii] and Hα fluxes simultaneously with photometric data. The red and blue dashed lines in the HPS 194 panel are the
best-fit models for each component that consists of HPS 194.
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sion; hereafter CB07). In order to take into account the contribution of nebular
emission, which has proven to be important by several recent studies on highredshift galaxies (Schaerer & de Barros, 2010; Finkelstein et al., 2011b; Labbé
et al., 2013; Stark et al., 2013), nebular emission line spectra with extra attenuation of E(B − V )neb = 2.27 E(B − V )stellar (Calzetti et al. 2000; see Section
2.4.3 for more discussion) were added, following the prescription of Salmon
et al. (2015). In brief, the line strengths depend on the number of ionizing
photons, which is set by the stellar population age and metallicity and the
ionizing escape fraction: the Hβ luminosity is given by the number of ionizing
photons and ionizing escape fraction, and the strengths of other lines (λ =
λLyα –1 µm) are determined by the Hβ luminosity and metallicity using the
table in Inoue (2011) calculated with the photoionization code cloudy 08.00
(Ferland et al., 1998), in addition to Paschen and Brackett series taken from
Osterbrock & Ferland (2006) and Storey & Hummer (1995). We assumed the
ionizing escape fraction to be zero, since constraints from observations searching for escaping Lyman continuum photons at z . 3 suggest a low ionizing
escape fraction of at most a few percent (e.g., Malkan et al. 2003; Cowie et al.
2009; Fynbo et al. 2009; Siana et al. 2010; Vanzella et al. 2010).3
As we have already measured the Hα and [O iii] emission line fluxes for
most of our objects, we add these line fluxes as constraints during the SED
fitting, along with the 25 photometric data points. By treating the Hα and
3

Although at z ∼ 3 there are signatures that faint galaxies have a large ionizing escape
fraction, a significant fraction of them might be from foreground contaminators (Vanzella
et al. 2012; B. Siana et al. 2013, in preparation).
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[O iii] lines as very narrow bands with an S/N equal to the ratio of line flux
to line flux error, we can fold the observed line flux errors into the estimation
of uncertainties of physical parameters.
We assume a Salpeter IMF (Salpeter 1955) with a lower and an upper
stellar mass cutoff of 0.1 and 100 M , respectively (to convert the resultant
stellar mass to one from a Chabrier IMF, one can multiply by a factor of
0.55). Star formation histories are parameterized as to be exponentially decreasing (with timescale τ of [1, 10, 100, 500, 103 , 2×103 , 3×103 , 5×103 , 10×103 ]
Myr), effectively constant (τ = 100 Gyr), and exponentially increasing (τ =
[−300, −103 , −10 × 103 ] Myr) as recent studies show an indication that the
average SFH above z ∼ 2–3 is rising with time (Papovich et al., 2011; Finlator et al., 2011; Reddy et al., 2012; Jaacks et al., 2013). The model ages span
from 1 Myr to the age of the universe at the redshift of each object, metallicity
ranges from Z = 0.02Z

to Z = 2.5Z , and internal dust extinction varies

from E(B − V ) = 0 to E(B − V ) = 0.6, assuming the extinction law from
Calzetti et al. (2000). Intergalactic medium (IGM) attenuation is included
using the prescription from Madau (1995), but due to large uncertainties in
modeling the Lyα line and IGM attenuation, we restrict the SED fitting to
wavelengths longward of the Lyα line.
The best-fit model is determined by maximizing a log likelihood, L ∝
e−χ

2 /2

, assuming data points with Gaussian errors. The redshift of model

templates is fixed to the systemic redshift measured from the observed Hα
and/or [O iii] lines. To account for potential zero-point uncertainties, we add
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Table 2.4. SED Fitting Results
Object ID

HPS 182
HPS 183
HPS 189
HPS 194
HPS 251
HPS 256
HPS 286
HPS 306
HPS 313
HPS 318

log Stellar Mass
(M )
8.87 +0.07
−0.08
7.94 +0.14
−0.18
8.55 +0.11
−0.01
10.09 +0.11
−0.02
9.02 +0.07
−0.06
8.27 +0.07
−0.06
9.12 +0.01
−0.09
9.14 +0.01
−0.58
9.869 +0.421
−0.002
9.67 +0.01
−0.02

log Age
(yr)

6.6
6.7
6.7
8.3
8.0
6.5
9.5
7.5
6.9
7.3

+0.0
−0.0
+0.1
−0.2
+0.0
−0.1
+0.3
−0.0
+0.1
−0.1
+0.0
−0.2
+0.0
−1.9
+0.0
−0.8
+1.1
−0.0
+0.2
−0.0

E(B − V )

χ2r

+0.02
−0.02
+0.04
−0.04
+0.02
−0.00
+0.02
−0.06
+0.02
−0.02
+0.02
−0.00
+0.04
−0.02
+0.00
−0.02
+0.00
−0.08
+0.00
−0.00

1.3
2.1
1.4
1.5
1.5
1.7
1.2
0.9
0.6
1.4

0.28
0.08
0.18
0.20
0.10
0.08
0.04
0.04
0.24
0.22

an error proportional to the flux of 5% for HST and 10% for ground-based
and Spitzer bands in quadrature to the photometric flux errors in each band.
The uncertainties of the derived physical properties are obtained from 103
Monte Carlo simulations with the observed photometry perturbed within the
corresponding errors. Table 2.4 lists the physical properties inferred from SED
fitting, and Figure 2.4 shows the best-fit model and observed SED for each
object.
To verify that our Monte Carlo-based parameter uncertainties are robust, we also perform a Bayesian likelihood analysis following Kauffmann et al.
(2003c). Using flat priors in parameter grids, we compute the four-dimensional
posterior probability density function (pdf) of each parameter (dust extinction,
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age, SFH, and metallicity) using the χ2 array that fully samples the model parameter space. Then, we compute 1D posterior pdfs for each parameter by
marginalizing over all other parameters. The median value and the central
68% confidence level (by excluding the 16% tails at each end) for each parameter are then estimated from these marginalized pdfs. We find that the
Bayesian-derived parameter uncertainties agree with our original values from
the Monte Carlo simulations. Throughout the paper we quote values from our
original Monte Carlo analysis.
2.4.1.1

Stellar Mass

From the best-fit model obtained as in the previous section, we calculate
the stellar mass for each object as the normalization from the observed SED
to the best-fit model spectrum that is normalized to a current stellar mass of
1 M . The inferred stellar masses show a wide range, 7.9 < log(M∗ /M ) <
10.1. The typical uncertainty of our estimated stellar mass is 0.1 dex.
2.4.1.2

Dust Extinction

From our SED fitting, the color excess ranges from E(B − V ) = 0.04
to E(B − V ) = 0.28, which corresponds to a visual extinction range from AV
= 0.16 to AV = 1.13 mag. This is comparable to the dust obscuration of
hE(B − V )i = 0.22 ([0.00, 0.31]) found from SED fitting analysis for ∼200 z ∼
2.1 LAEs from the narrowband MUSYC survey (Guaita et al., 2011).
To test the validity of the color excess inferred from the SED fitting, we
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derive the color excess from the Balmer decrement measurements for the two
objects with a > 3σ Hβ detection assuming an intrinsic Hα/Hβ ratio of 2.86
(case B recombination at T = 104 K and ne = 102 –104 cm−3 ; Brocklehurst
1971). We find E(B − V )Balmer = 0.00 ± 0.09 and 0.71 ± 0.46 for HPS 194
and HPS 256, respectively. Meanwhile, applying the extra attenuation factor
of 2.27 toward H ii regions (see Section 2.4.3 for more discussion) to the color
excess inferred from the SED fitting for these objects yields E(B − V ) =
+0.05
0.45+0.05
−0.14 and 0.18−0.00 for HPS 194 and HPS 256, respectively, implying 3.2σ

and 1.1σ deviation. But the Hβ emission for HPS 194 is contaminated by a sky
line, and the Hβ emission for HPS 256 is detected at only 4σ significance. Since
the Hβ line is only detected for two LAEs, and neither with high significance
(hS/NHβ i ∼ 4), we use the dust reddening (E(B − V )) of the best-fit model
derived from the SED fitting analysis throughout our study, rather than the
observed Balmer decrement.
2.4.2

Line Diagnostics

2.4.2.1

Gas-phase Metallicity

Although we do not detect the [N ii] line for any of our LAEs, we can
use the upper limits on the [N ii] fluxes estimated in Section 2.3.5 to place
constraints on the gas-phase metallicities of our LAEs, using the N 2 index of
(Pettini & Pagel, 2004). The metallicity (oxygen abundance) is given by
12 + log(O/H) = 8.90 + 0.57 × N 2
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(2.1)

where N 2 ≡ log([N ii]λ6583/Hα). Using the measured Hα flux and the 1σ
upper limit of [N ii] flux for each object, we estimate the 1σ upper limit of the
metallicity for individual LAEs. The estimated 1σ upper limit of metallicity for
our LAEs ranges from 12 + log(O/H) = 7.87 to 8.61, with a median upper limit
of 8.23. As we will discuss later, these upper limits are set by the quality of the
spectra; thus, the higher limits are likely not indicative of higher metallicities.
Rather, the objects are fainter, and thus their Hα lines are less well detected
(and the upper limit on the N 2 index is higher) and the resultant metallicity
limit is higher. Better limits will require deeper spectroscopy, available now
with the new generation of multi-object NIR spectrographs such as KMOS
(Sharples et al., 2012) and MOSFIRE (McLean et al., 2012).
2.4.2.2

AGN Contamination

Gas-phase metallicities measured from emission lines are unreliable
when there is significant contribution to the emission-line flux from active
galactic nucleus (AGN) activity, as the AGN ionizing spectra are quite different
from those in star-forming regions. To identify possible AGN contamination,
we first search for X-ray counterparts for our objects; we find no associated
X-ray detection (down to a flux limit of 0.73 × 10−15 erg s−1 cm−2 in the 2–10
keV band; L2−10 keV > 3 × 1043 erg s−1 at z = 2.3; Adams et al. 2011). For
the subset of our LAEs that have detections in all four IRAC channels (5/10
LAEs) in the SEDS TFIT catalog, we use the MIR AGN diagnostic proposed
by Donley et al. (2012) and confirm that none of our LAEs fall in the region of
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Figure 2.5: BPT emission-line diagnostic diagram. Local SDSS star-forming
and AGN host galaxies are plotted together as light and dark contours, respectively. Orange and blue filled circles and lines are our z ∼ 2.3 LAEs,
where arrows denote 1σ limits for objects for which either the Hα or [O iii]
line is unavailable (either not observed or undetected). The black dashed
curve represents the boundary between pure star-forming galaxies and starforming/AGN composites from Kauffmann et al. (2003c), and the black dotted
and dash-dotted curves are the maximum starburst from Kewley et al. (2001)
and its updated version at z ∼ 2.5 (Kewley et al., 2013), respectively. Although many of our objects lie above the SDSS star-forming sequence, similar
to other populations of high-redshift galaxies, none are constrained to lie on
the AGN sequence; thus, we conclude that the chance of AGN contamination
in our sample is not high.
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color space expected for AGNs. Finally, we search for the presence of AGNs
via an optical emission-line diagnostic diagram (BPT diagram; Baldwin et al.
1981), as shown in Figure 2.5. Our samples have elevated [O iii]/Hβ ratios
compared to low redshift (z ∼ 0.1) star-forming galaxies from the SDSS. This
elevated [O iii]/Hβ ratio has been reported by several studies for some LBGs
at high redshift and also for local starbursts with no indication of AGNs (e.g.,
Erb et al. 2006c; Brinchmann et al. 2008; Liu et al. 2008). It is often claimed
that their higher SFRs compared to their stellar masses and the associated
high-ionization parameter are responsible for this shift in the BPT diagram
(e.g., Brinchmann et al. 2008; Liu et al. 2008; Hainline et al. 2009). We conclude that while we cannot exclude the presence of low-luminosity AGNs that
are obscured or undetected, there are no confirmed AGNs in our sample. As
excluding the two LAEs with large [O iii]/Hβ ratios (HPS 189 and HPS 318)
from our analysis is confirmed not to influence our results qualitatively, we
include the entire sample in our subsequent study.
2.4.3

Star Formation Rate
The relative extinction suffered by the stellar continuum and nebular

emission is not a settled issue: some studies of local star-forming galaxies
and starbursts and high-redshift star-forming galaxies have found evidence of
additional attenuation toward H ii regions (e.g., Calzetti et al. 2000; Förster
Schreiber et al. 2009; Wuyts et al. 2011), while others favor the same amount
of dust extinction for nebular emission as for the stellar continuum (e.g., Erb
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et al. 2006b; Reddy et al. 2010). We test these two scenarios, the first one of
E(B − V )stellar = E(B − V )neb and the other of E(B − V )stellar = 0.44 E(B −
V )neb , by comparing two SFR indicators, based on the UV continuum and Hα
emission strength Kennicutt (1998a), and correcting both for our measured
dust extinction. We find that assuming a greater extinction toward the H ii
regions produces more consistent results (hSFRHα i/hSFRUV i = 0.77 versus
hSFRHα i/hSFRUV i = 0.39) for our samples, and thus we correct the observed
Hα fluxes for internal dust extinctions assuming that the ionized gas suffers a
greater extinction as suggested by Calzetti et al. (2000).
Then Hα fluxes are converted to Hα luminosities as
L(Hα)corr = f (Hα)obs × 100.4E(B−V )neb k(λHα ) × 4πDL2 ,

(2.2)

where k(λ) is the Calzetti extinction curve and DL is the luminosity distance
for the systemic redshift inferred from the Hα and/or [O iii] line. We derive
SFRs using the Kennicutt (1998a) prescription, SFR(Hα) (M

yr−1 )= 7.9

×10−42 L(Hα)corr (erg s−1 ), assuming a Salpeter IMF and solar metallicity.
The sample is characterized by a mean (median) SFR value of 74 (58)
M yr−1 , ranging between 8 and 197 M yr−1 .4 This is comparable to the
average SFR of hSFRHα i = 78 M yr−1 for four LAEs at similar redshift with
Hα detection in Hashimoto et al. (2013), but larger than that of hSFRSED i =
35 M yr−1 inferred from SED fitting analysis for narrowband selected LAEs in
4

When a mean or median value is quoted, we use a simple arithmetic mean and median,
which means that the pdf for each object is assumed to be symmetric about its mean and
have a similar width.
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Figure 2.6: Specific star formation rate, sSFR ≡ SFR(Hα)/M∗ , vs. the stellar
mass for our LAE sample (orange and blue filled circles). The 3σ flux limits of
our VLT/SINFONI and Keck/NIRSPEC data and the median color excess are
converted to the lower limit of SFRs at the median redshift of our samples (15.5
M yr−1 for VLT/SINFONI, 1.8 M yr−1 for Keck/NIRSPEC) and are shown
as orange and blue dashed diagonal lines, highlighting that the lower bound
of the observed trend is likely due to selection effects. LAEs from Nakajima
et al. (2013), continuum-selected star-forming galaxies (BX galaxies) from Erb
et al. (2006b), and lensed galaxies from Livermore et al. (2015) at similar
redshifts are plotted as magenta diamonds, green triangles, and cyan squares,
respectively. Black lines indicate the z ∼ 2 star-forming “main sequence”
(black solid line) defined from BzK star-forming galaxies (sBzKs) by Daddi
et al. (2007), its extrapolation to higher/lower masses than those probed (gray
solid line), and the interquartile range of 0.32 dex in sSFR (black dotted lines).
All points and lines plotted are converted to a Salpeter IMF. Also shown
are gray dotted diagonal lines of constant SFRs. The massive LAEs appear
consistent with the “main sequence”, as well as with continuum-selected starforming galaxies at the same redshift. Lower-mass LAEs (M∗ . 109 M ) have
elevated sSFRs, indicating that low-mass LAEs may be starbursting sources,
although our selection renders us unable to see “main-sequence” galaxies at
these masses.
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Guaita et al. (2011). Using the UV SFR indicator and the Kennicutt (1998a)
conversion, SFR(UV) (M yr−1 ) = 1.4 ×10−28 Lν,UV (erg s−1 Hz−1 ), we find
a mean (median) value of 92 (37) M yr−1 . However, these indicators probe
different regimes; the Hα SFR is sensitive to the instantaneous SFR, while
the UV indicator probes the average SFR over the past 100 Myr. For galaxies
younger than 100 Myr, SFR(UV) derived from the Kennicutt conversion that is
based on an assumption of constant SFH over the past 100 Myr underestimates
the “true” (time-averaged) SFR. Although our attenuation test showed that
Hα and UV-based SFR values are consistent, the result from our SED fitting
analysis implies that many galaxies in our sample are young (t < 100 Myr).
Combined with the young age for LAEs in the literature (e.g., Gawiser et al.
2006b; Finkelstein et al. 2009a), the Hα SFR is likely more indicative of the
true SFR, and it has a lower dust correction; thus, we use that estimate in our
subsequent analysis.
With our derived SFRs, we investigate the relation between the specific
star formation rate, sSFR ≡ SFR/M∗ , and stellar mass for our sample in
Figure 2.6. Massive LAEs have sSFRs similar to those of continuum-selected
galaxies at the same redshift from Erb et al. (2006b, a few × 10−9 yr−1 ),
following the z ∼ 2 star-forming “main sequence” (Daddi et al., 2007), while
low-mass LAEs appear to be undergoing a starbursting phase with a stellarmass-doubling timescale of as short as a few million years. The lower bound
of the diagonal distribution in sSFR and M∗ is likely a combined effect of
the LAE selection and detection limit of Hα, i.e., the high sSFR for low-mass
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LAEs is attributed to the LAE selection method, which requires a bright Lyα
emission that (roughly) correlates with SFR, as well as the Hα detection limit
of our data.
2.4.4

Size
As the Hα emission is not spatially resolved in our NIR seeing-limited

data, we utilize HST rest-frame UV imaging to measure the half-light radius
and surface areas associated with star formation activity in our sample of
LAEs, since, as mentioned above, the rest-frame UV also probes recent star
formation (albeit on a longer timescale). The half-light radius of each object
is measured in the HST /F814W image from the Advanced Camera for Surveys (ACS) parallels to the CANDELS survey (v1.0). Most of our sample is
spatially resolved at the ∼0.00 06 (∼0.5 kpc at z = 2.3) pixel scale of the CANDELS data, including a marginally resolved HPS 182 (r = 0.6 kpc). Using
the redshift of each object and the pixel scale of the image, we then convert
the measured size to the physical size and surface area, SA = πr2 . When two
or more clumps or galaxies appear blended in the ground-based imaging data
that we utilized in our SED fitting, we first calculate the total surface area,
SA = Σ(πri2 ), and obtain the equivalent half-light radius as r = (SA/π)1/2 .
The half-light radius ranges from 0.6 kpc to 2.9 kpc, with a mean (median) of
1.5 (1.5) kpc (Table 2.5). This is comparable to (or slightly larger than) the
mean half-light radius of 1.3 ± 0.2 kpc (Malhotra et al., 2012) or the median
of 1.4 kpc (Bond et al., 2012) for narrowband-selected LAEs at z ∼ 2, but our
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sample displays a wider distribution in the size, as our sample includes more
massive (and larger) LAEs than those from narrowband surveys.
The assumption we are making here, that the Hα-emitting star-forming
regions are identical to UV-emitting star-forming regions, breaks when there
exist short-term (<100 Myr) spatial fluctuations in the recent SFH, since the
star formation timescales traced by UV and Hα are ∼100 Myr and ∼10 Myr,
respectively. However, given the typically young nature of LAEs (see Section
2.4.3), the Hα flux is likely a better SFR estimator, but the UV morphology
should also well represent the size of the star-forming regions.
2.4.5

SFR Surface Density and Gas Fraction
Optical/NIR imaging of galaxies does not reveal the whole picture, as

high-redshift galaxies have substantial gas reservoirs fueling their active star
formation. Direct gas measurements are challenging for high-redshift galaxies
and are biased toward luminous and massive galaxies (Tacconi et al. 2010;
Geach et al. 2011; but see Tacconi et al. 2013) except for a few lensed galaxies
(e.g., Livermore et al. 2015). Consequently, the gas fraction for high-redshift
galaxies is often inferred assuming the Kennicutt–Schmidt law (Kennicutt,
1998b), which relates the gas surface density to the SFR surface density (e.g.,
Erb et al. 2006c; Finkelstein et al. 2009b; Weinzirl et al. 2011). Although we
have no direct measurements for the gas content of our sample, we can obtain
a rough estimate of the gas properties of our sample using the same methodology. We caution, however, that the results obtained via this method can be
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Figure 2.7: Gas mass fraction vs. stellar mass, where the gas mass fraction is
estimated from the inversion of the Kennicutt–Schmidt law using the SFR(Hα)
and size measured from HST rest-frame UV imaging. Vertical error bars
include the uncertainties in the observed Hα flux and the color excess described
in Sections 2.3.4 and 2.4.1, respectively, but not the systematic uncertainties
associated with, e.g., the L(Hα)–SFR conversion and the relation between SFR
and gas density. Orange and blue dashed lines represent our observational
limit of the gas fraction for the VLT/SINFONI and Keck/NIRSPEC data,
respectively (see text). Green triangles and cyan squares denote z ∼ 2.2
BX galaxies from Erb et al. (2006c) and lensed galaxies at 1.5 < z < 3.0
from Livermore et al. (2015), respectively, converted into a Salpeter IMF. Gas
fractions from these studies are inferred using the same methodology as ours.
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uncertain by a factor of 2–3, as the relation between gas surface density and
SFR surface density for various galaxy types and redshifts shows systematic
deviation from the original relation (e.g., Daddi et al. 2010; Genzel et al. 2010;
Kennicutt & Evans 2012; Tacconi et al. 2013). Other sources of error include
the assumption that the spatial extent of star formation is related to that of
the gas.
We first combine the dust-corrected SFR inferred from Hα emission in
Section 2.4.3 and surface area in Section 2.4.4 to estimate the SFR surface
density ΣSFR = SFR/SA. The measured SFR surface density of our sample
ranges from 0.7 to 32.8 M yr−1 kpc−2 and is characterized by a mean value
of hΣSFR i = 10.3 M yr−1 kpc−2 . This is comparable to the typical SFR
surface density seen in local starbursts (excluding the high-end tail) and giant
molecular clouds in the Milky Way, but much higher than that seen in local
blue compact dwarfs (see Figure 9 in Kennicutt & Evans 2012). Compared to
galaxies at similar redshifts, the range overlaps that for BX galaxies from Erb
et al. ([0.5, 10.7] M yr−1 kpc−2 ), but the mean SFR surface density of our
LAEs is higher (hΣSFR iBX = 2.8 ± 2.4 M yr−1 kpc−2 ).
The (total H i+H2 ) gas surface density is measured by applying the
inversion of the Kennicutt–Schmidt law (Kennicutt, 1998b):
2

Σgas = 2.4 × 10



ΣSFR
M yr−1 kpc−2

0.71

M pc−2

(2.3)

We do not apply a factor 1.36 in mass to account for helium in order to remain
consistent with other works to which we compare our results. We can now
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obtain the gas mass Mgas = Σgas × SA and gas fraction µ = Mgas /(M∗ + Mgas ).
In Figure 2.7 we plot the derived gas mass fraction as a function of
the stellar mass. We find in general Mgas > M∗ for our LAEs. The inferred
gas mass fraction reaches near unity for low-mass LAEs and decreases overall
with stellar mass, following similar trends found in other studies on more
massive galaxies at similar redshifts. This observed trend, however, is likely
dominated by the selection bias. Using the median redshift and color excess of
our samples and adopting the minimum radius of 0.6 kpc (comparable to the
minimum detection area adopted in our size measurement), the median 3σ flux
limits of our VLT/SINFONI (∼2.8 × 10−17 erg s−1 cm−2 ) and Keck/NIRSPEC
(∼3.3 × 10−18 erg s−1 cm−2 ) data estimated in Section 2.3.5 are translated into
the lower limits in gas mass fraction and are shown as orange and blue dashed
lines, respectively. The lines of our lower limits in gas fraction are located
well below the data points by & 0.3 in gas fraction except the low-mass end
(M∗ . 108.5 M ), but following the observed trend of our data points and
Erb et al.’s (2006b). This result suggests that the trend seen in gas fraction
versus stellar mass could be due in part to the observational limits, especially
at the low-mass end, since we may be probing only the upper envelope of
the distribution between the gas fraction and stellar mass as suggested by the
existence of lensed galaxies with lower gas fraction than our limits in Figure
2.7. Although our sample size is small, however, the lack of massive objects
with high gas fraction in the LAE population and in BX galaxies is suggestive.
The inferred gas mass fractions for massive LAEs are comparable to
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Figure 2.8: Compilation of Lyα velocity offsets for 29 LAEs at z = 2–3 (10
from this study, 2 from McLinden et al. 2011, 4 from Hashimoto et al. 2013,
2 from Guaita et al. 2013, 11 from Shibuya et al. 2014) of which Lyα velocity
offsets are measured from the centroids of Lyα lines and nebular (Hα and/or
[O iii]) lines, where the latter represent the systemic redshifts of these galaxies.
Lyα offsets of z ∼ 2.2 BX galaxies from Steidel et al. (2010) are shown together
for comparison. On the upper-right corner are shown the typical uncertainties
in velocity offsets for LAEs and BX galaxies. We find that all our LAEs
show redshifted Lyα emission compared to their systemic redshifts but have
systematically smaller Lyα velocity offsets than BX galaxies.
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the average gas mass fraction of ∼50% for z ∼ 2.3 BX galaxies found in Erb
et al. (2006c) and much higher than the average gas mass fraction of local starforming galaxies of ∼5% (Saintonge et al., 2011). Although the uncertainty in
gas mass fraction estimated from the indirect method is large, Erb et al. used
the same methodology and Tacconi et al. (2010) reported similar results: an
average molecular gas fraction of 44% from CO observations for a subset of
the Erb et al. sample.
2.4.6

Kinematics: Lyα Velocity Offsets
In this section we measure the difference between the redshift of Lyα

and the systemic redshift (called the Lyα velocity offset), using the systemic
redshift as measured from Hα and/or [O iii]. We will investigate in Section
2.5.2 correlations between the Lyα velocity offsets and other physical properties.
To calculate Lyα velocity offsets properly, we first correct our observed
data for Earth’s motion during our observations. We utilize an IDL translation
(written by D. Nidever) of the IRAF task rvcorrect to calculate the radial
heliocentric velocity of the observer with respect to the heliocentric frame,
vhelio , for each object. Using the median time of the observation, we find
vhelio to range between [−18.6, +23.9] km s−1 . Wavelengths of [O iii] and
Hα (in vacuum) are adjusted to the heliocentric frame of reference using the
estimated values. The systemic redshift for each object is calculated as the
weighted mean of the redshifts measured from Hα and [O iii], or either of the
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Figure 2.9: Dynamical mass vs. baryonic (stellar + gas) mass. The dynamical
mass is estimated from the Hα line widths and half-light radius, as Mdyn ∼
5σ 2 r/G. A 1:1 line is shown for reference.
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Table 2.5. Physical Properties of LAEs

two when only one is detected (Table 2.2).
We find for each LAE in our sample that the Lyα line is observed at
a slightly higher redshift than the systemic redshift. Figure 2.8 shows the
histogram of Lyα velocity offsets, compiled from LAEs at z = 2–3, which is
the only epoch where this quantity has been measured for a sizable number
of LAEs (including the 10 LAEs from this study, as well as 2 from McLinden
et al. 2011, 4 from Hashimoto et al. 2013, 2 from Guaita et al. 2013, and 11
from Shibuya et al. 2014). For comparison, we also show the distribution of
Lyα velocity offsets for continuum-selected star-forming galaxies at z = 2–3
from Steidel et al. (2010). Interestingly, we find the mean Lyα velocity offsets
of LAEs to be +180 km s−1 , a factor of ∼2–3 smaller than that of continuumselected star-forming galaxies at similar redshifts. This trend, that LAEs show
systematically smaller Lyα velocity offsets than those of continuum-selected
star-forming galaxies, will be discussed further in Section 2.5.2.
2.4.7

Equivalent Widths: Lyα and Hα
For objects such as LAEs with faint continuum levels, it is difficult

to measure the EW of emission lines from spectroscopy alone. Often, the
broadband flux is used to determine the continuum flux near the line, but the
associated uncertainty is large. Thus, we utilize the best-fit stellar population
models to estimate the EWs of the Lyα and Hα lines of our LAEs. We estimate
EWs of the Lyα line using the observed Lyα flux and the mean continuum flux
density of the best-fit model in a ∆λrest = 100 Å region at wavelengths redward
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of the Lyα line (as the region blueward is affected by IGM absorption). EWs
of the Hα line are obtained in a similar way, with the observed Hα flux and
the mean best-fit model flux density in two ∆λrest = 100 Å bands, one at
wavelengths shortward and one longward of the Hα line. Uncertainties in the
EWs are estimated from the error of the observed line flux (Section 2.3.4) and
the 68% range of the model continuum flux density from the Monte Carlo
realizations described in Section 2.4.1. The derived Lyα and Hα rest-frame
EWs are tabulated in Tables 3.1 and 2.5, respectively. All of our LAEs (with
NIR spectroscopic detections) have estimated rest-frame Lyα EWs of EWLyα
. 240 Å, which can be explained with normal stellar populations (Charlot &
Fall, 1993). Compared to the values in Adams et al. (2011) and Blanc et al.
(2011) where Lyα EWs are measured for the HPS sample utilizing R-band
flux or power-law extrapolation of broadband photometry for determining the
continuum flux near Lyα, we find that their measurements yield ∼30% lower
values than ours (hEWLyα i (Adams+11, Blanc+11)/hEWLyα i (this study) =
0.73, 0.69, respectively).
2.4.8

Dynamical Masses
The typical FWHM of the Hα line for objects observed with VLT/SINFONI

is ∼17 Å, significantly larger than the K-band instrumental resolution of ∼5
Å at 2.2 µm (R ∼ 4000). For objects observed with Keck/NIRSPEC, with a
K-band resolution of ∼14 Å at 2.2 µm (R ∼ 1500), we find that Hα lines for
three out of five objects are resolved. We utilize these resolved Hα (or [O iii]
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for one case, HPS 182) lines to constrain the dynamical mass of our sample.
For objects with unresolved lines, we calculate conservative upper limits on the
dynamical masses by assigning the observed line width assuming zero width
for the instrumental profile.
Gaussian FWHMs of the Hα line (or [O iii] when Hα was not available)
are corrected for the instrumental resolution and then are converted to lineof-sight velocity dispersions. Then we estimate dynamical masses as Mdyn ∼
5σ 2 r/G, under the assumption of the virial theorem and a uniform sphere,
which has been frequently used in the previous estimates of dynamical masses
of high-redshift galaxies (e.g., Erb et al. 2003; Shapley et al. 2004). Here,
σ is the line-of-sight velocity dispersion, r is the half-light (effective) radius
measured in Section 2.4.4, and G is the gravitational constant.
The measured dynamical masses (thus within the central r kpc traced
by the Hα emission, and a lower limit on the true dynamical mass) range
from log(Mdyn /M ) = 8.8 to 10.8, with a mean of log(Mdyn /M ) = 9.9. The
derived dynamical mass and the total baryonic (stellar and gas) mass are in
overall agreement (Figure 2.9), with the Spearman’s rank correlation coefficient (Spearman, 1904) of rs = 0.86 (2.1σ deviation from the null hypothesis).
Our analysis above assumes that the nebular line broadening is mainly
due to the gravitational potential, and the contribution of inflow and/or outflow is negligible. Although this might not be true, we do not find strong
evidence against it: we do not find any correlation between the velocity dispersion and the SFR or Lyα velocity offset that might be expected if the
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Figure 2.10: Plot of galaxy stellar mass vs. gas-phase metallicity. Orange
(VLT/SINFONI) and blue (Keck/NIRSPEC) filled circles represent 1σ upper limits on the metallicities for the LAEs at z = 2.1–2.5 from this study.
Each LAE has an 84% likelihood of lying below these points. Blue filled
stars represent each component of HPS 194, assuming that all the Hα emission originates from one or the other. The gray 2D histogram displays the
density of z ∼ 0.1 star-forming galaxies (Tremonti et al. 2004; darker regions
represent higher density), and green triangles are z ∼ 2.3 continuum-selected
star-forming galaxies (BX galaxies; Erb et al. 2006a). The dashed line represents the z ∼ 0.1 MZR (Tremonti et al., 2004) shifted downward by 0.56 dex,
to match the observations by Erb et al. All points on this figure have their
metallicities derived via the N 2 index (Pettini & Pagel, 2004). For reference,
we denote the solar metallicity by a dash-dotted line. Our NIR spectra are
not deep enough to probe the low-mass end (. 109 M ) of the MZR of LAEs,
but from higher-mass LAEs (& 109 M ), where 1σ upper limits for nearly all
of them lie either on or below the MZR for continuum-selected star-forming
galaxies, we find hints that galaxies selected on the basis of strong Lyα emission may lie below the MZR for continuum-selected star-forming galaxies at
the same epoch.
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Figure 2.11: Fundamental metallicity relation (FMR) proposed by Mannucci
et al. (2010, 2011). Solid and dashed black lines are the original FMR and its
extension toward lower mass, respectively, and shaded regions indicate the 1σ
dispersion. For reference, z ∼ 2.2 star-forming galaxies from Mannucci et al.
(2010) are shown together in green triangles.
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contribution of outflowing material on nebular line broadening is significant
(Erb et al., 2003; Green et al., 2010).
Table 2.5 lists the physical properties obtained in this section, i.e., gasphase metallicity, Lyα velocity offset, SFR, half-light radius, gas fraction, Hα
EW, line-of-sight velocity dispersion, and dynamical mass.

2.5
2.5.1

Discussion
Mass–Metallicity Relation and Fundamental Metallicity Relation
There are suggestions that our LAEs may lie below the MZR for continuum-

selected star-forming galaxies at a given redshift. This result is shown in Figure
2.10, where we place our LAE sample on the stellar mass–gas-phase metallicity
plane. Vertical arrows represent the inferred 1σ upper limit of the metallicity
from the N 2 index calibrated by Pettini & Pagel (2004), and the horizontal
error bars illustrate the 68% confidence interval in stellar mass. For reference,
we also plot continuum-selected (BX) galaxies at z ∼ 2.3 from the stacking
analysis by Erb et al. (2006a, green triangles) and local star-forming galaxies
from the SDSS (Tremonti et al., 2004, gray 2D histogram). For consistency
with our work, the stellar masses of SDSS galaxies for which a Kroupa IMF
(Kroupa, 2001) is assumed are converted to those with a Salpeter IMF (multiplied by 1.6). We leave the points from Erb et al. uncorrected, since they
used the integral of the SFR over the lifetime of the galaxy (thus the total
stellar mass ever formed that is not equal to stellar mass due to gas recycling)
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as stellar mass, and the correction to the current stellar mass (∼10%–40%)
depends on the SFH of each galaxy. Correction to the current stellar mass
and the conversion from a Chabrier IMF (Chabrier, 2003) that they assumed
to a Salpeter IMF will yield a combined systematic offset of 0.05–0.15 dex to
the right. All points on this figure have their metallicities derived via the N 2
index.
As can be seen in Figure 2.10, our observations are not deep enough to
probe the low-mass end (M∗ . 109 M ) of the MZR since the true metallicities
of these low-mass LAEs can be any value below these (relatively high) upper
limits. However, although our results only provide upper limits, for galaxies
with M∗ & 109 M , nearly all of them lie either on or below the MZR for
continuum-selected star-forming galaxies. As these are 1σ upper limits, each
galaxy has an 84% chance of lying below the currently drawn data point. Thus,
the trend observed by deep Keck/NIRSPEC data for LAEs with M∗ & 109 M
implies that our sample of LAEs may have a systematically lower metallicity
than continuum-selected star-forming galaxies at a common stellar mass.
Among our sample, HPS 194 is of particular interest since its location
in Figure 2.10 implies that it is less chemically enriched by at least a factor of four than the typical continuum-selected star-forming galaxies (SFGs)
with the same stellar mass and redshift. As noted earlier, however, the interpretation is complicated since this object consists of two components. While
the spectroscopic redshift for each component is unknown, deep CANDELS
HST /WFC3 imaging (Figure 2.3) showing a tidal bridge connecting them,
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together with SED fitting analysis for each component (described below and
in Section 2.4.1), suggests that this system is likely a merger. If the observed
optical nebular lines (which determine the metallicity) of HPS 194 originated
from one or the other, the stellar mass for HPS 194 is likely to be overestimated, leading to a misplacement of HPS 194 in Figure 2.10. Therefore, we
estimated stellar mass for each component (see Section 2.4.1) and placed them
as blue filled stars in Figure 2.10. Our analysis shows that both remain lying
below the MZR, and the trend seen above persists.
This result is not terribly surprising, as LAEs were originally thought
to be young and metal-poor systems (Partridge & Peebles, 1967). A number of studies of LAEs support this; while some appear moderately dusty
(e.g., Finkelstein et al. 2009b; Pentericci et al. 2009), the majority are relatively blue and thus likely have minimal dust attenuation and, by extension, lower metallicities. Thus, the majority of studied LAEs appeared less
evolved than continuum-selected galaxies at the same redshifts. However, typical narrowband-selected LAE studies probe lower masses, M∗ . 109 M ; thus,
these previous comparisons were comparing two galaxy samples selected in different ways, in different mass regimes. Due to the large volume probed with
the HPS, we have been able to compile a sample of LAEs with comparable
masses to continuum-selected star-forming galaxies, and while their masses
are the same, our results imply that their metallicities may be systematically
lower. This could imply that LAEs reside on their own MZR, shifted downward in metallicity. More likely, however, is that there is significant scatter in
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the high-redshift MZR, and that galaxies on the lower-metallicity end of that
scatter have less dust, and thus are more likely to exhibit Lyα in emission.
In any case, evidence for different galaxy populations occupying different locations in the stellar mass–metallicity plane is now emerging from other
studies: locally, Pilyugin et al. (2013) recently reported that irregular SDSS
galaxies characterized by their high sSFR form a different MZR in that they
are more metal-poor than normal spirals for a given mass. Ly et al. (2014)
also found suggestion that galaxies at 0.1 < z < 0.9 selected by their strong
emission lines populate the lower side of the MZR, with a direct measurement of metallicity from the [O iii]λ4363 auroral line. A similar result was
found by Xia et al. (2012) for emission-line-selected galaxies at 0.6 < z <
2.4. These galaxies share some characteristics in common with our low-mass
LAEs (e.g., mass, SFR, age). Finally, Finkelstein et al. (2011a) studied the
MZR of Lyα-emitting galaxies at z ∼ 0.3, selected from Galaxy Evolution Explorer spectroscopy, and found that they too resided below the MZR for SDSS
galaxies at similar redshifts (see also Cowie et al. 2010).
This observed trend of LAEs being relatively more metal-poor than
continuum-selected star-forming galaxies (Figure 2.10) can, however, be affected by a number of systematic uncertainties. First, it is known that the
absolute metallicity derived from different calibrations can differ up to 0.7 dex
(Kewley & Ellison, 2008). As we mentioned above, all points in Figure 2.10
are derived using the same metallicity calibration, the N 2 index. Therefore,
there exist no systematics from using different calibrators.
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Second, as noted in Section 2.4.2.2, some studies indicate that highredshift galaxies have a higher ionization parameter compared to the local
ones and suggest caution when using the locally calibrated metallicity indicators such as the N 2 index used in this study (e.g., Kewley & Dopita 2002).
If LAEs and continuum-selected star-forming galaxies have different physical
conditions in their star-forming regions, this issue could vertically move points
differently for two populations: since the N 2 index increases with metallicity
but decreases with ionization parameter, the inferred metallicity for an object with higher ionization parameter would be underestimated if a constant
ionization parameter is assumed in calibration. This effect of high-ionization
parameters will be discussed further in Section 2.5.4.
Third, we focus on the fact that HPS 194 was observed with both
Keck/NIRSPEC and VLT/SINFONI, and the 1σ upper limit for metallicity
of this object from the Keck/NIRSPEC data is much lower, as shown in Figure 2.10. This is because the Keck/NIRPSEC spectrum of HPS 194 is much
deeper than the VLT/SINFONI spectrum; thus, the superior SNR leads to a
much more stringent limit on the [N ii] flux, and in turn on the metallicity.
Therefore, if the VLT/SINFONI spectra were deeper, we would expect the
points to move lower (or [N ii] to be detected), resulting in a greater difference
in metallicity between the two populations. Clearly a more uniform, deeply
observed sample of LAEs is required to make progress on this issue.
Since the establishment of the MZR by Tremonti et al. (2004), observational efforts on investigating its dependence on a second parameter have
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found that for a given mass, a galaxy with a higher SFR has a lower metallicity (Mannucci et al. 2010; Lara-López et al. 2010; Yates et al. 2012; but see
Sánchez et al. 2013). This result is in qualitative agreement with the expectation from theoretical models where galaxies are in an equilibrium state, with
their metallicity set by gas inflows, star formation, and outflows (Davé et al.,
2011). Based on these data, Mannucci et al. (2010) proposed that the MZR
is a 2D manifestation of the thin plane that galaxies form in stellar mass–gasphase metallicity–SFR space. This “fundamental metallicity relation” (FMR)
is reported to be valid and show no evolution at least up to z ∼ 2.5 using
continuum-selected star-forming galaxies. Figure 2.11 shows our LAEs plotted with the originally proposed FMR (Mannucci et al., 2010) and its extension
toward lower mass (Mannucci et al., 2011) converted into the common IMF of
Salpeter and metallicity indicator of the N 2 index. Unfortunately, our data
are not deep enough to probe whether the FMR is applicable to our population
of LAEs, suggesting the need for deeper spectroscopy in the future.
2.5.2

Lyα Velocity Offset versus Physical Properties
Outflows are believed to be ubiquitous in both local and high-redshift

galaxies (e.g., Pettini et al. 2001; Shapley et al. 2003; Martin 2005), as directly
probed by neutral gas in outflows (e.g., Martin 2005) or indirectly implied by
studies on metal-line absorption systems along the line of sight of high-redshift
quasars or galaxies showing metal-enriched intergalactic/intercluster medium,
indicating that metals must be transported in large scale by galactic winds
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Figure 2.12: Lyα velocity offsets vs. various physical properties. From top
left to bottom right, ∆vLyα vs. SFR, SFR surface density, specific SFR, stellar
mass, dynamical mass, and rest-frame Lyα EW. The vertical boxes on orange
and blue filled circles represent the systematic errors of Lyα velocity offsets for
the four objects detected in Hα and [O iii], respectively, whereas the vertical
bars illustrate the 1σ photometric errors (see Section 2.4.6 for details). For
comparison, z ∼ 2.2 BX galaxies from Erb et al. (2006c,b) and Steidel et al.
(2010) are plotted as green triangles, corrected to a Salpeter (1955) IMF. The
error bar of the green triangle in the lower-right panel (Lyα velocity offsets vs.
EWLyα ) represents the typical EWLyα (< 20 Å) range and the range of Lyα
velocity offsets in the BX sample from Steidel et al. (2010). The gray dashed
line in the upper-left panel is the local trend in outflow velocity (∆vNaI ) vs.
SFR from Martin (2005). In general, there exist moderate correlations of Lyα
velocity offsets with SFR (rs = 0.90), but no correlation with ΣSFR , sSFR, M∗ ,
Mdyn , or EWLyα (rs = 0.30, 0.42, 0.48, 0.38, −0.43).
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(e.g., Ellison et al. 2000; Adelberger et al. 2003; Simcoe 2006). Although
both observations and theories indicate that outflows are composed of multiple velocity components (e.g., Heckman et al. 1990; Pettini et al. 2002), in
observational studies, especially of high-redshift galaxies, the outflow is often
assumed to have a single velocity component, for example an expanding shell
model (Verhamme et al., 2006; Schaerer et al., 2011), for simplicity and due
to the limited spectral resolution and S/N achievable (but for different outflow models with velocity gradients see Steidel et al. 2010; Barnes & Haehnelt
2010). This outflow velocity can be traced by UV interstellar (IS) absorption
lines, which are observed to be blueshifted by a few hundred km s−1 relative
to the systemic velocity (Shapley et al., 2003). Blueshifted absorption lines
are an unambiguous signature of outflows, probing the material in front of a
continuum source moving toward us.
Arguably, stronger outflows are predicted in galaxies with more intense
star formation (Leitherer & Heckman, 1995; Veilleux et al., 2005; Murray et al.,
2011), as it is assumed that the primary energy source behind the outflows
is supernova-driven winds. Indeed, some observational studies found a positive correlation between the outflow velocity traced by IS absorption lines and
the SFR (e.g., Martin 2005), as well as with other physical parameters, such
as dynamical mass from local starbursts (Martin, 2005; Rupke et al., 2005).
This correlation is also observed at higher redshift, in continuum-selected starforming galaxies at intermediate (z ∼ 1) redshift (Weiner et al., 2009; Bradshaw et al., 2013), although Kornei et al. (2012) found no correlation with SFR
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but with SFR surface density in star-forming galaxies at similar redshifts. At
z ∼ 2, Law et al. (2012) reported a correlation between outflow velocity and
SFR surface density, while Steidel et al. (2010) found that for continuumselected star-forming galaxies there exists no significant correlation between
outflow velocity and SFR or SFR surface density, but a negative correlation is
seen between outflow velocity and dynamical mass.
For faint objects such as high-redshift LAEs, the IS absorption lines are
extremely difficult to measure since a high SNR continuum is often impractical to obtain, so the Lyα line is often the only tracer for ISM kinematics.
In the simple scenario of an expanding shell, Lyα should also probe the outflow velocity, as Lyα photons will preferentially escape toward the observer
after gaining additional redshift backscattering off of the receding edge of the
shell. However, the interpretation is not straightforward: Lyα photons are resonantly scattered in spatial and frequency space by neutral hydrogen and thus
suffer from selective absorption by dust. Consequently, it is not clear whether
the Lyα velocity offset (discussed in Section 2.5.3) correlates with outflow
velocity, since the radiative transfer and emergent spectrum of Lyα involve
many parameters, such as H i column density, Doppler parameter, dust, ISM
kinematics, and geometry. Moreover, the multiple peaks of the Lyα emission
expected from an expanding shell model (Verhamme et al., 2006) are often
blended under low instrumental resolution (Chonis et al., 2013).
Nevertheless, studies on continuum-selected star-forming galaxies at
high redshift have often found both blueshifted IS absorption lines and red67

shifted Lyα emission compared to the systemic redshift (e.g., Steidel et al.
2010), suggesting that there may be a connection between the Lyα velocity
offset and the outflow velocity. The outflow shell model also predicts that
for a neutral column density of N (H i) & 1020 cm−2 , the primary peak of the
Lyα emission will be redshifted by twice the outflow velocity: this shift is
produced by photons backscattering from the receding side of the shell (Verhamme et al., 2006; Schaerer et al., 2011). For low column density, this is
no longer true due to blending with redward emerging photons that are scattered through the front of the shell, which become more dominant than the
backscattered photons (Verhamme et al., 2006; Chonis et al., 2013).
If the Lyα velocity offsets of LAEs are indeed related to outflow velocities, we would expect them to correlate with other physical properties. In
Figure 2.12, from top left to bottom right, we compare the Lyα velocity offset
(∆vLyα ) with a number of quantities defined in the previous section: the SFR,
SFR surface density (ΣSFR ), sSFR, stellar mass (M∗ ), dynamical mass (Mdyn ),
and rest-frame Lyα EW (EWLyα ). Overall, there appears to be a correlation between ∆vLyα and SFR, but no clear correlation is seen in ∆vLyα versus
ΣSFR , sSFR, M∗ , Mdyn , or EWLyα . Spearman’s rank correlation coefficients,
a statistical measure of the strength of a monotonic correlation between two
variables, for these physical properties and Lyα offsets are rs = 0.90, 0.30,
0.42, 0.48, 0.38, −0.43 (a significance of 2.5, 0.8, 1.2, 1.5, 1.0, and 1.3σ from
the null hypothesis of no correlation), respectively, suggesting tenuous (∼2.5σ)
monotonic correlations between ∆vLyα and SFR, but no significant correlations
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between ∆vLyα and ΣSFR , sSFR, M∗ , Mdyn , or EWLyα .
Noticeable differences between our LAEs and continuum-selected starforming galaxies are seen in Figure 2.12. Compared to our sample, these
continuum-selected star-forming galaxies have a similar SFR, but lower SFR
surface density and sSFR and higher stellar mass and dynamical mass. As discussed in Section 2.4.6, continuum-selected star-forming galaxies have higher
Lyα velocity offsets than our LAEs for a given physical parameter.
In Figure 2.12, the bottom-right panel shows Lyα EWs versus Lyα velocity offsets, a compilation of our data with other studies at z = 2–3 (four
LAEs from Hashimoto et al. 2013; two LAEs from McLinden et al. 2011; 8
LAEs from Shibuya et al. 2014; BX galaxies from Steidel et al. 2010). Qualitatively, the trend between Lyα velocity offsets and physical properties is
consistent with the picture that Lyα velocity offsets are related to outflow
velocities. We find, however, no positive correlation (but a marginal anticorrelation) between Lyα EWs and Lyα velocity offsets, contrary to what is
expected in the expanding shell model in which outflow velocity aids the escape
of Lyα photons (e.g., Verhamme et al. 2006, 2008; Schaerer et al. 2011).
What are these Lyα velocity offsets tracing, and why do LAEs display smaller Lyα velocity offsets than those of continuum-selected star-forming
galaxies at similar redshifts? Recently Hashimoto et al. (2013, see also Shibuya
et al. 2014) reported that the outflow velocity traced by blueshifted IS absorption lines (∆vIS

(LAE)

= −180 km s−1 ) in the composite FUV spectrum of their

sample of four LAEs at z ∼ 2.2 is comparable to that of continuum-selected
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star-forming galaxies (∆vIS

(BX)

∼ −150 km s−1 ), as well as the mean value of

redshifted Lyα velocity offsets (∆vLyα

(LAE,BX)

= +180 km s−1 ), although they

do not find any significant correlations between physical parameters and Lyα
velocity offsets, possibly due to their small sample size of four objects.5 The
latter is in contrast to what is observed in continuum-selected star-forming
galaxies, which display |∆vLyα | ∼ 2–3 ×|∆vIS |. They also report that Lyα
EWs decrease with increasing Lyα velocity offsets. Combining these results
with numerical modeling of Lyα radiative transfer of Verhamme et al. (2006),
they claim that LAEs have low H i column densities. Intriguingly, an independent study by Chonis et al. (2013) on three LAEs among our sample modeling
high-resolution Lyα line profiles with the expanding shell model finds that all
of the best-fit expanding shell models have low column densities (N (H i) &
1018 cm−2 ), although the failure at reproducing the shape of the observed Lyα
profile suggests the limitation of the simplified expanding shell model. Taken
at face value, Lyα velocity offsets in LAEs trace the outflow velocity within a
factor of two, at least for the sample of Hashimoto et al. (2013). If we assume
that Lyα velocity offsets are approximate to the outflow velocity, ∆vLyα versus
SFR in our sample is consistent with the local trend seen in Martin (2005),
which is shown as a gray dashed line in the upper-left panel of Figure 2.12.
5
Berry et al. (2012) report a ∼600 km s−1 velocity offset between Lyα and the lowionization state absorption lines for the UV-bright LAE composite at z ∼ 2, which is larger
than that reported in Hashimoto et al. (2013) The reason for this difference is uncertain,
although EW(Lyα) might be a factor as the LAE sample of Berry et al. has a low EW
(Lyα) (30 ± 6 Å), while Hashimoto et al.’s sample has a larger EW (Lyα) of 75 ± 9 Å.
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Figure 2.13: Rest-frame Lyα equivalent widths vs. E(B − V ).
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2.5.3

The Role of Dust, ISM Geometry and Kinematics on Lyα
Escape
Dust likely plays an important role in regulating the escape of Lyα

photons. In a homogeneous static medium where dust and gas are well mixed,
the long path lengths of Lyα photons due to their resonant nature allow dust
to effectively quench Lyα emission. Therefore, the Lyα flux should drop significantly with increasing dust content (Charlot & Fall, 1993). However, in
Figure 2.13 our measured Lyα rest-frame EWs show no clear correlation with
E(B − V ), in agreement with the results of Blanc et al. (2011), who found
no correlation using the whole LAE sample from the HPS. The absence of an
anticorrelation suggests the existence of other factors governing Lyα escape.
In addition to kinematics, the geometry of the ISM likely also influences the escape of Lyα. If the ISMs in these galaxies were clumpy, with the
dust confined in the high-density regions (i.e., H i clouds), Lyα would freely
travel the optically thin interclump medium and resonantly scatter off of the
clump surfaces, while nonresonant photons (e.g., UV continuum, Hα photons)
must penetrate through the clouds (Neufeld, 1991). In this scenario, only the
continuum (and nonresonant line) photons suffer dust attenuation, while Lyα
photons bounce through the interclump medium and eventually escape the
galaxy seeing no (or little) dust. This scenario would result in an Lyα EW
that is enhanced over the value intrinsic to the star-forming regions. In this
idealized case, the Lyα EW should positively correlate with dust content. The
realistic case would probably be something in between these two cases in which
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the interclump medium is not entirely optically thin for Lyα photons. In this
case, the clumpy ISM would reduce the effect of dust on the decrease of the
Lyα EW (with the reduction depending on the clumpiness). We investigate
this effect by parameterizing the clumpiness of the ISM as q ≡ τLyα /τc , following the definition of Finkelstein et al. (2008). Here τLyα and τc are the optical
depth due to dust seen by Lyα and continuum photons, respectively. The case
q = 0 is the idealized clumpy ISM, while q = ∞ represents a homogeneous
(dusty) medium. This model was first observationally studied by Finkelstein
et al. (2008, 2009b), who, through including Lyα emission in their SED fitting
process, found that q ≈ 1 was consistent with their observations.
Observationally, we can test this scenario by examining how the ratio
of Lyα to a nonresonant line, such as Hα, varies with dust attenuation. Figure
2.14 shows the Lyα/Hα ratio versus the SED-fitting-derived E(B − V ) with
lines of constant q values overplotted. The y-axis on the right side indicates
the corresponding escape fraction of Lyα, fesc (Lyα), which scales with the
observed Lyα and Hα flux ratio with the assumption of case B recombination,
as
Lobs (Lyα)
Lobs (Lyα)
=
Lint (Lyα)
8.7Lint (Hα)
Lobs (Lyα)
=
8.7Lobs (Hα)100.4E(B−V )neb k(λHα )

fesc (Lyα) =

(2.4)

The median Lyα escape fraction is ∼19%, comparable with the median value
of 29% found by Blanc et al. (2011).
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Figure 2.14: Observed Lyα flux-to-intrinsic Hα flux ratio (or Lyα escape
fraction) vs. inferred dust reddening. Solid lines represent the ISM clumpiness
parameter, q ≡ τLyα /τc , where q = 0 indicates the idealized clumpy medium
while q = ∞ implies a homogeneous medium. A majority of our LAEs are
located near the q ∼ 1 line, suggesting no selective attenuation or enhancement
of Lyα photons compared to nonresonant (e.g., continuum or Hα) photons.
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Figure 2.14 has two interesting features: first, we see an anticorrelation between the escape fraction of Lyα and E(B − V ), although the escape
fraction of Lyα for dusty LAEs is nonzero and still significant. This suggests
that the emergent Lyα emission from our sample cannot be explained via a
homogeneous ISM. Second, Figure 2.14 implies a q value of around unity for
the majority of our LAEs. Considering that q traces the effective dust opacity seen by Lyα photons compared to nonresonant photons, this implies that
while we cannot break the degeneracy between the role of ISM geometry and
kinematics on the escape of Lyα photons, either of the two or both, effectively
reduce the attenuation Lyα would otherwise experience by dust, as the Lyα
and nonresonant photons appear to suffer a similar extinction. Our results
are in general agreement with those of Blanc et al. (2011), who conducted a
similar analysis using the UV continuum to infer SFR on a larger sample of
LAEs from the HPS (Adams et al., 2011).
Figure 2.14 also shows that two LAEs, HPS 286 and HPS 306, have the
Lyα/Hα ratio above the theoretical value for case B recombination, yet the
discrepancy is not significant: HPS 286 is consistent with fesc = 1 within the
error bar, and HPS 306 has deviation from fesc = 1 at 1.3σ. Although explanations for these objects are not trivial, one possibility is that the underlying
stellar Lyα and Hα absorption is significant and our absorption-uncorrected
Lyα/Hα ratio might be overestimated. Indeed, the inferred ages of these
two LAEs from our SED fitting analysis are >107 Myr, at which both the
Lyα absorption and Balmer absorption become non-negligible (see Figure 3 in
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Schaerer & Verhamme 2008; González Delgado et al. 1999). However, since
our LAEs have large EWs of Lyα (>70 Å) and Hα (>100 Å), the effect of
stellar absorption on the Lyα/Hα ratio may not be sufficient to explain the
observed deviation.
Another possibility is that the origin of the Lyα emission for these objects is not associated with star formation but (or additionally) with other
mechanisms, such as collisional excitation by shocks from supernova-driven
winds (e.g., Taniguchi & Shioya 2000) or cooling radiation by gravitational
heating (e.g., Haiman et al. 2000; Dijkstra et al. 2006; Dijkstra & Loeb 2009;
Faucher-Giguère et al. 2010), which have been suggested to explain the origin
of Lyα blobs. As the morphologies of these objects suggest, interaction/mergerinduced shocks are also a possible origin.
Another explanation could be that the geometry and velocity field of
the ISM are more complicated than the assumed model in which isotropic
Lyα emission is expected, in such a way that the Hα emission is preferentially attenuated along the line of sight (e.g., by dusty clumps in between the
source of Hα emission and the observer) but the non-isotropic Lyα emission is
preferentially scattered into the line of sight, resulting in enhanced Lyα flux.
Among our original targets, those with no Hα detection are candidates of a
high Lyα escape fraction, and even with fesc > 1, if not all of them are dusty.
Their observed Lyα fluxes and the typical Hα detection limit of our observations suggest a lower limit of Lyα escape fraction to be hfesc i = 0.72 ± 0.48
at E(B − V ) = 0.15 (the mean value for the Hα-detected sample), with two
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(HPS 145 and HPS 419) with fesc above unity.
2.5.4

Nature of LAEs
In the previous section we showed that the effect of kinematics and ISM

geometry on Lyα escape in LAEs may not be dramatically different from that
in continuum-selected star-forming galaxies, as the low column density might
explain the systemically small Lyα velocity offsets observed in LAEs.
In Section 2.5.2 we compared a wide variety of physical properties between our observed LAEs and continuum-selected star-forming galaxies at the
same redshift. Restricting our comparison to galaxies at log(M∗ /M ) > 9,
where our NIR spectra have sufficient depth, we find that these two populations are remarkably similar in a number of physical properties, including
stellar mass (set by our definition of this comparison), but also gas-mass fraction, dynamical mass, and SFR. However, there are also several key differences.
First, due to their selection, LAEs have larger Lyα EWs. We also find that
LAEs have lower Lyα velocity offsets, and, perhaps most importantly, LAEs
are likely to have lower metallicities.
One suggestion, recently proposed by Hashimoto et al. (2013) is that
the galaxies we select as LAEs have lower H i column densities than their
continuum-selected brethren. This suggestion is consistent with an earlier
study of Schaerer & Verhamme (2008), who argue, based on Lyα transfer
modeling on LBGs, that LBGs are not a different population of LAEs but are
intrinsically LAEs, and the column density and dust content (which is propor77

tional to column density) are mainly responsible for the observed Lyα diversity.
The lower column density is consistent with observations in three ways. First,
it will result in less spectral diffusion by Lyα photons before escape, resulting
in lower Lyα velocity offsets. Second, Lyα photons have less gas to traverse
before escape, reducing the chance of absorption by any dust that is present.
Finally, UV photons will likewise undergo less dust attenuation, resulting in
a lower measured dust reddening for these galaxies. However, column density
cannot be the only difference, as our results suggest that metallicity might
play an important role in the escape of Lyα photons.
A simple toy model may be able to explain these similarities and differences between Lyα and continuum-selected galaxies, with metallicity as the
key parameter. If one takes two collapsing objects, each in a similar-mass
dark matter halo and with a similar amount of gas, but one has ∼ solar metallicity and one has ∼1%–10% Z , we may recreate the observed population
(Figure 2.15). Star formation will proceed in both objects, but in the object
with lower metallicity the ensuing massive stars will have hotter stellar photospheres than their solar-metallicity counterparts (Tumlinson & Shull, 2000)
and thus will produce more ionizing photons per unit SFR (Sternberg et al.,
2003; Leitherer et al., 2010). The enhanced rate of ionizing photon production
will in turn create larger H ii regions, reducing the neutral gas column density.
Low-metallicity environments also imply less dust, as well as more effective
dust destruction by sublimation or evaporation. As a result, Lyα photons
suffer less scattering and chance of absorption by dust in the lower-metallicity
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Figure 2.15: Schematic of our toy model for the differences between LAEs
and continuum-selected galaxies. Each galaxy has a similar amount of star
formation occurring, but the LAE began with lower-metallicity gas, resulting
in hotter stars, and thus a larger ionized region. The neutral hydrogen column
density between the observer and the star-forming region is thus less for the
LAE, such that Lyα photons traversing through the H i suffer less resonant
scattering (and have a lower probability of dust absorption) and thus escape
closer to line center. Additionally, the lower-metallicity galaxy will create
less dust, with the higher gas-to-dust ratio further reducing the attenuation
experienced by Lyα photons.
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object, and the probability of Lyα escape can be enhanced.
However, we caution that this is simply a toy model that hides a number
of uncertainties. First, our metallicities, while lying below those of continuumselected star-forming galaxies at the same mass, are still only 1σ upper limits.
Clearly deeper spectroscopy is needed to measure the true metallicities for
these systems, or, at the least, to push their metallicity limits much lower.
Assuming the mean Hα flux for our sample and an undetected [N ii] line,
an emission-line flux limit of 2 × 10−18 erg s−1 cm−2 will place LAEs with
M∗ > 108 M below the MZR for continuum-selected galaxies (at 5σ), which
is achievable with ∼6 hr of integration with MOSFIRE.
Additionally, the metallicities of continuum-selected galaxies that we
compare against are based on stacks of multiple objects; thus, there is significant uncertainty in the scatter of the relation. Second, if LAEs do in fact have
much lower metallicities, the hotter stars mentioned above will likely result in
a higher ionization parameter. As we discussed earlier, the metallicity calibrations can be affected by varying ionization parameters, necessitating more
detailed photoionization modeling to measure an accurate metallicity for a
given system. Nakajima et al. (2013) report an elevated ionization parameter
for LAEs. As shown in their figure 7, one of their two measured LAEs does
appear to have an ionization parameter higher than continuum-selected galaxies at the same redshift. However, the second LAE has a similar ionization
parameter to the comparison sample. Thus, observationally, it is difficult to
make definite conclusions on the ionization parameter for LAEs.
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Finally, the toy model does not address the role of interactions and/or
mergers in the escape of Lyα photons. Obviously, interactions/mergers or the
effect of viewing angle cannot explain the origin of the entire population of
LAEs, as suggested by clustering analysis on LAEs and continuum-selected
galaxies: these studies show that they have different clustering properties
(Gawiser et al., 2007), implying that the two populations have different relations with the underlying dark matter halos, although comparing clustering
strengths on a sample of the same mass range in a future study would be
desirable for a clearer understanding of the relation between LAEs and other
galaxy populations. Nonetheless, we note that especially for high-mass galaxies in which column density is expected to be high, interactions/mergers can
further increase the chance of the escape by opening a low-opacity channel
for Lyα (Cooke et al., 2010; Chonis et al., 2013). The high fraction of LAEs
with disturbed morphology or nearby sources in HST imaging in our highmass sample (M∗ > 109 M ) might be suggestive of this, and the complex
gas velocity fields and geometries resulting from interactions could be in part
why Chonis et al. (2013) see discrepancies between the simple expanding shell
model and the spectrally resolved Lyα emission of their LAE sample with
nearby continuum source. However, one of these systems (HPS 194) has our
lowest-metallicity upper limit; thus, interactions cannot be the only course of
Lyα escape.
We conclude that the differences in metallicity and Lyα velocity offset
between LAEs and continuum-selected star-forming galaxies at the same red-
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shift and stellar mass might be key factors discerning these two populations.
However, future deep NIR spectroscopy, allowing true metallicity measurements (preferably with multiple indicators), as well as probing the ionization
parameter, are needed to further explore this scenario.

2.6

Summary and Conclusions
We have presented results from Keck/NIRSPEC and VLT/SINFONI

NIR spectroscopy for 16 LAEs at z = 2.1–2.5 discovered from the HPS (Adams
et al., 2011). Among these 16 LAEs selected by their bright Lyα emission
(fLyα > 10−16 erg cm−2 s−1 ), we detect rest-frame optical nebular lines (Hα
and/or [O iii]) for 10 LAEs, tripling the number of LAEs at z = 2.1–2.5 known
to date of which rest-frame optical nebular lines have been investigated.
The main results from our analysis combining our NIR spectroscopic
data with Lyα and ancillary imaging data can be summarized as follows:

• The inferred stellar masses of HPS LAEs show a wide range from log(M∗ /M )
= 7.9 to 10.1. Dust reddening E(B − V ) ranges from E(B − V ) = 0.04
to 0.28, with a median of E(B − V ) = 0.18.
• We find that an extra attenuation of a factor of two toward the H ii
region yields greater consistency between SFR(UV) and SFR(Hα). The
extinction-corrected SFR ranges between SFR = 8 and 197 M

yr−1 ,

with a median of SFR = 58 M yr−1 . We find that sSFRs of massive
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LAEs (M∗ ∼ 1010 M ) are similar to those of continuum-selected starforming galaxies and are consistent with the z ∼ 2 star-forming “main
sequence” (Daddi et al., 2007), while low-mass LAEs have sSFR as high
as 6 × 10−7 yr−1 .
• The gas mass fractions inferred from the inversion of the Kennicutt–
Schmidt law (Kennicutt, 1998b) show a trend of decreasing gas-mass
fraction with increasing stellar mass. For a given mass and redshift,
LAEs have comparable gas mass fraction to that of continuum-selected
star-forming galaxies in Erb et al. (2006c). However, this should be
taken with caution as the uncertainty associated with indirect gas mass
measurements is large, and the observed trend might be only the upper
envelope of the entire distribution driven by the observational limits.
• Dynamical masses inferred from nebular lines (Hα or [O iii]) range from
log(Mdyn /M ) = 8.8 to 10.8 and are in overall agreement with our inferred total baryonic mass.
• Combining the 1σ upper limit on the [N ii] flux with the observed Hα
flux, we provide constraints on the gas-phase metallicities of our sample.
The location of our sample in the stellar mass–gas-phase metallicity plane
suggests that LAEs may lie below the MZR for continuum-selected starforming galaxies at a given redshift.
• The Lyα line is observed to be redshifted with respect to the systemic
redshift (as measured by the rest-frame optical nebular lines) for all
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LAEs in our sample, by hvLyα − vsys i ∼ +180 km s−1 (ranging between
[+85, +296] km s−1 ). However, this velocity offset is systematically
lower than seen in continuum-selected star-forming galaxies at similar
redshifts. We find a moderate correlation of Lyα velocity offset with
SFR but no clear correlation with SFR surface density, sSFR, stellar
mass, dynamical mass, or rest-frame Lyα EWs.
• We explore the contribution of ISM kinematics and geometry to the
escape of Lyα photons. Although there is no signature of selective attenuation of the continuum due to Lyα screening by a clumpy ISM,
the effective dust extinction seen by Lyα photons is similar to that of
continuum photons, implying that the ISM geometry is inhomogeneous.
This result implies that dust plays an important role. We do not find
a correlation between Lyα velocity offsets or E(B − V ) and rest-frame
Lyα EWs, as would be expected if outflows were the dominant factor
regulating Lyα escape under the assumption that Lyα velocity offsets
probe the outflow velocities.

Although outflows are surely present in our LAEs (given their ubiquity
in star-forming galaxies at high redshift), the lack of correlation between Lyα
velocity offsets and Lyα EW leads us to propose an alternative explanation
for the difference between LAEs and continuum-selected star-forming galaxies.
The primary difference between LAEs and continuum-selected galaxies may
be the metallicity: lower-metallicity gas will make hotter stellar photospheres,
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which will in turn ionize more of the gas in a given galaxy. Thus, of two
equally sized galaxies, the one with an intrinsically lower metallicity will have
a lower neutral hydrogen column density, enabling easier Lyα escape, as well as
requiring less resonant scattering prior to escape, reducing the velocity offset
of Lyα.
Of course, this work is limited by our small sample, and future studies on larger numbers of LAEs will be valuable. Starting next year, the full
HETDEX survey will ultimately discover approximately 1 million LAEs at 1.9
< z < 3.5 over 450 deg2 , providing a suitable sample for additional observations. NIR observations utilizing the improved sensitivity and multiplexing of
the new generation of near-infrared multi-object spectrographs such as MOSFIRE and KMOS will enable us to constrain the metallicity of LAEs down to
the low-mass end of the MZR. Meanwhile, high-resolution optical spectroscopy
can provide further insight into the origin of LAEs through the modeling of
Lyα line profile and the analysis of IS absorption lines.
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Chapter 3
Keck/MOSFIRE Spectroscopy of z = 7–8
Galaxies:
Lyα Emission from a Galaxy at z = 7.661

3.1

Abstract
We report the results from some of the deepest Keck/Multi-Object

Spectrometer For Infra-Red Exploration data yet obtained for candidate z &
7 galaxies. Our data show one significant line detection with 6.5σ significance in our combined 10 hr of integration which is independently detected
on more than one night, thus ruling out the possibility that the detection
is spurious. The asymmetric line profile and non-detection in the optical
bands strongly imply that the detected line is Lyα emission from a galaxy
at z(Lyα) = 7.6637 ± 0.0011, making it the fourth spectroscopically confirmed
galaxy via Lyα at z > 7.5. This galaxy is bright in the rest-frame ultraviolet
(UV; MUV ∼ −21.2) with a moderately blue UV slope (β = −2.2+0.3
−0.2 ), and
exhibits a rest-frame Lyα equivalent width of EW(Lyα) ∼ 15.6+5.9
−3.6 Å. The
1

The work presented in this chapter has been published as Song, M., Finkelstein, S. L.,
Livermore, R. C., et al. 2016, ApJ, 826, 113. M.S. carried out the data reduction, main
analysis, and manuscript composition. S.L.F. contributed to the observation planning, data
reduction, and manuscript edits. P.L.C. contributed to the data acquisition. R.C.L. assisted
with the observation planning. A.F. provided Hawk-I K-band photometry. All of the
authors contributed to the scientific interpretation.
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non-detection of the 11 other z ∼ 7–8 galaxies in our long 10 hr integration,
reaching a median 5σ sensitivity of 28 Å in the rest-frame EW(Lyα), implies
a 1.3σ deviation from the null hypothesis of a non-evolving distribution in
the rest-frame EW(Lyα) between 3 < z < 6 and z = 7–8. Our results are
consistent with previous studies finding a decline in Lyα emission at z > 6.5,
which may signal the evolving neutral fraction in the intergalactic medium at
the end of the reionization epoch, although our weak evidence suggests the
need for a larger statistical sample to allow for a more robust conclusion.

3.2

Introduction
The Lyα emission line is a unique tool as the line properties encode

information about the scattering medium through which the photons have
passed. During the past few years, in the present absence of a sensitive 21 cm
signal from reionization, investigating the redshift evolution of the “Lyα fraction”, the fraction of Lyman-break galaxies (LBGs) which exhibit strong Lyα
emission, has served as a valuable and feasible means of providing constraints
on the ionization state of the intergalactic medium (IGM). Spectrosopic followup of LBGs has revealed that the Lyα fraction (typically defined as LBGs with
rest-frame Lyα EW > 25 Å) steadily increases from z = 3 to z = 6, reaching
∼50% for faint galaxies (MUV > −20.25) at z ∼ 6 (Stark et al., 2010, 2011).
At higher redshifts of z ∼ 7, however, initial expectations and attempts based
on an extrapolation of the trend of the increasing Lyα fraction seen at lower
redshifts found a reverse of the trend, showing only 20%–30% of faint galax-
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ies with Lyα emission (e.g., Fontana et al., 2010; Pentericci et al., 2011; Ono
et al., 2012; Schenker et al., 2012; Finkelstein et al., 2013; Pentericci et al.,
2014). This steep decrease beyond z ∼ 6 is in line with measurements of
Gunn–Peterson troughs (Gunn & Peterson, 1965) in the spectra of distant
quasars (Fan et al., 2006), which signal the (near) completion of reionization
by z ∼ 6.
Several attempts have been made to interpret the observed drop in the
Lyα fraction in connection with the neutral fraction of the IGM or different
models of reionization. Earlier works suggested, assuming that the observed
drop in the Lyα fraction from z ∼ 6 to z ∼ 7 is entirely driven by the change
in the IGM transmission, that it requires a steep increase in the volumeaveraged neutral fraction of ∆xH I > 0.4–0.5 over ∆z = 1 (Dijkstra et al.,
2011; Pentericci et al., 2011). Alternatives have subsequently been proposed
that account for the possibility of other sources of Lyα attenuation which alleviate the amount of the required increase in the neutral fraction. For example,
Dijkstra et al. (2014) suggested that the change in the intrinsic physical properties of galaxies such as an increase in the escape fraction of ionizing photons
can explain the observed drop with a mild increase in the neutral fraction of
∆xH I = 0.1–0.2, and Bolton & Haehnelt (2013) argued that the rise of the
neutral fraction of only ∆xH I = 0.1 by z = 7 is sufficient when accounting for
self-shielding absorption systems (Lyman limit systems; LLSs) in the IGM,
which are expected to be abundant near the end of reionization (though see
Mesinger et al. 2015). At z ∼ 7, a sufficient sample has been assembled to
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start discerning between ‘patchy’ and ‘smooth’ models of Lyα attenuation.
Pentericci et al. (2014) found from a compilation of observations at z ∼ 7
that the ‘patchy’ model of Lyα attenuation (which does not necessarily literally mean a patchy reionization process but may instead signal the abundant
LLSs; Mesinger et al. 2015), is favored over the ‘smooth’ attenuation model.
Although the interpretation is not straightforward, these studies all highlight
the potential of studying the Lyα fraction as a valuable probe of reionization.
Because Lyα is redshifted into the near-infrared, pushing the study of
Lyα emission to a higher redshift of z > 7 had been relatively slow. However,
the advent of a new generation of ground-based near-infrared spectrographs
with multiplexing capability and increased sensitivity has been changing the
game by enabling more systematic searches for Lyα emission in z & 7 galaxies.
However, the current sample at z > 7 lacks the statistical power to discern
between the two models of Lyα attenuation (e.g., Tilvi et al., 2014), as the
required sample size is predicted to be at least several tens (Treu et al., 2012).
As expected, previous attempts in the search for Lyα emission at z > 7
have revealed that spectroscopically confirming galaxies at z > 7 via Lyα
is challenging, yielding, in addition to two galaxies confirmed via Lyα-break
and/or dust continuum (Watson et al., 2015; Oesch et al., 2016), only 10
spectroscopically confirmed galaxies via Lyα so far (Vanzella et al. 2011; Ono
et al. 2012; Schenker et al. 2012, 2014; Shibuya et al. 2012; Finkelstein et al.
2013; Oesch et al. 2015; Roberts-Borsani et al. 2016; Zitrin et al. 2015; see
review in Finkelstein 2015), and only four at z > 7.5, possibly due to an
90
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Table 3.1. Summary of zphot = 7–8 Candidates Observed with MOSFIRE

increased neutral fraction in the IGM. Despite these challenges, spectroscopic
follow-up of galaxy candidates at these high redshifts, either yielding detections
or non-detections, is valuable toward building up a statistical sample that is
large enough to constrain the reionization process as well as studying in detail
the physical properties of galaxies via further follow-up observations, and is
thus being actively pursued.
This paper extends such previous and on-going attempts. In this study,
we report Lyα emission from a galaxy at z = 7.66 in the Great Observatories
Origins Deep Survey South (GOODS-S; Giavalisco et al., 2004) field. This is
from a very deep spectroscopic follow-up campaign of z ∼ 7–8 galaxy candidates with the Multi-Object Spectrometer For Infra-Red Exploration (MOSFIRE; McLean et al., 2012) on the Keck I 10 m telescope, where we push the
median 5σ limiting sensitivity in line flux down to ∼ 5 × 10−18 erg s−1 cm−2
between sky lines. Although limited by the small number of observed galaxies,
we discuss the implications of our results in the context of the evolution of the
Lyα visibility.
This paper is organized as follows. Section 5.2 describes our target selection, deep spectroscopic observations with MOSFIRE, and data reduction.
Section 5.4 and 4.4 present the results from our spectroscopy and our stellar
population modeling, respectively. The implication of our observations on the
Lyα visibility is presented in Section 3.6. The discussion and summary follow in Section 4.8. Throughout the paper, we adopt a concordance ΛCDM
cosmology with H0 = 70 km s−1 Mpc−1 , ΩM = 0.3, and ΩΛ = 0.7. We use
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the AB magnitude system (Oke & Gunn, 1983) and a Salpeter (1955) initial
mass function (IMF) between 0.1 M

and 100 M . We refer to the Hub-

ble Space Telescope (HST) bands F435W, F606W, F775W, F814W, F850LP,
F098M, F105W, F125W, F140W, and F160W as B435 , V606 , i775 , I814 , z850 ,
Y098 , Y105 , J125 , JH140 , and H160 , respectively. All quoted uncertainties are at
68% confidence intervals.

3.3
3.3.1

Data
HST Data and Sample Selection
The targets were selected in the GOODS-S field from the parent sample

from Finkelstein et al. (2015). The parent sample was selected via photometric
redshifts, which were estimated with EAZY (Brammer et al., 2008), using the
HST data set from the Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey (CANDELS; Grogin et al., 2011; Koekemoer et al., 2011) which
incorporates all earlier imaging data over the field as described by Koekemoer
et al. (2011, 2013). The MOSFIRE slit design was prepared using the MAGMA
configurable slit unit (CSU) design tool. This tool takes as an input a list
of objects, along with relative priorities. Our priority scheme was based on
two quantities: the J125 -band magnitude of the source and the fraction of
the source’s redshift probability distribution function (PDF; p(z)) of which
Lyα would be encompassed by the MOSFIRE Y band (7.0 . z . 8.2). We
first assigned an initial priority based on the continuum magnitude, and then
prioritized galaxies within that continuum magnitude bin by the normalized
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redshift integral. In this way, for two galaxies with similar redshift PDFs, the
higher priority would go to the brighter one, while a faint galaxy with zphot ∼
7.5 would be prioritized over a bright galaxy with zphot ∼ 6.0. In sum, we
targeted 12 (8) galaxy candidates with zphot = 6.8–8.2 (7.0–8.2). Of these,
six galaxies have more than half of their redshift PDF placing Lyα in the
MOSFIRE Y band. The rest of slits in the mask were assigned to 18 galaxy
candidates at lower redshifts of zphot = 4–6 and one relatively bright star to
monitor transparency and pointing accuracy. The median rest-frame absolute
UV magnitude (MUV ) of our targets (assuming they are at their photometric
redshifts) is −20.4 for the z = 7–8 sample, ranging from −21.6 to −20.0. The
median H160 -band magnitude is 26.5, ranging [25.6–27.2]. The full list of our
z = 7–8 sample is tabulated in Table 3.1.
3.3.2

MOSFIRE Y-band Observation
Observations were taken with MOSFIRE on the Keck I telescope over

4 nights during January 11 and January 13–15, 2015. We used the Y -band
filter, to search for Lyα emission at 7.0 < z < 8.2, with a 0.00 7 slit width
correpsonding to a spectral resolution of ∼3 Å (R = 3500). Most of the data
were taken with 180 s exposures per frame, except that for the data taken on
one night (January 15; for a total of 0.9 hr integration time) 60 s exposures per
frame were used. We adopted an ABBA dither pattern with an ± 1.00 25 offset
along the slit for sky subtraction. The seeing measured from the star placed
on a slit was in the range of 0.00 6–0.00 9, with a median/mean of 0.00 7. In total, we
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obtained a total on-source integration time of ∼10 hr (from 2.8 hr (January
11) + 3.2 hr (January 13) + 3.2 hr (January 14) + 0.9 hr (January 15)),
among which ∼7.3 hr was obtained in good conditions. These observations
are among the deepest observations ever taken for z & 7 galaxies.
3.3.3

Data Reduction
Data reduction was performed with the public MOSFIRE data reduc-

tion pipeline (DRP; version 2015A), in which flat fielding, wavelength calibration, sky subtraction, and rectification were performed to create twodimensional (2D) spectra with a spectral resolution of 1.09 Å pixel−1 and
a spatial resolution of 0.00 18 pixel−1 . Upon monitoring the centroid of the slit
star in each raw frame, we identified a ∼1 pixel hr−1 drift along the slit, which
was also noted by several other studies (e.g., Kriek et al., 2015; Oesch et al.,
2015). We thus split the data on each night into ∼1 hr chunks and reduced
them seperately, to prevent loss of signal due to this drift.
Following this, analysis was done using our custom software. From
the 2D spectrum created by the pipeline, we combined the data from the four
nights by generating final inverse-variance-weighted stacks for each object, following Gawiser et al. (2006a). Spatial offsets between data chunks due to the
drift were accounted for when combining data based on the centroids of the slit
star. We extracted one-dimensional (1D) spectra at the expected position of
each source with a width of 1.00 3 (about a 1.8× the median Gaussian FWHM),
using an optimal extraction algorithm described in Horne (1986). This ex-
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traction scheme is similar to inverse-variance weighting, but additional weight
is given for each spatial pixel based on the expected spatial profile for each
source (which is a Gaussian for our unresolved sources), reducing statistical
noise in the extracted spectra compared to a simple boxcar extraction scheme.
Correcting for telluric absorption was done using the Kurucz (1993)
model spectrum of the spectral type of the slit star (G5I). Absolute flux calibration was performed by comparing and scaling the spectrum to the WFC3
Y105 -band magnitude of the slit star. This procedures accounts for the slit loss,
assuming our targets are point sources unresolved under the seeing FWHM
of our observations, which is a good approximation given the small size of
high-redshift galaxies.
To check our flux calibration, we compared our calibration array with
the total MOSFIRE Y -band throughput curve.2 We also utilized two bright
continuum sources which were serendipitously included in our mask, to further verify our absolute flux calibration. Taking a similar approach to that of
Kriek et al. (2015), we first convolved HST/Y105 images of the two sources and
the slit star with a Gaussian kernel with width FWHM2kernel = FWHM2seeing −
FWHM2H 160 , to generate the Y -band image under the seeing of our spectroscopic observations. Then, we calculated the fraction of light of the two sources
that are within our MOSFIRE slit layout. Comparing them to the fraction of
light of the star within the slit (on which our absolute flux calibration is based),
2

http://www2.keck.hawaii.edu/inst/mosfire/throughput.html
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Table 3.2. Summary of z7 GSD 3811
Emission Line Properties
FLyα (10−18 erg s−1 cm−2 )
Signal-to-noise Ratio
EWLyα (Å) a
zLyα
σblue (Å) b
σred (Å) b
FWHMred (Å) c
σred (km s−1 ) d

5.5 ± 0.9 (±1.7)
6.5
15.6+5.9
−3.6 (±4.7)
7.6637 ± 0.0011
0.33+5.51
−0.32
6.49+0.32
−4.76
15.0 ± 2.7
180 ± 30

Physical Properties
9.3+0.5
−0.4
−2.2+0.3
−0.2
−21.22+0.06
−0.10
0.06+0.10
−0.04
19+2
−1
33+56
−9

log M∗ (M )
UV slope β e
MUV
E(B − V )
SFRUV,obs (M yr−1 )
SFRUV,corr (M yr−1 ) f

Note. — Listed in parentheses are systematic uncertainties.
a Rest-frame

equivalent width of Lyα.

b Observed

line width of the blue and red side of the asymmetric
Gaussian line profile, respectively.
c Observed

FWHM of the red side of the line.

d Line-of-sight

velocity dispersion inferred from the red side of
the line. Corrected for instrumental resolution.
e UV slope obtained in a same way as to Finkelstein et al. (2012),
by fitting the wavelength window in the 1300–2600 Å region defined by Calzetti et al. (1994) of the best-fit SPS model as a power
law.
f Dust-corrected

SFR from the observed rest-frame UV magnitude and E(B − V ) obtained from the SPS model, assuming the
Calzetti et al. (2000) extinction law and the Kennicutt (1998a)
conversion.
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Figure 3.1: MOSFIRE Y -band 2D (top) and 1D (bottom) stacked spectra for
the object with detected emission (z7 GSD 3811), showing a clear asymmetric
line profile characteristic of Lyα emission. The displayed 1D spectrum was
smoothed by the instrumental resolution (∼3 Å). The best-fit asymmetric
Gaussian curve and the line centroid are overplotted as the red thick solid
curve and red dotted vertical line, respectively. The red thin curves are 100
Monte Carlo fits. The gray-shaded region near the bottom of the 1D spectrum
shows a scaled sky spectrum. Also shown on the upper left corner is the 1D
spectrum of the emission extracted along the spatial direction with inversevariance weighting over the extraction width of the FWHM of the line. The
red solid line and two red dotted lines overplotted are the expected spatial
location of the postive peak and two negative peaks, respectively. We show in
the blue box on the right side that the emission line is independently detected
on all nights (n2, n3, n4) except in n1 which suffered from poor conditions,
indicating that the chance of the detection being a spurious one is negligible.
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we calculated the expected flux ratio between our spectroscopic data and the
broadband flux (i.e., HST/Y105 ) for the two sources due to the difference in the
slit loss. This comparison shows that our absolute calibration (which affects
our measurements of line flux and equivalent width, but not the significance
of the detection) is accurate within 20%–25%. We thus conservatively add a
30% systematic uncertainty in calibration in our error budget. The systematic
uncertainties are indicated in Table 3.2, while the quoted uncertainties in the
rest of the paper refer to random uncertainties.
Finally, to make sure that the error spectrum initially obtained from the
pipeline does not underestimate the noise level, we scaled the error spectrum
such that the standard deviation of the signal-to-noise ratio (S/N) in the sky
dominated region is unity. The typical scale factor was 3.0 ± 0.1.

3.4
3.4.1

Results
Line Detection
We visually searched for emission lines in the extracted 1D spectra

as well as 2D spectra at the expected positions of our targets. We take a
conservative appoach of presenting objects for which an emission line is independently detected on more than one night, minimizing the possibility of a
spurious detection. In other words, we regarded it as a spurious detection if
the emission was detected on only one night out of four nights. This criterion
yielded only one line detection among the 30 objects originally targeted, at
λobs = 10532.2 ± 1.3 Å, and with 6.5σ significance. The rest remained unde99

tected (< 3σ). Figure 3.1 shows the 1D and 2D spectra of the object with
emission, z7 GSD 3811. The emission is detected on more than one night at
the same spatial and spectral location, with two negative peaks at the expected
position from the adopted dithering pattern, ensuring that the line is real and
not spurious.
Normally, we expect an asymmetric line profile with a sharp blue edge
and gradually declining red tail for Lyα emission at high redshift due to absorption by neutral hydrogen in the interstellar and intergalactic medium.
However, most of the proposed Lyα detections in other z & 7 candidates have
not shown highly significant evidence for asymmetry, possibly due to the low
S/N for most of the detections. We find that our detected line displays an
asymmetric line profile, making this object one of the first notable detections
of asymmetry for a z > 7 Lyα line candidate. However, the significance is not
strong due to the low S/N: the Gaussian line width on the blue and red side
+0.32
of the line is 0.33+5.51
−0.32 Å and 6.49−4.76 Å, respectively. Due to the vicinity of

a sky line located blueward of the line, the uncertainty in the line width on
the blue side of the line (σblue ) is large, yielding a weak constraint on the ratio
between the line width on the red and blue side (σred /σblue = 19.5+0.2
−19.3 ).
Assuming the line is Lyα, the implied redshift (based on the line centroid defined as the wavelength of the peak of the Lyα emission) is z(Lyα) =
7.6637 ± 0.0011,3 placing it as presently the third most distant spectroscopi3

Due to the IGM absorption and Lyα kinematics, the systemic redshift is likely to
be slightly lower than the inferred redshift from the Lyα line. The systemic redshift (not
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cally confirmed galaxy via Lyα and the only galaxy at z > 7 in the GOODS-S
field with a significant Lyα detection. The photometric redshift, estimated
with EAZY (Brammer et al., 2008), is zphot = 7.42+0.20
−0.71 , in good agreement with
the spectrosopic redshift, as shown in the inset of Figure 3.2.
The line-of-sight velocity dispersion, derived from the Lyα line width
on the red side of the line and corrected for instrumental resolution, is 180 ±
30 km s−1 , similar to previously spectroscopically confirmed galaxies at similar
redshifts (Oesch et al., 2015; Zitrin et al., 2015)
We fit an asymmetric Gaussian to the line to estimate the line flux of
(5.5 ± 0.9) ×10−18 erg s−1 cm−2 . We estimated the rest-frame EW of Lyα
emission from the observed Lyα flux and continuum flux density of the best-fit
stellar population synthesis (SPS) model in a rest-frame 100 Å box redward
of the Lyα line (see Section 4.4). The inferred rest-frame EW of Lyα emission
is modest with 15.6+5.9
−3.6 Å, thus this object would not be classified as an Lyα
emitter according to the traditional criterion of EW(Lyα) > 20 Å. This value
is also below the cutoff of EW(Lyα) > 25 Å (Stark et al., 2011) often adopted
in the study of the evolution of the Lyα fraction at high redshift.
corrected for IGM absorption) would be ∼0.01 lower than the inferred redshift for the average
velocity offsets of 200–400 km s−1 found in Lyα emitters and LBGs at lower redshift of z ∼
2–3 (e.g., Song et al., 2014; Steidel et al., 2010).
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Figure 3.2: T op: postage stamp images of z7 GSD 3811 showing, from upper left to lower right, HST/ACS B435 , V606 , i775 , I814 , z850 , HST/ACS stack
(V606 +i775 +I814 +z850 bands), HST/WFC3 Y105 , J125 , H160 , and VLT/Hawk-I
K band. All stamp images are 300 on a side, north up, east to the left. Bottom:
the observed SEDs (orange circles) and the best-fit SPS model and model
bandpass-averaged fluxes (blue curve and blue squares) for z7 GSD 3811.
For non-detections, we list 1σ upper limits (downward arrows).7 The dark
red downward arrow represents the 1σ upper limit for the optical stack
(V606 +i775 +I814 +z850 bands). The best-fit SPS model and model fluxes under the alternative interpretation for the detected line (i.e., [O ii] doublet at
z = 1.83) are also shown as the gray curve and gray stars. The thin lightcolored lines are 100 Monte Carlo fits, showing that the low-z solution is disfavored by the non-detection in the deep optical bands. The inset shows the
probability distribution function of photometric redshift, in good agreement
with the redshift of the Lyα emission (blue vertical line).
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3.4.2

Low-z Interpretations
We examined the possibility that the object is a foreground [O ii]λλ3726,

3729, Hβ, [O iii]λλ4959, 5007, or Hα emitter. First, if the detected line is Hβ
or one of the [O iii] doublet, the other two lines would have been detected
within our spectral coverage in regions free from sky lines. We did not find
any signal at the expected wavelengths of these lines.
Practically, the strong break observed between the z850 and Y105 bands
(see Figure 3.2) rules out the possibility that the detected emission is Hβ,
[O iii], or Hα, and leaves the only alternative possibility of the detected line
being the [O ii] doublet. If the detected emission line is an [O ii] doublet at
z = 1.83, the spectral resolution of MOSFIRE Y -band grating (∼3 Å) is
sufficient to resolve the doublet. The possibility of the detected line being one
of the two peaks, however, cannot be entirely ruled out. If the emission is the
first peak of the [O ii] doublet at λrest = 3726 Å, we would have detected the
second peak (at λrest = 3729 Å) at 2–10σ significance at wavelengths clear of
sky lines. On the other hand, if the emission is the second peak of the doublet,
the centroid of the first peak would be behind the sky line located blueward of
the detected line. To examine these possibilities, we performed simulations in
which we inserted mock lines representing either the first or second peak of the
[O ii] doublet at the expected positions in the 2D spectrum. The spatial and
spectral line profile of the mock line was assumed to be the same as that of the
observed emission, and the flux was assigned based on the most unfavorable
flux ratio that is physically allowed (i.e., the weakest line possible; 0.35 <
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Figure 3.3: Lef t: an [O ii] emitter serendipitiously detected in the same mask
under the same observing conditions as z7 GSD 3811. This source, detected at
only slightly longer wavelength of λobs = 1.096 µm than z7 GSD 3811, exhibits
a well-resolved doublet both in its 1D and 2D spectra, indicating the possibility
of the line detected in z7 GSD 3811 being an unresolved [O ii] doublet is low.
Right: detection of the Hβ and [O iii]λλ4959,5007 doublet from a source close
to one of our original targets. The cyan and red lines on the right side of the
2D spectrum mark the expected positions of our original target and the nearby
source, respectively. The position of the emission is spatially consistent with
the position of the nearby source, not our original target.
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f ([O ii]λ3729)/f ([O ii]λ3726) < 1.5; Pradhan et al. 2006). Our simulation
results indicate that due to its low flux and broad line profile, we would not
be able to completely rule out the existence of the other line of the doublet
based solely on our 2D spectrum. If the detected emission is indeed one of the
[O ii] doublet, the broad line width of the detected emission (FWHM ∼ 400
km s−1 ) is atypical for its mass (log(M∗ /M ) = 9.1+0.05
−0.09 ), exhibiting a factor
of 3 deviation from the Tully–Fisher relation (Miller et al., 2012). The line
width, together with the red spectral energy distribution (SED) and lack of
detection in X-rays, indicates either that if this line is [O ii] then this galaxy
likely hosts an type-2 active galactic nucleus (AGN) or that the galaxy has
strong outflows. The direct constraint on the abundance of such population is
not feasible currently at this redshift and in low-mass regime.
As discussed above, it is unlikely that the detected line is an unresolved
[O ii] doublet given the spectral resolution. However, since the detected line
has a moderate S/N of 6.5σ, we conservatively leave this possibility open but
further suggest evidence against it in Section 3.4.3 and 4.4.
3.4.3

Serendipitious Line Detections at z ∼ 1–2
In addition to the detected emission in z7 GSD 3811 from our targets,

we identified two other emission lines in objects which serendipitiously fell in
slits.
The first object (R.A. = 3:32:43.22, decl. = −27:47:12.9 (J2000)) shows
an emission line with two peaks. Assuming that the detected line is an [O ii]
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doublet, we derived its redshift to be z = 1.94. Its photometric redshift, zphot =
1.87+0.07
−0.08 (Dahlen et al., 2013), is in excellent agreement with the inferred [O ii]
redshift, thus we conclude that the detected line is the [O ii] doublet. This [O ii]
doublet strengthens the possibility that the detected emission in z7 GSD 3811
is Lyα and not an unresolved [O ii] doublet. The left panel of Figure 3.3
shows that the doublet in this object is spectrally well-resolved both in the 1D
and 2D spectra, yet the observed wavelength and S/N are similar to those of
z7 GSD 3811.
The second object (R.A. = 3:32:50.48, decl. = −27:46:56.0 (J2000))
shows a prominent emission at λobs = 10398 Å, which we identified as an
[O iii]λ5007 line (right panel of Figure 3.3). The other line of the doublet
([O iii]λ4959) is behind a sky line but still visible, and Hβ is detected at 5.6σ.
Upon close inspection, we noted that the emission has an offset of 4–5 pixels
along the spatial axis from our original target, which corresponds to 0.00 7–0.00 9.
We identified a galaxy in proximity of our original target at this distance, thus
we concluded that the emission is not from our target but from a foreground
galaxy at z = 1.08.

3.5

Stellar Population Modeling and Stacking Analysis
We performed a SED fitting analysis to the observed HST/Advanced

Camera for Surveys (ACS; B435 , V606 , i775 , I814 , z850 ), HST/WFC3 (Y105 ,
J125 , H160 ), and VLT/Hawk-I K-band photometry of z7 GSD 3811, using the
Bruzual & Charlot (2003) SPS models. Details on our modeling are described
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in Song et al. (2016). In addition to the HST bands originally included in
the SED fitting in Song et al. (2016), in this work we included the K-band
photometry from the Hawk-I UDS and GOODS Survey (Fontana et al., 2014)
in the official CANDELS GOODS-S catalog (version 1.1). The Spitzer/IRAC
photometry was excluded from the modeling, because z7 GSD 3811 is unfortunately heavily contaminated by a nearby bright source in IRAC. Thus, we
do not have constraints on whether this galaxy exhibits the 4.5 µm color excess due to the strong [O iii] line falling in the 4.5 µm band that some other
studies have reported for spectroscopically confirmed z ∼ 7–8 galaxies (Finkelstein et al., 2013; Oesch et al., 2015; Roberts-Borsani et al., 2016; Zitrin et al.,
2015).
As discussed in Section 3.4.2, the only alternative interpretation of the
detected emission in z7 GSD 3811 is the [O ii] doublet. Thus, we performed
the SED fitting two times with a fixed redshift, first assuming the emission is
Lyα, and then, assuming the emission is an [O ii] doublet at z([O ii]) = 1.83.
Figure 3.2 shows the model fit and stamp images. The results of our
SED fitting analysis show that the high-z solution is preferred over the low-z
solution, albeit mildly. For the high-z interpretation, because we did not fit
bands shortwards of the Lyα line due to the large uncertainty in modeling the
IGM attenuation, and because the source is highly contaminated by a nearby
bright source in IRAC channels, only four bands (Y105 , J125 , H160 , and K)
were used to constrain the fit, which can be perfectly matched by SPS models
with a certain combination of free parameters and nebular emission strengths,
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Figure 3.4: U pper lef t: 5σ limiting line flux as a function of wavelength,
estimated from a Monte Carlo simulation in which we inserted and recovered
fake Lyα lines with varying line flux into our MOSFIRE spectra. The thin
lines with different colors denote the estimates for each slit, and the black
solid line indicates the median. Bottom lef t: 5σ rest-frame EW(Lyα) limit
as a function of wavelength. Each symbol denotes a trial of our Monte Carlo
simulation, where different color indicates each object in our sample. The
cyan circles represent the EW limits determined via Monte Carlo trials for
z7 GSD 3811. Our ∼10 hr deep spectroscopy reaches a median rest-frame
EW(Lyα) of 28 Å between sky lines (range = [12–55] Å) for our z = 7–8
sample. Right: probability distribution of the expected number of detections
for the Lyα line (as a function of various detection thresholds X) for our
MOSFIRE observations, assuming no evolution with redshift in the EW(Lyα)
distribution from 3 < z < 6. A darker blue color denotes higher probability.
Our results of only one detection with 6.5σ (red line) is deviated from the null
hypothesis of no EW evolution at 1.3σ (for > 5σ detection, or 2σ if we push
the detection significance down to > 3σ).
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yielding χ2r ∼ 0.
For the low-z interpretation, the non-detection in the deep optical
bands4 and the strong break between z850 and Y105 of ∼1.8 magnitude yield
the only possible solution to be a dusty low-mass (log(M∗ /M ) = 9.1 ± 0.1)
starburst galaxy with specific star formation rate (sSFR) of log(sSFR yr−1 )=
−7.1 ± 0.2. While the reduced chi-square of χ2r ∼ 1.6 for the low-z solution
indicates that it is still regarded a “good” fit, this low-z solution is disfavored
by non-detections in deep optical bands: as another measure of goodnessof-fit, we compared the distribution of normalized residuals to the standard
normal distribution with (µ, σ) = (0, 1). The comparison quantified using a
Kolmogorov–Smirnov test (Kolmogorov, 1933; Smirnov, 1948) indicates that
the likelihood that the normalized residuals come from the normal distribution
is less than 20%, implying that the low-z solution is not a preferred model for
this galaxy.
To further probe the existence of any low level flux below the detection
threshold of individual optical bands, we created a stack of V606 -, i775 -, I814 , and z850 -band images. Prior to the stacking, the spatial resolution of the
images were matched to that of the H160 band and the units were converted to
a physical unit. Then, the stack and stack rms map were generated by inverse4

Formally, our elliptical aperture photometry yields a 2.3σ detection in I814 band. However, the I814 -band stamp image shows that all identifiable emissions are off-center and do
not line up with near-infrared emission, indicating that they are likely background noise
or from another unresolved faint source. Using a smaller, circular 0.00 4 diameter aperture
centered on the near-infrared emission, we find no detection (< 1σ) in any optical band.
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variance weighting, on which the stack flux and flux error were measured
within a 0.00 4 diameter aperture using the Source Extractor package (Bertin &
Arnouts, 1996) and aperture-corrected using the ratio between the flux within
a 0.00 4 aperture and total flux measured in the H160 band. We quantified the
background noise as the Gaussian width of the flux distribution measured from
104 randomly placed apertures of the same size used in our original photometry
in source-free regions of the stacked image. We checked that the flux error (3.8
nJy) measured from Source Extractor is slightly larger than the background
noise (2.6 nJy), thus conservatively took the larger one. The stamp image
and 1σ upper limit for the flux of the stack are shown in Figure 3.2. The
stacking yielded no identifiable emission at the position of the source. The
measured stack flux is 6σ lower than the prediction from the low-z solution,
further indicating the preference for the high-z interpretation of the source.
We conclude that the detected line is Lyα. z7 GSD 3811 is a galaxy
bright in the UV with the rest-frame UV absolute magnitude of MUV ∼ −21.2,
about two times brighter in luminosity than the characteristic UV magnitude
∗
of the rest-frame UV luminosity function at z = 8 of MUV,z=8
= −20.48

(Finkelstein, 2015). Other physical properties inferred from our SED fitting
analysis indicate that z7 GSD 3811 is a typical galaxy at z = 7–8 for its UV
magnitude, with a moderately blue UV slope (β = −2.2+0.3
−0.2 ), dust-corrected
UV-based star formation rate (SFR) of 33+56
−9 M

yr−1 , and stellar mass of

log(M∗ /M ) = 9.3+0.5
−0.4 . This galaxy was noted as a promising z & 7 candidate by several other previous HST imaging studies as well (Bouwens et al.,
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2010b; McLure et al., 2013). Table 3.2 summarizes the physical properties of
z7 GSD 3811.

3.6

Lyα Visibility
Even with our deep integration of 10 hr, we detected only one Lyα

emission line with a moderate rest-frame Lyα EW of 16 Å. To put this result
in context, we computed the number of detections expected from our observations, with the aim of placing constraints on the evolution of the Lyα visibility
with redshift.
First, we quantified the limiting sensitivity of our observations by simulating Lyα lines in our MOSFIRE spectra. We modeled the Lyα line as an
asymmetric Gaussian, similar to the detected line in z7 GSD 3811. Then, we
inserted the lines with varying line fluxes into each of the actual 1D spectra
in our mask at varying positions between the MOSFIRE Y -band wavelength
coverage (9800–11200 Å), to find the line flux as a function of wavelength
that ensures an X-σ detection (X ≥ 3). The upper left panel of Figure 3.4
presents the results, showing that our deep spectroscopy reaches a median 5σ
limiting sensitivity in line flux of ∼5 ×10−18 erg s−1 cm−2 between sky lines.
√
Scaling our limiting sensitivity by t, where t is the integration time, we find
it consistent with the quoted limits of other MOSFIRE Y -band observations
reported by Wirth et al. (2015).
For each object in our mask, we computed the X-σ limit in the restframe EW(Lyα) as a function of redshift (i.e., observed wavelength) for our
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observations. This was done via 1000 Monte Carlo realizations of the photometry for each object, for which we performed SED fitting. In each realization,
the redshift was randomly drawn from the p(z) distribution (thus the contaminant fraction, which is given by our p(z), is accounted for in our results), and
the corresponding continuum flux density redward of the Lyα was calculated
from the best-fit SPS model. The ratio of the limiting sensitivity, for which
we take the median value at each wavelength as all the targets were observed
in the same conditions in one MOSFIRE mask, to the continuum flux density
in each realization gives the rest-frame X-σ EW limit as a function of redshift
(bottom left panel of Figure 3.4).
By assuming an intrinsic rest-frame EW distribution for Lyα before
being processed by the neutral gas in the IGM, we can compute how many
sources are expected to be detected above our X-σ EW limit. For the intrinsic
rest-frame EW distribution for Lyα, p(EWintrinsic ), we adopted a log-normal
form given by Schenker et al. (2014), which is based on the compilation of
observations at 3 < z < 6 when the universe is ionized. Then, p(EWintrinsic )
and our X-σ EW limit inferred from our fake source simulation at the corresponding wavelength is compared, to estimate the probability that the line is
detected. Here, we assumed that the p(EWintrinsic ) does not evolve as a function of redshift from 3 < z < 6 to z = 7–8. Our analysis takes into account the
effect of a sensitive wavelength dependancy due to sky lines and the incomplete
spectral coverage of the redshift probability distribution (p(z)), and is properly
weighted by p(z). The resulting probability distribution of the expected num-
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ber of detections from our observations is shown in the right panel of Figure
3.4. Depending on the detection threshold adopted, our results show a 1–2σ
deviation from the null hypothesis of no evolution. For example, based on the
Lyα EW distribution at lower redshift of z ∼ 3–6 (assuming no evolution with
+0.8
redshift), we expect to detect 1.7+0.6
−0.5 (2.4−0.8 ) objects with > 5σ (3σ) signif-

icance, for which our observations weakly reject at the 1.3σ (2σ) confidence
level. Our results are conservative in the sense that had we assumed a zero
low-z interloper fraction or used an extrapolation of the EW(Lyα) distribution
from lower redshifts to z ∼ 7–8, the inferred deviation from the expectation
(and thus the implied decline in the Lyα fraction) would be higher.5

3.7

Discussion and Summary
We have presented results from deep near-infrared Y -band spectroscopy

targeting 12 galaxy candidates with zphot = 7–8 in the GOODS-S field. Our
long integration of ∼10 hr with Keck/MOSFIRE enabled us to probe the Lyα
emission down to a median 5σ rest-frame EW(Lyα) limit of 28 Å (ranging
[12–55] Å; listed in Table 3.1). Despite our deep spectroscopy, out of our 30
targets, we identified only one emission line at 6.5σ significance.
We claim that the detection is real, given that i) it was detected inde5
For reference, in a more traditional framework developed by Stark et al. (2010) of “Lyα
fraction”, z7 GSD 3811 is not regarded as a Lyα-emitting galaxy, as the rest-frame EW is
below the cutoff of 25 or 55 Å. Thus, the inferred Lyα fraction from our observation at z ∼ 7.5
with EW > 25 or 55 Å is XLyα < 0.37 for the UV-bright galaxies (−21.75 < MUV < −20.25)
and XLyα < 0.61 for UV-faint galaxies (−20.25 < MUV < −18.75; 1σ).
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pendently on more than one night, ii) at the expected spatial location, and iii)
with two negative peaks at the positions expected from our dithering pattern.
This line is likely Lyα emission from a galaxy at z = 7.6637, based on
i) its asymmetric line profile characteristic of Lyα at high redshift, ii) the nondetection in the optical bands as well as an optical stack (V606 +i775 +I814 +z850
bands), and iii) the inferred redshift in good agreement with its photometric
redshift. While we cannot completely rule out the possibility that the detected
line is an unresolved [O ii] doublet from a galaxy at z = 1.83, we find that
it is unlikely, as a serendipitious [O ii] emitter at z ∼ 1.9 that falls in one of
the slits, with the redshift difference of only ∆z ∼ 0.1 and with a similar S/N
to that of z7 GSD 3811, shows clearly resolved double peaks both in our final
stack and on individual nights. However, although rare, it is still feasible that
the detected line is one of the two peaks of a broad [O ii] doublet indicative of
an AGN or strong outflows.
The detected Lyα line has a modest rest-frame EW of 16 Å and a line
flux of (5.5 ± 0.9) × 10−18 erg s−1 cm−2 . This galaxy is bright in the UV
(MUV = −21.2; ∼ 2L∗z=8 ), and is a typical for its UV brightness in terms of
UV slope (β = −2.2) and stellar mass (log(M∗ /M ) = 9.3).
Identifying its nature via follow-up observations would be challenging
but not impossible. Assuming this galaxy is an [O ii] emitter at z = 1.83, other
strong rest-frame optical emission lines (Hβ, [O iii], and Hα) all fall in between
ground-based near-infrared bands, thus deep spaced-based grism may be the
only possibility to detect those lines before the advent of the James Webb
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Space Telescope. If this galaxy is indeed at z = 7.6637 (with a normal stellar
population), other emission features (e.g., C iii]λλ1907, 1909) would be too
weak to be detected in currently available data sets (e.g., HST grism) based
on the typical flux ratio, unless Lyα is attenuated more than a factor of 15
by the IGM. However, this is unlikely given the Lyα EW distribution found
by Stark et al. (2011) and Schenker et al. (2014) for its UV luminosity in
galaxies at 3 < z < 6. Additional integration in Y -band (for Lyα) or deep Hband observations (for C iii]) can help verifying its identity. Alternatively, the
Atacama Large Millimeter Array (ALMA) provides an opportunity to detect
the [C ii] line at 158 µm with less than an hour of integration, assuming that
the empirical relation between SFR and [C ii] 158 µm luminosity found for
normal star-forming galaxies at high redshift (Capak et al., 2015) holds.
The rest of the targeted galaxies remain undetected, showing a 1.3σ
(2σ) deviation from the expected number of detections (with >5σ (>3σ) significance) when assuming no evolution in the Lyα EW distribution from lower
redshifts of 3 < z < 6 to z = 7–8. Our observations thus support the decline
in the EW of Lyα at z > 6.5 of earlier studies (e.g., Schenker et al., 2014;
Tilvi et al., 2014; Pentericci et al., 2014), which may be due to the increase of
neutral gas in the IGM. However, the evidence from our observations alone is
not conclusive due to the large statistical uncertainties. The addition of our
sample to the compilation of previous data would be only incremental, thus
we defer a detailed analysis on the evolution of the IGM neutrality to future
studies with a larger statistical sample.
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However, our results from very deep spectroscopy have implications for
future observations. Recently, several studies (Roberts-Borsani et al., 2016;
Zitrin et al., 2015) have claimed a high Lyα visibility in bright galaxies at
z > 7.5 in the EGS field, which were selected based on red IRAC [3.6]−[4.5]
colors indicative of strong [O iii] emission. Combined with the recent discovery of Lyman continuum leakers among strong [O iii] emitters at low redshifts
(Izotov et al., 2016; Vanzella et al., 2016) and the lack of significant Lyα detections in the GOODS-S field at comparable redshifts (before this study),
this may signal the inhomogeneity of the reionization process on large scales.
Indeed, while LAEs at lower redshifts of 3 < z < 6 show that faint LAEs
on average have a larger Lyα EW than bright ones (Stark et al., 2011), most
spectrosopic campaigns at higher redshift targeting z > 7 galaxy candidates
have only succeeded in detecting Lyα emission in bright galaxies (Finkelstein
et al., 2013; Oesch et al., 2015; Roberts-Borsani et al., 2016; Zitrin et al.,
2015). Our results are in line with these studies, yielding one Lyα detection
from a bright (L ∼ 2L∗ ) galaxy. However, it is noteworthy that our sole detection in z7 GSD 3811 is among those with the lowest EW limit (cyan circles in
the bottom left panel of Figure 3.4). This indicates that current spectroscopic
campaigns at z > 7 are only reaching a sufficient depth for the brightest galaxies, leaving the possibility of detecting several galaxies in Lyα emission with
modest Lyα EW in fainter galaxies open with deeper spectroscopy. Extremely
deep spectroscopy (either by performing long integrations on blank fields or
by utilizing magnification due to gravitational lensing) to better quantify the
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Lyα EW distribution, along with quantifying large-scale spatial fluctuation in
the reionization process from spatial clustering of Lyα emission from wide area
surveys, will remain as a valuable probe of reionization in the near future.
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Chapter 4
The Evolution of the Galaxy Stellar Mass
Function at z = 4–8: A Steepening
Low-mass-end Slope with Increasing Redshift1

4.1

Abstract
We present galaxy stellar mass functions (GSMFs) at z = 4–8 from a

rest-frame ultraviolet (UV) selected sample of ∼4500 galaxies, found via photometric redshifts over an area of ∼280 arcmin2 in the CANDELS/GOODS
fields and the Hubble Ultra Deep Field. The deepest Spitzer/IRAC data yetto-date and the relatively large volume allow us to place a better constraint at
both the low- and high-mass ends of the GSMFs compared to previous spacebased studies from pre-CANDELS observations. Supplemented by a stacking
analysis, we find a linear correlation between the rest-frame UV absolute magnitude at 1500 Å (MUV ) and logarithmic stellar mass (log M∗ ) that holds for
galaxies with log(M∗ /M ) . 10. We use simulations to validate our method
of measuring the slope of the log M∗ –MUV relation, finding that the bias is
1

The work presented in this chapter has been published as Song, M., Finkelstein,
S. L., Ashby, M. L. N., et al. 2016, ApJ, 825, 5. M.S. carried out the main analysis and
manuscript composition. S.L.F. provided the main sample and contributed to the analysis
and manuscript edits. M.L.N.A., G.G.F., and S.P.W. provided the mid-infrared data. E.M.
provided the t-phot photometry software. All of the authors contributed to the scientific
interpretation.
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minimized with a hybrid technique combining photometry of individual bright
galaxies with stacked photometry for faint galaxies. The resultant measured
slopes do not significantly evolve over z = 4–8, while the normalization of the
trend exhibits a weak evolution toward lower masses at higher redshift. We
combine the log M∗ –MUV distribution with observed rest-frame UV luminosity
functions at each redshift to derive the GSMFs, finding that the low-mass-end
slope becomes steeper with increasing redshift from α = −1.55+0.08
−0.07 at z = 4
to α = −2.25+0.72
−0.35 at z = 8. The inferred stellar mass density, when integrated
over M∗ = 108 –1013 M , increases by a factor of 10+30
−2 between z = 7 and
z = 4 and is in good agreement with the time integral of the cosmic star
formation rate density.

4.2

Introduction
The near-infrared (near-IR) capability of the Wide Field Camera 3

(WFC3) on board the Hubble Space Telescope (HST) has now yielded a statistically significant sample of galaxies in the early universe, enabling us to
pass the era of simply discovering very distant galaxies and enter an era where
we can perform systematic studies to probe the underlying physical processes.
Such studies have begun to make progress toward understanding galaxy evolution at high redshift, with particular advances in measurements of the restframe ultraviolet (UV) luminosity function (e.g., Bouwens et al., 2011; Oesch
et al., 2012; Schenker et al., 2013b; Lorenzoni et al., 2013; Finkelstein et al.,
2015; Bouwens et al., 2015), the rest-frame UV spectral slope (e.g., Finkelstein
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et al., 2012; Bouwens et al., 2014), and the cosmic star formation rate density
(SFRD; see Madau & Dickinson 2014 for a review).
A key constraint on galaxy evolution that has only recently begun to
be robustly explored is that of the growth of stellar mass in the universe. This
measurement requires a combination of deep rest-frame UV data with constraints at rest-frame optical wavelengths, to better probe the emission from
older, lower-mass stars. The mass assembly history across cosmic time is governed by complicated processes, including star formation, merging of galaxies,
supernova feedback, etc. In spite of the complexity of the baryonic physics
of galaxy formation, however, various studies have found that global galaxy
properties, such as star formation rate (SFR), metallicity, size, etc., all correlate tightly with the stellar mass (Kauffmann et al., 2003b; Noeske et al., 2007;
Tremonti et al., 2004; Williams et al., 2010), implying that the stellar mass
plays a major role in galaxy evolution. Thus, determining the comoving number density of galaxies in a wide range of stellar masses (i.e., the galaxy stellar
mass function [GSMF]) and following the evolution with redshift constitutes a
basic and crucial constraint on galaxy formation models. Specifically, obtaining robust observational constraints on the low-mass-end slope of the GSMF
can provide insights on the impact of feedback on stellar mass buildup of lowmass galaxies (Lu et al., 2014), as current theoretical models predict steeper
low-mass-end slopes than those previously observed (e.g., Vogelsberger et al.
2013; see Somerville & Davé 2015 for a review). Consequently, the evolution of
GSMFs over the past 11 billion years has been extensively investigated obser-
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vationally during the past decade (e.g., Marchesini et al., 2009; Baldry et al.,
2012; Ilbert et al., 2013; Muzzin et al., 2013; Tomczak et al., 2014), mostly
using traditional techniques (e.g., 1/Vmax , maximal likelihood) that assess and
correct for the incompleteness in mass.
Nonetheless, the GSMF in the first 2 billion years after the Big Bang
has remained poorly constrained, due to (i) limited sample sizes, particularly of
low-mass galaxies at high redshift; (ii) systematic uncertainties in stellar mass
estimations; and (iii) the lack of Spitzer Space Telescope Infrared Array Camera
(IRAC; Fazio et al., 2004) data with comparable depth to HST/WFC3. IRAC
data are essential to probe stellar masses of galaxies at z & 4 as the 4000
Å/Balmer break moves into the mid-infrared (mid-IR), beyond the reach of
HST (and ground-based telescopes).
An alternative approach to deriving the GSMF takes advantage of the
fact that the selection effects and incompleteness are relatively well known and
corrected for in rest-frame UV luminosity functions. Therefore, one can derive
GSMFs by taking a UV luminosity function and convolving it with a stellar
mass versus UV luminosity distribution at each redshift. Using this approach,
González et al. (2011) derived GSMFs at 4 < z < 7 of Lyman break galaxies
(LBGs) over ∼33 arcmin2 of the Early Release Science (ERS) field (for z =
4–6, and the Hubble Ultra Deep Field [HUDF] and the Great Observatories
Origins Deep Survey [GOODS] fields with pre-WFC3 data for z = 7) utilizing
the HST/WFC3 and IRAC GOODS-South data. They reported a shallow
low-mass-end slope of −(1.4–1.6) at z = 4–7, but the small sample size and
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limited dynamic range made it difficult for them to explore the mass-to-light
distribution at z > 4, and their GSMFs were derived under an assumption
that the mass-to-light distribution at z ∼ 4 is valid up to z ∼ 7.
More recently, several studies have utilized the large HST data set
from the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS; Grogin et al. 2011; Koekemoer et al. 2011) to make progress on
the measurements of the GSMFs at z > 4. Duncan et al. (2014) and Grazian
et al. (2015) derived the GSMFs of galaxies at 4 < z < 7 in the GOODS-S
field and GOODS-S/UDS fields, respectively, using the CANDELS HST data
and the Spitzer Extended Deep Survey (SEDS; Ashby et al. 2013) IRAC data.
These studies have reported a steeper low-mass-end slope of α ∼ −(1.6–2.0)
than previous studies, but the uncertainties are still large, and the inferred
evolution of the low-mass-end slope of the GSMFs remains uncertain.
Here we probe galaxy buildup from z = 4 out to z = 8, aiming to improve on the limiting factors discussed above, with a goal of providing robust
constraints on the GSMFs of galaxies at 4 < z < 8. We do this by combining
near-IR data from CANDELS GOODS-S and GOODS-N fields with the deepest existing IRAC data over the GOODS fields from the Spitzer-CANDELS
(S-CANDELS; PI Fazio; Ashby et al. 2015) and the IRAC Ultra Deep Field
2010 Survey (UDF10; Labbé et al. 2013). We obtain reliable photometry on
these deep IRAC data by performing point-spread function (PSF) matched
deblending photometry, enabling us to extend the exploration of the GSMFs
to lower stellar masses and higher redshifts than previous studies. Further123

more, a special emphasis is put on quantifying and minimizing the systematics
inherent in our analysis via mock galaxy simulations. While taking a similar
approach of convolving a rest-frame UV luminosity function with stellar mass
to rest-frame UV luminosity distribution as González et al. (2011), the increased sample size and deeper data enable us to bypass the limitations of the
previous studies, as we measure the mass-to-light ratio distribution at every
redshift.
This paper is organized as follows. Section 5.2 introduces the HST
data sets used in this study, as well as our sample at 3.5 < z < 8.5 selected by
photometric redshifts, and discusses our IRAC photometry, which is critical
for the stellar mass estimation described in Section 4.4. Section 4.5 presents
stellar mass versus observed rest-frame absolute UV magnitude (M∗ –MUV )
distributions and introduces a stacking analysis and mock galaxy simulations.
By combining the rest-frame UV luminosity function with the M∗ –MUV distribution, we derive GSMFs and stellar mass densities in Section 4.6 and 4.7,
respectively. A discussion and summary of our results follow in Section 4.8 and
Section 4.9. Throughout the paper, we use the AB magnitude system (Oke
& Gunn, 1983) and a Salpeter (1955) initial mass function (IMF) between 0.1
M

and 100 M . All quoted uncertainties represent 68% confidence intervals

unless otherwise specified. We adopt a concordance ΛCDM cosmology with
H0 = 70 = 100h km s−1 Mpc−1 , ΩM = 0.3, and ΩΛ = 0.7. The HST bands
F435W, F606W, F775W, F814W, F850LP, F098M, F105W, F125W, F140W,
and F160W will be referred to as B, V, i, I814 , z, Y098 , Y, J, JH140 , and H,
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Figure 4.1: Example of our IRAC photometry modeling procedure. From
left to right: (1) H-band WFC3 imaging of a 10 × 10 region in the GOODS-S
field, (2) S-CANDELS 3.6 µm imaging, (3) the best-fit 3.6 µm model image,
and (4) the t-phot residual image (i.e., real science image subtracted by
the best-fit model image). Our high-redshift galaxies (gray squares) are often
blended with nearby foreground sources; therefore, we perform PSF-matched
photometry on the S-CANDELS data using the WFC3 H-band imaging as a
prior on the position and morphology of sources. Using the t-phot software
package, we convolve the H-band image with empirically derived IRAC PSFs
to generate low-resolution (IRAC) model images, allowing the flux of each
source to vary to simultaneously fit all sources in the IRAC data.
respectively.

4.3

Data
Constraining GSMFs requires a deep multiwavelength data set over a

wide area in order to probe the full dynamic range of a galaxy population. In
this section, we describe the HST imaging used to select our galaxy candidates,
as well as the candidate selection process. We then discuss the procedures used
to measure accurate photometry for these galaxies from the Spitzer/IRAC SCANDELS imaging.
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4.3.1

HST Data and Sample Selection
The galaxy sample employed in this study is from Finkelstein et al.

(2015), to which we refer the reader for full details of the HST data used and
the galaxy sample selection. This sample consists of ∼7000 galaxies selected
via photometric redshifts over a redshift range of z = 3.5–8.5. These galaxies
were selected using HST imaging data from the CANDELS (Grogin et al.
2011; Koekemoer et al. 2011) over the GOODS (Giavalisco et al., 2004) North
(GOODS-N) and South (GOODS-S) fields, the ERS (Windhorst et al., 2011)
field, and the HUDF (Beckwith et al. 2006; Bouwens et al. 2010a; Ellis et al.
2013) and its two parallel fields (Oesch et al., 2007; Bouwens et al., 2011).2
We use the full data set which incorporates all earlier imaging from HST
Advanced Camera for Surveys (ACS), including the B, V, i, I814 , and z filters.
We also use imaging from the HST WFC3 in the Y098 , Y, J, JH140 , and H
filters. A complete description of these data is presented by Koekemoer et al.
(2011, 2013). These combined data are three-layered in depth, comprising the
extremely deep HUDF, moderately deep CANDELS-Deep fields, and relatively
shallow CANDELS-Wide and ERS fields, designed to efficiently sample both
bright and faint galaxies at high redshifts.
As described by Finkelstein et al. (2015), sources were detected in a
summed J + H image, using a more aggresive detection scheme compared to
2

Finkelstein et al. (2015) also include about 500 more galaxies from the Abell 2744 and
MACS J0416.1-2403 parallel fields from the Hubble Frontier Fields data set, while we do
not, reducing our full sample to ∼7000 galaxies.
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that used to build the official CANDELS catalog (e.g., Guo et al. 2013, Barro
et al. 2016, in preparation) to detect faint sources at high redshifts, yielding a
catalog with the total number of sources a factor of two larger.3 To minimize
the presence of spurious sources, only those objects with ≥ 3.5σ significance
in both the J and H bands were evaluated as possible high-redshift galaxies.
Photometric redshifts were estimated with EAZY (Brammer et al., 2008), and
selection criteria devised based on the full redshift probability density function
(pdf; P (z)) were applied (Finkelstein et al., 2015). These criteria were designed
to assess the robustnes of the sample, requiring the primary redshift solution
to have more than 70% of the integrated redshift pdf, and the narrowness of
P (z), by limiting the sample to those for which the integral of the redshift pdf
for the corresponding redshift bin is at least 25% of the total integral of the pdf.
A comparison of our photometric redshifts for 171 galaxies with spectroscopic
redshifts in our z > 3.5 sample shows an excellent agreement, with σ(∆z/(1 +
zspec )) = 0.03 (after 3σ clipping). All of the selected sources were visually
inspected for removal of artifacts and stellar contaminants. Active galactic
nuclei (AGNs) identified in X-rays were also excluded from the sample. Our
final parent sample consists of 4156, 2056, 669, 284, and 77 galaxies at z = 4
(3.5 ≤ z < 4.5), 5 (4.5 ≤ z < 5.5), 6 (5.5 ≤ z < 6.5), 7 (6.5 ≤ z < 7.5), and 8
(7.5 ≤ z < 8.5), respectively.
3
Specifically, Finkelstein et al. (2015) used DETECT MINAREA = 7 and DETECT THRESH = 0.6, while the “hot” mode of the official CANDELS catalog was built
with DETECT MINAREA = 10 and DETECT THRESH = 0.7.
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4.3.2

IRAC Data and Photometry
At 3.5 < z < 8.5, the observed mid-IR probes rest-frame optical wave-

lengths redward of the Balmer/4000 Å break. Deep Spitzer/IRAC data are
therefore critical to constrain stellar masses and the resulting GSMF. One of
the key advances of our study is the significantly increased depth in the 3.6 and
4.5 µm IRAC bands provided by the new S-CANDELS survey (Ashby et al.,
2015). The final S-CANDELS mosaics in the GOODS-S and GOODS-N fields
(where the former includes the HUDF parallel fields) include data from three
previous studies: GOODS, with integration time of 23–46 hr per pointing
(Dickinson et al., in preparation); a 50 × 50 region in the ERS observed to 100
hr depth (PI Fazio); and the IRAC Ultra Deep Field 2010 program, which observed the HUDF and its two parallel fields to 120, 50, and 100 hr, respectively
(Labbé et al., 2013). The total integration time within the S-CANDELS fields
more than doubles the integration time for most of the area used in this study
(to ≥50 hr total), reaching a total formal depth of 26.5 mag (3σ) at 3.6 µm
and 4.5 µm (Ashby et al., 2015). Imaging at 5.8 and 8.0 µm was obtained with
IRAC as part of the GOODS program. However, these data are too shallow
to provide meaningful constraints for high-redshift faint galaxies, so we do not
include them in our analysis.
The full-width at half-maximum (FWHM) of the PSF of the IRAC
data (∼1.00 7 at 3.6 µm versus ∼0.00 19 at 1.6 µm with WFC3) results in nonnegligable source confusion, making accurate flux determinations challenging,
as shown in Figure 4.1. The second panel of Figure 4.1 shows that our high128

redshift galaxies are extremely faint and are often blended with nearby bright
sources in the mid-IR, making simple aperture photometry unreliable. For reliable IRAC photometry on the deep S-CANDELS data, we therefore perform
PSF-matched photometry using the t-phot software (Merlin et al., 2015),
an updated version of TFIT (Laidler et al., 2007), on the S-CANDELS 3.6
and 4.5 µm mosaics. This PSF-matched photometry uses information in a
high-resolution image (here the H band), such as position and morphology,
as priors. Specifically, we use isophotes and light profiles from the detection
(J+H) image obtained by the Source Extractor package (SExtractor; Bertin
& Arnouts, 1996). The high-resolution image was convolved with a transfer
kernel to generate model images for the low-resolution data (here the IRAC
imaging), allowing the flux in each source to vary. This model image was in
turn fitted to the real low-resolution image. The IRAC fluxes of sources are
determined by the model that best represents the real data.
As the PSF FWHM of the high-resolution image (H band) is negligible
(∼0.00 19) when compared to those of the low-resolution IRAC images (∼1.00 7), we
used IRAC PSFs as transfer kernels. We derive empirical PSFs in each band
and in each field by stacking isolated and moderately bright ([3.6], [4.5] = 15.5–
19.0 mag) stars identified in a half-light radius versus magnitude diagram in
IRAC imaging. As t-phot requires the kernel to be in the pixel scale of the
high-resolution image, each star image was 10 times oversampled to generate
the final PSFs in the same pixel scale of the H-band image (0.00 06 pixel−1 ).
They were then registered, normalized, and median-combined to generate the
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final IRAC PSFs.
Preparatory work for running t-phot includes performing background
subtraction on the S-CANDELS mosaics using the script subtract bkgd.py
(written by H. Ferguson; see Galametz et al. 2013 for details) and dilation of
the J+H SExtractor segmentation map, analogous to the traditional aperture
correction. The need for this dilation step originates from the fact that under
nonzero background fluctuations, isophotes of faint sources include a smaller
fraction of their total flux compared to bright sources, and therefore their IRAC
fluxes based on isophotes tend to be underestimated. To include the light in
the wings and to counterbalance the underestimation of flux for faint sources of
which the amount depends on the isophotal area, an empirical correction factor
to enlarge the SExtractor segmentation map was devised by the CANDELS
team by comparing isophotal area from deep and shallow images (see Galametz
et al. 2013 and Guo et al. 2013 for details). We applied this empirical correction
factor to the J+H segmentaion map using the program dilate (De Santis
et al., 2007) while preventing merging between sources.
To correct for potential small spatial distortions or mis-registrations
between the high-resolution and low-resolution images, a second run of tphot was performed using a shifted kernel built by cross-correlating the model
and real low-resolution images. Figure 4.1 presents an example of our IRAC
photometry procedure on a subregion in GOODS-S. With the exception of
very bright sources, the residual image is remarkably clean, highlighting the
accuracy of this procedure.
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4.3.2.1

Verification

We tested the accuracy of our IRAC photometry in two ways. First,
we compared our catalog with the official CANDELS catalogs (Guo et al.
2013; Barro et al. 2016, in preparation) in which IRAC fluxes were obtained
from the shallower SEDS data using TFIT. Figure 4.2 shows the comparison
between our magnitude and that from the official catalog for sources with
signal-to-noise ratio (S/N) greater than 1, 3, and 5 in both catalogs. As
we compare two catalogs generated from images with different depths with a
certain S/N cut, faint sources are dominated by background fluctuations and
the Eddington bias of upscattered sources in the shallower SEDS data, making
the comparison unreliable (see Figure 13 of Guo et al. for a similar trend and
discussion of the flux comparison). Taking a similar approach to that of Guo
et al. (2013), we estimated this magnitude range in which the flux comparison
is unreliable due to the Eddington bias for the S/N > 1 cut. We first found
the best-fit power law to the differential number count density of the sources
in the official CANDELS catalog without any S/N cut. Then, we compared
the differential number count density of sources with S/N > 1 with the bestfit power law to find the magnitude that the former starts falling below 80%
of what is expected by the best-fit power law ([3.6] = 25.1 and [4.5] = 25.5;
gray shaded region in Figure 4.2). In magnitude bins brighter than this range,
the comparison indicates an excellent agreement with a negligible systematic
offset.
Second, we performed a mock source simulation in order to validate our
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Figure 4.2: Comparison between our t-phot S-CANDELS photometry and
the official CANDELS TFIT SEDS photometry from Guo et al. (2013) and
Barro et al. (2016, in preparation) for IRAC 3.6 µm (upper) and 4.5 µm
(lower) bands for sources with S/N > 1 (black), S/N > 3 (green), and S/N >
5 (red) in both catalogs. Blue circles and error bars indicate the median and
robust standard deviation of the magnitude difference in each magnitude bin
for sources with S/N > 1, and the blue dashed lines encompass the central 68%
of the distribution. The red vertical dotted line denotes the 5σ S-CANDELS
depth. The bias seen at faint magnitudes is due to Eddington bias of upscattered sources in the shallower SEDS data, which is shown as the gray shaded
area (for the S/N > 1 cut; see Section 4.3.2.1 for more details). The SEDS
data are shallower; thus, the agreement between the two catalogs in magnitude
bins brighter than this range indicates that our photometry is accurate.
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photometry. Briefly, mock sources with varying physical properties (e.g., size,
light profile, luminosity, redshift) were generated using the GALFIT software
(Peng et al., 2002), of which flux densities in each band are assigned using
the updated Bruzual and Charlot (CB07; Bruzual & Charlot 2003) stellar
population synthesis (SPS) models. While the exact shape of the assumed
distribution of physical parameters such as size or light profile can impact the
detection rate of sources close to the sensitivity limit and thus the results of
simulations designed to correct for completeness, t-phot photometry is by
design limited to the sources recovered in the high-resolution detection image.
Therefore, our simulation results should not be sensitive to those assumptions
in the first order. These mock sources were convolved with the PSF of each
filter and added at random locations in the (H-band PSF-convolved) highresolution and IRAC low-resolution images. Our simulation thus accounts fully
for source confusion with nearby foreground real sources, but we constrain the
number density of mock sources to be negligible (5 arcmin−2 ) compared to
that of real sources to ensure that our simulation results are not dominated
by self-crowding among the inserted artificial sources. The mock sources were
then recovered using the same procedures as for real sources, including tphot photometry. Figure 4.3 shows a comparison between the input and
recovered 3.6 µm and 4.5 µm magnitudes. It is encouraging that we find no
systematic offset between the two down to the 50% completeness limit of 25
mag (Ashby et al., 2015), given that the IRAC photometry is affected with
many sources of uncertainty that demand accurate background subtraction,
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aperture correction scheme (dilation), and buildup of transfer kernels. As any
observed offsets from these simulations are not statistically significant, we do
not apply any correction to our observed IRAC photometry.
4.3.2.2

Visual Inspection

A practical limitation exists when building empirical IRAC PSFs for
deep fields, as such surveys by design target a relatively small area well off
the Galactic plane, resulting in few stars present in the imaging. The severe
source confusion in the IRAC data further reduces the number of isolated
stars that can be used for the creation of PSFs. Therefore, although our PSFmatched IRAC photometry significantly improves photometric accuracy over
more traditional methods (Lee et al., 2012), our IRAC photometry may be
imperfect. Its significance, however, is likely small, as already discussed in the
previous sections.
Another source of uncertainty is that TFIT/t-phot assumes no morphological k-corrections (no variation in the surface profile or morphology)
between short- and long-wavelength images, which is likely not the case (although we attempted to mitigate this by using the reddest HST image as our
high-resolution image). However, our high-redshift galaxies are small enough
to not be resolved in the low-resolution image (see Figure 25 of Ashby et al.
2013), and thus it should have a negligible effect on the derived fluxes. Bright
(and extended) foreground sources in close proximity to our high-redshift sample, however, are prone to imperfect modeling in this case (even with perfect
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Figure 4.3: Comparison between the input and recovered IRAC 3.6 µm (upper) and 4.5 µm (lower) magnitude in our mock source simulations. Symbols
are color-coded by blendedness in the two filters (shown in the inset in binary
notation)—00: contamination-free; 01: contaminated in 4.5 µm; 10: contaminated in 3.6 µm; 11: contaminated in both 3.6 and 4.5 µm. Large black circles
and error bars represent the median and standard deviation of the magnitude
difference of sources in each magnitude bin with the magnitude difference
between the input and the recovered less than 2 mag, demonstrating the reliability of our IRAC photometry down to the 50% completeness limit of 25
mag (red vertical dotted line; Ashby et al. 2015).
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PSFs) and leave residuals that in turn can significantly affect the photometry
of faint sources nearby.
To account for these uncertainties, we visually inspected the IRAC
science and residual images of all ∼7000 sources in our sample to ensure that
their IRAC photometry is reliable. Sources falling on strong residuals from
nearby bright sources often have recovered S/Ns that are too high (even when
we cannot visually identify counterparts in the IRAC images) or significantly
negative, which indicates that their photometry is not reliable in general. This
is confirmed by a mock source simulation in which we added mock sources
at various positions around a bright source, finding that the recovered flux
is highly biased (either overestimated or underestimated depending on the
“yin” and “yang” of the residual on which the mock source was inserted). We
therefore caution against blindly taking IRAC fluxes from a catalog and stress
the importance of visual inspection of IRAC images and residuals of all objects,
as contaminated sources can significantly impact studies on individual galaxies
or with small number statistics (e.g., the high-mass end of the GSMF).
Contaminated sources are excluded from the sample in our subsequent
analysis. This leaves ∼63%, 63%, 54%, 61%, and 57% of our z = 4, 5, 6, 7, 8
parent sample free from a possible contamination from nearby bright sources,4
4

These uncontaminated source fractions are consistent with the confusion-free fraction of
the S-CANDELS images found by Ashby et al. (2015). While the symbols in Figure 4.3 are
color-coded by the blendedness, which is determined based on the SExtractor segmentation
map, in this section we visually inspected individual sources to exclude sources for which
photometry is affected by residuals of nearby bright sources. That is, those excluded by
our visual inspection are a subset of sources that are color-coded as being contaminated in
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resulting in 2611, 1292, 364, 172, and 44 sources in our final z = 4, 5, 6, 7, 8
selection. Among the final sample, 1172/2611, 480/1292, 108/364, 41/172, and
6/44 (45%, 37%, 30%, 24%, and 14%) sources at z = 4, 5, 6, 7, 8, respectively,
have & 2σ detections at 3.6 µm, and 613/2611, 211/1292, 43/364, 12/172, and
1/44 (23%, 16%, 12%, 7%, and 2%) show S/N > 5. A final multiwavelength
catalog was constructed by combining the HST catalog and the IRAC t-phot
catalog for this final sample.

4.4

Stellar Population Modeling
We derived stellar masses and rest-frame UV luminosities for our sam-

ple galaxies by fitting the observed spectral energy distribution (SED) from
the B, V, i, I850 , z, Y098 , Y, J, JH140 , H, 3.6 µm, and 4.5 µm data to the
Bruzual & Charlot (2003) SPS models. We refer the reader to Finkelstein
et al. (2012, 2015) for a detailed explanation of our modeling process. Briefly,
we modeled star formation histories (SFHs) as exponentially declining (τ = 1
Myr–10 Gyr), constant (τ = 100 Gyr), and rising (τ = −300 Myr, −1 Gyr,
−10 Gyr). Allowable ages spanned a lower age limit of 1 Myr to the age
of the universe at the redshift of a galaxy, spaced semi-logarithmically, and
metallicity ranged from 0.02 to 1 Z . We assumed the Calzetti et al. (2000)
attenuation curve with E(B − V ) = 0.0–0.8 (AV = 0.0–3.2), and intergalactic
medium (IGM) attenuation was applied using the Madau (1995) prescription.
All the models were normalized to a total mass of 1 M .
Figure 4.3, and likely catastrophic outliers.
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One of the major sources of uncertainty in stellar mass measurements of
high-redshift galaxies derived from broadband imaging data via SED fitting is
the contribution of nebular emission. Spectroscopically measuring the contribution of strong emission lines (e.g., Hα, [O iii]λλ4959, 5007) to the broadband
fluxes for z & 4 galaxies is not currently feasible because they redshift into
the mid-IR. Many efforts, however, have been made taking an alternative approach of investigating IRAC colors of spectroscopically confirmed galaxies at
the redshift range such that only one of the first two IRAC bands is expected
to be contaminated by a strong emission line (e.g., Shim et al., 2011; Stark
et al., 2013). Together with an inference from the direct measurements of
nebular lines of galaxies at lower redshift (e.g., z ∼ 3; Schenker et al. 2013a),
several studies claim that the contribution of nebular emission to the broadband fluxes for galaxies at high redshift, and thus to the inferred stellar mass,
can be significant (e.g., Schaerer & de Barros, 2010).
While a more concrete answer on the nebular contribution will need
to wait for the advent of the James Webb Space Telescope (JWST), we took
into account the contribution of nebular emission in our SED modeling in a
self-consistent way following the prescription of Salmon et al. (2015). In this
prescription, the strengths of H and He recombination lines (including Hβ)
are set by the number of non-escaping ionizing photons, and the strengths
of metal lines relative to Hβ are given by Inoue (2011). The nebular line
strengths are thus a function of the population age and metallicity (which
sets the number of ionizing photons), as well as the ionizing photon escape
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Figure 4.4: Comparison of the inferred rest-frame EW([O iii]λλ4959, 5007)
distrbution derived from our SED fitting analysis for galaxies in our z ∼ 4
sample with spectroscopic redshifts (black solid histogram) with the spectroscopic EW([O iii]) distribution of 20 LBGs from Schenker et al. (2013a, blue
dashed histogram; eight galaxies out of their 28 targets were not detected).
The good agreement implies that our implementation of nebular emission lines
in our stellar population models is a fair representation of reality.
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fraction. We added the nebular lines to the stellar continuum assuming an
escape fraction of zero5 and no extra dust attenuation for nebular emission
(i.e., E(B − V )stellar = E(B − V )nebular ). Figure 4.4 presents a comparison of
the inferred equivalent width (EW) distribution of [O iii]λλ4959, 5007 from
our SED modeling for spectroscopically confirmed galaxies at 3.5 < z < 4.5
with the observed EW([O iii]) histogram of 20 LBGs at similar redshifts (3.0 <
z < 3.8) in Schenker et al. (2013a), showing a good agreement. As Figure 4.4
is based on spectroscopically confirmed galaxies, they are biased toward highmass (median ± standard deviation of the logarithmic stellar mass = 9.7±0.5)
and UV-bright (−21.3 ± 0.8) galaxies. However, the two samples shown in
Figure 4.4 have similar stellar mass distributions.
Our final stellar+nebular line stellar population models are integrated
through all of the filter bandpasses in our photometry catalog. The best-fit
model for each source was found as the one that best represents the observed
photometry via χ2 minimization. During this procedure, we accounted for uncertainties in the zero-point and aperture corrections by adding 5% of the flux
in quadrature to the flux error in each band. For our fiducial stellar mass for
each galaxy, we adopted the median mass obtained from a Bayesian likelihood
analysis following Kauffmann et al. (2003a). We describe the procedure briefly
here, but we refer the reader to Kauffmann et al. (2003a) and our previous
work (Song et al., 2014) for more details of the analysis (see also Salmon et al.
5

Many studies at z ∼ 3, the highest redshift where we can estimate the LyC escape
fraction before the IGM becomes opaque to ionizing photons, have shown no evidence of
high escape fraction, only placing an upper limit of .0.1 (1σ; Siana et al. 2015).
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2015; Tanaka 2015). In short, we used the χ2 array that samples the full model
parameter space of our SPS models to compute the four-dimensional posterior
pdf of free parameters (dust extinction, age, metallicy, and SFH) using the
likelihood of each model, L ∝ e−χ

2 /2

. We assumed flat priors in parameter

grids and z = zphot . The stellar mass for each grid point is taken to be the
normalization factor between the observed SED and the model. Then, the 1dimensional posterior pdf for stellar mass was obtained by marginalizing over
all the parameters. The median and the central 68% confidence interval of
stellar mass were computed from this marginalized pdf.
The rest-frame absolute magnitude at 1500 Å, MUV , was obtained from
the mean continuum flux density of the best-fit model in a ∆λrest = 100 Å band
centered at rest-frame 1500 Å. Its uncertainty was derived from 100 Monte
Carlo simulations in which the redshift uncertainty was accounted for by varing
the redshift in our Monte Carlo simulations following the pdf, P (z), obtained
from our photometric redshift analysis (Finkelstein et al., 2015). Systematic
biases and uncertainties of our SED fitting method were estimated via mock
galaxy simulations and will be discussed in Section 4.5.3.

4.5

Stellar Mass–Rest-frame UV Luminosity Distribution
With the stellar mass (M∗ ) and the rest-frame absolute UV magnitude

(MUV ) of our galaxy sample measured from the previous section, we now
explore the correlation between these properties in our sample to infer whether
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it is possible to derive a scaling relation.
4.5.1

Overall M∗ –MUV Distribution
Figure 4.5 presents the stellar mass versus rest-frame UV absolute mag-

nitude distribution at each redshift. Overall, we find a strong trend between
stellar mass and rest-frame absolute UV luminosity at all redshifts probed
in this study. The scatter (standard deviation) in logarithmic stellar mass is
about 0.4 dex (0.52, 0.42, 0.36, 0.40, and 0.30 dex at z = 4, 5, 6, 7, and 8,
respectively, measured as the mean of standard deviation in logarithmic stellar
mass in bins with more than five galaxies), and no noticeable correlation of
the scatter is found with redshift or UV luminosity. The scatter at the bright
end (measured at −21.5 < MUV < −20.5), where the effect of observational
uncertainty should be minimal, is 0.43, 0.47, 0.36, 0.52, and 0.40 dex at z = 4,
5, 6, 7, and 8, respectively, similar to the quoted value above and the scatter
at the faint end (at −19.0 < MUV < −18.0) of 0.51, 0.39, 0.39, and 0.41 dex
at z = 4, 5, 6, and 7, respectively.
Often raised as a weakness in studies of rest-frame UV-selected galaxies is that such studies by construction miss dusty star-forming or quiescent
galaxies. As our sample is selected mainly from rest-frame UV, the observed
M∗ –MUV distribution shown in Figure 4.5 is also susceptible to this weakness.
Interestingly, however, we do observe populations of UV-faint galaxies with
high mass (given their UV luminosity) on the upper right part of the M∗ –
MUV plane at z = 4 and 5. Although the lower limit of SFRs inferred from the
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Figure 4.5: From upper left to lower right, stellar mass versus rest-frame UV
absolute magnitude at 1500 Å (MUV ) at z = 4–8. For reference, SFR inferred
from the UV luminosity and the Kennicutt (1998) conversion assuming no
dust is shown in the upper x-axis. Small gray filled circles indicate objects
with IRAC detection (& 2σ at 3.6 µm), while gray open circles are those with
nondetections in IRAC (< 2σ at 3.6 µm). Gray error bars represent the 68%
confidence intervals in stellar mass and rest-frame absolute UV magnitude.
Large red filled circles are the median stellar masses in each rest-frame absolute
UV magnitude bin of 0.5 mag, while large open circles indicate bins containing
a single galaxy. Black error bars are standard deviations in stellar mass in
each UV luminosity bin. Blue stars indicate median stellar masses in each
rest-frame absolute UV magnitude bin from our median-flux stacking analysis
in Section 4.5.2, with error bars denoting the 1σ uncertainty, including both
photometric error and sample variance. We derived the best-fit relation (red
solid line) by fitting data points that combine red filled circles with blue filled
stars in a redshift-dependent UV magnitude range specified in Section 4.5.3
(indicated as the light-red and light-blue filled regions). The 1σ uncertainty of
the best-fit M∗ –MUV relation is denoted as the light-red shaded region. The
gray arrows and horizontal error bars at the bottom show the characteristic
UV magnitude, L∗ , of the UV luminosity function (Finkelstein et al., 2015) at
each redshift. Gray dotted lines indicate minimum mass-to-light ratio allowed
in our SPS models. We find that the best-fit relation has a nonevolving slope
at z = 4–6, which is marginally steeper than a constant mass-to-light ratio
(gray dashed line; normalized to the mass-to-light ratio of the Milky Way),
and shows a weak evolution in the normalization. The inferred stellar mass
from the best-fit M∗ –MUV relation for galaxies with MUV = −21 (∼ L∗ ) is
log(M∗ /M ) = 9.70, 9.59, 9.53, 9.36, and 9.00 at z = 4, 5, 6, 7, and 8,
respectively. The typical mass-to-light ratio of galaxies at z = 4–8 at the restframe UV absolute magnitude of the Milky Way (MUV = −20.5) is lower by
a factor of ∼30 (130) at z = 4 (8) than that of the Milky Way.
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UV luminosity and the Kennicutt (1998) conversion assuming no dust (upper
x-axis in Figure 4.5) indicates that they are not completely quenched systems,
their inferred (dust-uncorrected) SFRs are down to 2 orders of magnitude lower
than those on the M∗ –MUV relation (to be derived in the following section).
Outliers off the best-fit relation by more than 1 dex make up 6% (155/2624) of
the total sample at z = 4. The fraction decreases as redshift increases to 3%
(12/365) at z = 6. This increasing fraction of massive and UV-faint galaxy
populations from z = 6 to z = 4 implies either that we may be witnessing
the formation of dusty star-forming or quiescent populations that are very
rare at high redshift (z ∼ 6–7) or that the duty cycle of those populations at
high redshift is lower than that at low redshift (with a star-forming time scale
much longer than 100 Myr) so that fewer such galaxies are observed with the
current flux limit at higher redshift. Given the young age of the universe at
high redshift, the latter requires a very early and fast growth of stellar mass
for those galaxies that are completely quenched or highly dust extincted by
z ∼ 7. As we do not see such extremely UV-luminous populations at higher
redshifts in the UV luminosity functions (e.g., Finkelstein et al. 2015; Bouwens
et al. 2015), we regard the former as a more plausible scenario.
Interestingly, we do not find such populations in the opposite (lowmass) side at a given UV luminosity. The lack of bright and low-mass galaxies
in the lower left region of Figure 4.5 is most clearly shown at z = 4. This
is unlikely to be a selection effect or observational uncertainty, as had there
been galaxies with log(M∗ /M ) & 9, they should have been detected in both
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Figure 4.6: Median flux-stacked SEDs at z = 4–8 in bins of rest-frame absolute
UV magnitude with ∆MUV = 0.5 mag, for bins with MUV < −17 and more
than 10 (for z = 4–5) or 5 (for z = 6–8) galaxies (corresponding to blue stars
in Figure 4.5). The stacked SEDs are denoted by filled circles and downwardpointing arrows (indicating 2σ upper limits for bands with S/N < 2), with the
rest-frame absolute UV magnitudes given by the inset text. The solid lines and
open squares indicate the best-fit SPS models and model bandpass-averaged
fluxes, respectively. The best-fit SPS models for stacked SEDs with S/N <
2 in 3.6 µm are shown as dotted lines, indicating that the inferred mass for
stacked SEDs with S/N < 2 in 3.6 µm is uncertain.
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WFC3/IR and IRAC; although we impose an S/N cut in both J and H bands
in our sample selection and may thus be biased against the bluest galaxies, this
only applies for UV bins fainter than those discussed here. It should not be an
artifact of our SPS modeling, as the minimum mass-to-light ratio allowed in
our SPS models is well below the mass-to-light ratio distribution of our sample.
Lee et al. (2012), based on LBGs selected at z = 4–5 over the GOODS field,
interpreted the absence of undermassive galaxies as evidence of smooth growth
for UV-bright galaxies that has lasted at least a few hundred million years. If
dust extinction is proportional to UV luminosity (e.g., Bouwens et al., 2014),
this indicates a lack of UV-bright galaxies with very high specific SFRs (sSFR
= SFR/M∗ ). This lack of UV-bright and low-mass galaxies at all redshifts we
probe provides a further support on our claim in the paragraph above of a
growing population of dusty star-forming or quiescent galaxies seen between
z = 6 and z = 4.
4.5.2

Stacking Analysis
Despite our deep IRAC data, individual galaxies in our sample, espe-

cially those in faint UV luminosity bins (which likely have low masses), often
suffer from low S/N in the IRAC mosaics. This can make the reliability of
an M∗ –MUV relation derived based on individual galaxies questionable. We
therefore performed a stacking analysis to increase the S/N and to examine
the typical stellar mass in each rest-frame absolute UV magnitude bin. We
built median flux-stacked SEDs, comprising a total of 12 bands (B, V, i, I814 ,
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z, Y098 , Y, J, JH140 , H, 3.6 µm, 4.5 µm), for galaxies in each UV magnitude bin of 0.5 mag in the full sample. Uncertainties on the stacked SEDs
were assigned as the quadrature sum of the photometric uncertainty and the
uncertainty due to sample variance (heterogeneity of the SEDs of galaxies) estimated via bootstrapping on galaxies in each UV magnitude bin. The latter
dominates the error budget at z = 4, contributing on average 80% to the total
uncertainty, but the contribution of sample variance decreases with redshift,
down to 45% at z = 8. This is a combined effect of (i) decreasing outliers in
the M∗ –MUV plane (i.e., decreasing fraction of dusty star-forming or quiescent
galaxy population) with redshift, as seen in Figure 4.5, and (ii) increasing
photometric uncertainty with redshift, as the galaxies are fainter compared to
the photometric depth.
Stacked SEDs were analyzed through our SED fitting procedures described in Section 4.4 with the redshift of model templates fixed to the median
photometric redshift of galaxies in each stack. Bands not common to all galaxies (e.g., JH140 covering only the HUDF) were included in the SED fitting only
when more than half of the stacked galaxies have measurements. Our choice
is a trade-off between making the most of the available information and minimizing the chance of biasing our results by including a subset not having the
characteristics of the parent sample. As the median flux-stacked SEDs shortward of the Lyα line may still have some fluxes depending on the redshift
distribution of the stacked galaxies and thus may not represent an SED of a
galaxy at the median redshift, we excluded bands shortward of the Lyα line.
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The best-fit SPS models and stacked SEDs in each redshift bin are
shown in Figure 4.6. Overall, the shapes of the SEDs are nearly similar but
show a weak trend with UV luminosity such that the typical UV-bright galaxies
have slightly redder rest UV-to-optical (observed NIR-to-MIR) color than UVfaint galaxies at a given redshift, being in qualitative agreement with other
previous studies (e.g., González et al., 2012). This trend indicates that on
average UV-faint galaxies have (mildly) lower mass-to-light ratios than UVbright galaxies, suggesting that an M∗ –MUV relation with a constant mass-tolight ratio would not provide a good description of our data.
The results from our SED fitting analysis on the median flux-stacked
SEDs are included in the M∗ –MUV plots of Figure 4.5. Comparing the stacked
points to the median of individual galaxies shows that they are largely consistent with each other at the bright end (MUV . −(20–21)). But for fainter UV
luminosities, the stacked points are generally lower than the medians. This
may reflect the fact that the stellar masses of individual IRAC-undetected
galaxies are on average biased toward higher masses, while they are relatively
robust for IRAC-detected galaxies.
4.5.3

Mock Simulation with Semi-Analytic Models
As noted in the previous section, stellar mass estimation involves vari-

ous sources of uncertainty, which impact the derived GSMFs. In our methodology of convolving the M∗ –MUV distribution with the completeness-corrected
UV luminosity functions to derive GSMFs, the reliability of our to-be-derived
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GSMF and its low-mass-end slope is tied to our ability to recover the i ntrinsic
slope, normalization, and scatter of the M∗ –MUV distribution.
To explore the systematics and uncertainties in our observed M∗ –MUV
distribution introduced by the photometric uncertainty of our data and our
stellar mass estimation procedure, and to examine whether we can recover the
i ntrinsic M∗ –MUV distribution (and the subsequent GSMF), we simulated M∗ –
MUV planes using mock galaxies drawn from semianalytic models (SAMs). We
used synthetic galaxy photometry from the SAMs of Somerville et al. (2016,
in preparation). These SAMs are implemented on halos extracted from the
Bolshoi dark matter simulation (Klypin et al., 2011), which has a dark matter
mass resolution of 1.35 ×108 h−1 M

and a force resolution of 1 h−1 kpc.

Galaxies hosted in a halo more massive than 1010 M

are included in the

mock catalog. This corresponds to a typical stellar mass of a few times 107
M

at z = 4–8 (e.g., Behroozi et al. 2013), similar to the minimum stellar

mass in our real sample. The most notable characteristic of these SAMs is
that their light cones are specifically designed to provide realizations of the
five CANDELS fields (with albeit a factor of 6–9 larger areas than the actual
CANDELS HST coverage), aiming to help with interpretation of observational
data. Moreover, using synthetic galaxy photometry from the SAMs has an
advantage over using SPS models in that mock galaxies have more realistic
SEDs based on more complicated SFHs and metal enrichment histories, thus
representing real galaxy populations more closely. We refer the reader to
Somerville et al. (2012) and Lu et al. (2014) for full details of their mock
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galaxy models. Here we specifically use the mock light cone of the CANDELS
GOODS-S field for our simulation.
We generated mock galaxy samples by populating the M∗ –MUV plane
at each redshift with objects from the SAM catalog similar to our real sample in
both sample size and rest-frame UV absolute magnitude distribution, but with
various input slopes ranging from −0.3 to −0.8. We assumed a lognormal distribution around a linear log M∗ –MUV relation with a dispersion of ∼0.3 dex,
motivated by the functional form of the observed star-forming main sequence
at lower redshifts (Speagle et al. 2014 and references therein). Although the
SAMs have an inherent M/L relation, this does not affect our results as we
randomly draw galaxies from the SAM to fill in our simulated plane based on
the M/L slope in a given simulation. We then added noise in each band based
on the flux uncertainty of our real sample at a given magnitude and perturbed
the simulated photometry assuming a Gaussian error distribution. The stellar
masses and rest-frame UV absolute magnitudes of these mock galaxies were
calculated in the same manner as in the real data. The above precedures
describe a single mock realization of one intrinsic M∗ –MUV distribution. For
each realization of a given intrinsic M∗ –MUV distribution, we measured the
recovered slope, normalization, and scatter of the M∗ –MUV distribution. We
repeated the above procedures 50 times for each input slope and redshift, from
which we constructed pdfs of the recovered slopes and normalizations.
In addition to allowing us to explore the best way to minimize the bias
and uncertainty in recovering the intrinsic M∗ –MUV distribution, these sim151

ulations also allow us to test the validity of our stellar mass measurements.
First, we find that if we use the classical maximum likelihood estimator (i.e.,
the best-fit model) as a fiducial stellar mass, the uncertainty in the inferred
stellar mass for individual galaxies is considerable, differing up to 1 dex for
galaxies with log(M∗ /M ) ∼ 9 at z = 4. As a result, the scatter of the recovered M∗ –MUV distribution increases significantly compared to the original
one (a 0.2 dex increase at MUV ∼ −20 and larger for fainter galaxies; see
also Salmon et al. 2015). This large spread in stellar mass in the recovered
distribution makes it hard to recover the intrinsic relation at z & 6 where the
photometric uncertainty is large and the sample size is small. The median
mass from our Bayesian likelihood analysis described in Section 4.4 performs
much better in the sense that it does not significantly increase the scatter of
the recovered M∗ –MUV plane even in faint UV luminosity bins; the scatter of
the recovered M∗ –MUV distribution compared to that of the input distribution shows an increase of only 0.05–0.10 dex at MUV ∼ −20, and the scatter
remains nearly constant in fainter UV luminosity bins. However, there exists
a noticeable bias in the recovered stellar mass for galaxies fainter (and lower
in mass) than a certain UV magnitude threshold at each redshift (hereafter
referred to as Mthresh1 (z)). This is because, for low-S/N data, the stellar mass
is determined by the assumed priors (e.g., flat priors in parameter grids in the
case of our SPS modeling) and the data have little constraining power.
Although the recovered M∗ –MUV distribution above Mthresh1 (z) is reliable in both bias and scatter, the small dynamic range above this limit at high
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Figure 4.7: Probability density function of the recovered M∗ –MUV slope as a
function of the intrinsic slope at z = 4–8 in our SAM mock galaxy simulations.
Darker gray colors indicate a higher probability. For reference, a 1:1 line is
shown as the black solid line. The best-fit slope of the M∗ –MUV relation and
its 1σ uncertainty obtained from our real sample (using our optimized fitting
method) at each redshift are denoted as the red dashed horizontal line and
shaded region, respectively. At z = 4–6, we can recover the intrinsic slope
within ±0.07. At z = 7–8, the uncertainties become much larger; thus, as
discussed in Section 4.5.4, we fix the slope (which does not significantly evolve
from z = 4 to 6) at z = 7 and 8 to the z = 6 value.
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redshift still makes the uncertainty of the recovered M∗ –MUV relation large.
We thus utilize a stacking analysis (described in Section 4.5.2) to increase the
S/N and dynamic range in UV luminosity at which we can still reliably derive
typical properties of sources (e.g., stellar mass). In the simulation, we find
that via stacking, we can achieve this 1.5–2.0 mag further in UV magnitude,
down to MUV ∼ −(18.0–18.5) at z =4–6 (hereafter Mthresh2 (z)). Mthresh2 (z)
corresponds roughly to the UV luminosity of the stacked SEDs with S/N ∼ 1
at 3.6 µm, below which the inferred mass remains uncertain just as one might
expect.
In short, our simulation enables us to assess the bias and uncertainty
of the observed M∗ –MUV distribution, which has so far been generally overlooked in the literature. We find that the observed M∗ –MUV distribution
and the inferred relation at high redshift are very sensitive to the choice of
stellar mass estimator and the UV magnitude range even when using the
same data set and can be dominated by systematics if not tested thoroughly.
From this simulation, we derive the redshift-dependent UV magnitude thresholds, Mthresh1 (z) and Mthresh2 (z), above which we can rely on the median
mass and scatter of individual galaxies in each UV magnitude bin and the
median mass of stacks, respectively. Specifically, we find Mthresh1 (z) to be
MUV = −20.0, −20.0, −20.0, −22.5, −22.5 and Mthresh2 (z) to be MUV = −18.0,
−18.5, −18.5, −20.5, −20.5 at z = 4, 5, 6, 7, 8.
Based on our findings, we derive the best-fit M∗ –MUV relation by combining the median mass of galaxies in each UV magnitude bin at MUV <
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Figure 4.8: Probability density function of the recovered M∗ –MUV normalization as a function of intrinsic normalization at z = 7 and z = 8 in our mock
galaxy simulations, when the slope is fixed to the intrinsic slope. When the
slope is fixed, the normalization can be recovered at high confidence.
Mthresh1 (z) and the median mass of stacked points at Mthresh1 (z) < MUV <
Mthresh2 (z), neglecting galaxies fainter than Mthresh2 (z) when fitting this relation. To explore the validity of this optimized method of combining individual
bright galaxies with stacked faint galaxies, we show in Figure 4.7 the distribution of the recovered slope at z = 4–8 for various input slopes with our
optimized method, demonstrating that we can recover the intrinsic relation
fairly well even at z = 6. From this simulation, we derive the pdf of intrinsic
slope (slopein ) of the M∗ –MUV relation given the observed slope (slopeout ),
based on the results from each of the 50 simulations at each input slope. We
find, for the given slope observed from our real sample, the central 68% range
of the intrinsic slope to be −0.57 < slopein < −0.63, −0.42 < slopein < −0.53,
and −0.42 < slopein < −0.64 at z = 4, 5, and 6, respectively. This is compa-

155

rable with the 1σ confidence level of the observed slope, indicating that our
M∗ –MUV relations and their uncertainties at z = 4–6 measured from our real
sample are relatively reliable, when we use this optimized method.
It is encouraging that we find no bias at z = 7–8, but the broad pdf of
the recovered slope for a given input slope at z = 7–8 indicates that it is hard
to constrain the intrinsic slope with the currently available data. Therefore, we
perform another test to see if our current data can constrain the normalization
of the intrinsic M∗ –MUV relation when we apply an additional prior of a known
intrinsic slope. Figure 4.8 shows the pdf of the recovered normalization as a
function of intrinsic normalization at z = 7–8 when the slope is fixed to the
intrinsic slope, illustrating that the normalization can be recovered accurately
within ±0.5.
The best-fit relation for our real sample in Section 4.5.4 is derived with
the optimized method of combining individual bright galaxies with stacks of
fainter galaxies. When we need to use the full M∗ –MUV distribution or a
scatter for our GSMF derivation, we use those inferred at MUV < Mthresh1 (z).
4.5.4

M∗ –MUV Relation
Using our optimized method vetted in Section 4.5.3, we derive the best-

fit linear log10 (M∗ /M )–MUV relation at each redshift. Specifically, we use the
median mass of individual galaxies for bins with MUV < Mthresh1 (z) and the
median mass of median flux-stacked SEDs for bins with MUV < Mthresh2 (z).
Our best-fit mass-to-light relation, listed in Table 4.1, has a slope of −(0.50–
156

0.69), which is slightly steeper than a constant mass-to-light ratio of a slope
of −0.40. As the slope between z = 4 and z = 6 is nearly constant (∼ −0.5)
but the uncertainty at z = 7–8 is large, we fix the slope at z = 7 and z = 8 to
be the same as the best-fit slope at z = 6 while leaving the normalization as
a free parameter.6 Our mock galaxy simulation in Section 4.5.3 indicates that
our current data allow us an accurate recovery of the intrinsic normalization
at z = 7–8 with a prior of a known input slope (Figure 4.8). We find a
(very) weak evolution in the normalization between z = 4 and z = 7 (a
decreasing normalization with increasing redshift). The normalization evolves
from log(M∗ /M )(MUV =−21) = 9.70 (at z = 4) to 9.36 (at z = 7) at only 2σ
significance. Interestingly, the normalization appears to decrease more rapidly
from z = 7 to z = 8 than at lower redshifts, although the small sample at z = 8
prevents drawing any firm conclusions. We discuss this further in Section 4.7.
Although the M∗ –MUV distribution of our flux-limited sample has nonzero
scatter, the derived M∗ –MUV relation is not subject to Malmquist bias (i.e.,
missing faint galaxies at a given stellar mass) as we estimate the M∗ –MUV
relation in bins of luminosity and not stellar mass. Therefore, the derived
relation should be robust against the Malmquist bias, which could artificially
result in a steeper slope than the intrinsic one by losing the faint envelope of
galaxy distribution for a given stellar mass.7
6

Albeit slightly shallower (−(0.44–0.48)), the slope predicted from the SAMs of
Somerville et al. (2016, in preparation) is almost constant over the redshift interval as
well.
7
As discussed in Section 4.5.1, objects with high mass and low UV flux that are observed
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Table 4.1. Best-fit Fiducial log10 (M∗ )–MUV Relation
z

Normalization
(M )

4
5
6
7

−1.70
−0.90
−1.04
−1.20
(−4.23
−1.56
(−5.47

8

±
±
±
±
±
±
±

0.65
0.74
0.57
0.16
2.12)
0.32
6.19)

Slope
−0.54 ± 0.03
−0.50 ± 0.04
−0.50 ± 0.03
−0.50 ± —
(−0.65 ± 0.10)
−0.50 ± —
(−0.69 ± 0.31)

log M∗(MUV =−21)
(M )
9.70
9.59
9.53
9.36
(9.45
9.00
(9.00

±
±
±
±
±
±
±

0.02
0.03
0.02
0.16
0.07)
0.32
0.31)

Note. — At z ∼ 7–8, numbers in parentheses are the best-fit parameters
when we do not fix the slope to the best-fit slope at z ∼ 6. The quoted
errors represent the 1σ uncertainties. The normalization is defined as the
logarithmic stellar mass at MUV = 0 (log M∗(MUV =0) ).
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There are discrepancies of 0.3–0.7 dex between different studies in the
measured median mass at a given UV magnitude even at z ∼ 4, which are
larger at fainter UV bins (González et al., 2011; Lee et al., 2012; Stark et al.,
2013; Duncan et al., 2014; Salmon et al., 2015). This may reflect a number
of systematic uncertainties associated with sample selection and stellar mass
estimation. As these uncertainties make a direct comparison between different
studies difficult, it highlights the importance of a comprehensive and independent analysis to verify systematics.
Overall, we found the best-fit slope shallower than that of González
et al. (2011) but similar to those of Stark et al. (2013) and Duncan et al.
(2014), with an exception at z = 4. First, the slope of our best-fit relation of
−0.54(±0.03) at z = 4 is significantly shallower than that of González et al.
of −0.68(±0.08), which is based on an order-of-magnitude-smaller sample. As
the relation of González et al. is derived with no nebular correction, it is not
surprising that their stellar masses for UV-bright galaxies are higher than ours.
However, their stellar masses for galaxies in faint UV bins are lower than ours
by ∼0.2 dex at MUV ∼ −18, resulting in a steeper slope than ours. Meanwhile,
the M∗ –MUV relation of Stark et al. (2013) shows a good agreement with ours
at all redshifts with only a slightly shallower slope than ours. Duncan et al.
or that we may be missing are believed to be the subdominant population for all UV
luminosity bins and thus would not change the derived relation (see also Salmon et al.
2015 for a similar argument based on the tight scatter of the star-forming main sequence).
When probing in bins of stellar mass, however, those massive outliers seen at z = 4–5 with
log(M∗ /M ) > 10 are off from the linear correlation derived in bins of UV luminosity in
this section.
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(2014) in general find higher stellar masses for galaxies than we do in faint
UV bins, resulting in a higher normalization and a shallower slope than ours,
with the biggest difference in normalization (∆ log(M∗ /M )MUV =−21 = 0.25)
and slope (∆ = 0.09; 2.5σ significance) being observed at z = 4 (see Section
4.6.4 for more discussion).

4.6
4.6.1

The Galaxy Stellar Mass Function
Derivation of the GSMFs
We now convolve our M∗ –MUV distribution with the observed rest-

frame UV luminosity function to derive GSMFs. The luminosity functions we
utilize in this study are from Finkelstein et al. (2015), which included the full
CANDELS GOODS fields, the HUDF and two parallel fields, and the Abell
2744 and MACS J0416.1-2403 parallel fields from the Hubble Frontier Fields
data set. These luminosity functions are already corrected for incompleteness
and selection effects using the detection probability kernels derived from fake
source simulations, as discussed by Finkelstein et al. (2015).
Figure 4.9 presents GSMFs constructed using four different methods:

1. “Raw Bootstrapped GSMF”:
We constructed the “observed” GSMF by combining the UV luminosity
function with the observed M∗ –MUV distribution. We first drew 105 galaxies
from the best-fit Schechter function of the UV luminosity function in the range
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Figure 4.9: Our fiducial galaxy stellar mass functions, from a J + Hband selected sample of galaxies at z = 4–8 (red filled circles). The open
squares, filled squares, small stars, and small red filled circles indicate raw
bootstrapped, incompleteness-corrected bootstrapped, constant-scatter, and
asymmetric-scatter GSMFs, respectively. The red dotted, red dashed, red
dash-dot and red solid lines represent the Schechter fit for the last three and
for our fiducial GSMFs, respectively. The uncertainty on our fiducial GSMF
includes contributions from both the UV luminosity function uncertainties
and the uncertainty in the M∗ –MUV relation. The light-red shaded regions
denote 1,000 Schechter fits for our fiducial GSMF randomly chosen within
the 1σ 3-dimensional contour of the Schechter parameters determined from
our MCMC analysis. The blue points (open squares, filled squares, dashed
line) correspond to previous estimates (raw bootstrapped, incompletenesscorrected bootstrapped, constant-scatter GSMF) of González et al. (2011)
from WFC3/IR data of the ERS (for z = 4–6) and from WRC3/IR data of
the ERS, HUDF09, and NICMOS data over the GOODS fields (for z = 7).
Also overplotted are recent estimates for GSMFs from the literature—from
Ks-band selected sample at z ∼ 4 (Ilbert et al., 2013; Muzzin et al., 2013),
from 4.5µm selected sample (Caputi et al., 2011, 2015), and from rest-frame
UV-selected samples (Stark et al., 2009; Santini et al., 2012; Lee et al., 2012;
Duncan et al., 2014; Grazian et al., 2015). All points and lines are converted
to a Salpeter IMF. The thick grey lines show dark matter halo mass functions
scaled to a baryon conversion efficiency of 20% (i.e., 20% of halo mass times
the cosmic baryon fraction of Ωb /Ωm ). Our GSMFs are characterized by a
steeper low-mass-end slope of −1.55 (−2.25) at z = 4 (z = 8) compared to
that of González et al. of −1.43 (−1.55) at z = 4 (z = 7).
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of −30 < MUV < −13. Then, we assigned stellar mass for each galaxy to be
the stellar mass of the randomly chosen galaxy with similar rest-frame UV
absolute magnitude from the observed M∗ –MUV distribution. This method
accounts for outliers, which may be a non-negligible fraction of galaxies at
z = 4.

The non-negligible spread in stellar mass at a fixed rest-frame UV absolute magnitude observed in Figure 4.5 can result in GSMFs with an underestimated low-mass-end slope if we do not account for the “unobserved”
population of galaxies below the detection threshold of the survey. This is
because galaxies at a given UV luminosity have a range of mass-to-light ratios; thus, galaxies below the detection limit can still have stellar masses high
enough to contribute to the number density in the stellar mass bins of our
interest (affecting the last few points in the GSMFs depending on the amount
of spread). Therefore, we need to correct for the incompleteness by assuming
an M∗ –MUV distribution in UV luminosity bins below the current sensitivity
limit. We use three different incompleteness correction schemes.

2. “Incompleteness-corrected Bootstrapped GSMF”:
A reasonable assumption on the M∗ –MUV distribution in the unobserved faint UV luminosity bins is that the observed distribution of individual
galaxies in bright UV bins above a threshold represents the intrinsic distri-
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bution and can be extended to fainter bins. In Section 4.5.3, we found the
redshift-dependent threshold Mthresh1 (z) at each redshift above which the intrinsic distribution can be recovered well without any noticeable bias or increase in scatter. We extend the observed M∗ –MUV distribution at MUV <
Mthresh1 (z) to fainter UV luminosities down to MUV = −13, keeping the distribution centered around the best-fit M∗ –MUV relation. The rest of the procedures are the same as those for the “raw bootstrapped GSMF”.

3. “Constant-scatter GSMF”:
Instead of using individual points in the M∗ –MUV distribution, we assumed an idealized lognormal distribution around the best-fit M∗ –MUV relation with a constant scatter, inferred from bright UV luminosity bins that
have a statistical number of galaxies and high completeness. We used the
mean scatter estimated from the two faintest bins at MUV < Mthresh1 (z) with
more than 10 galaxies, which is ∼0.4–0.5 dex. The UV luminosity function was
then convolved with this lognormal distribution to derive the “constant-scatter
GSMF”.

4. “Asymmetric-scatter GSMF”:
The three approaches above are basically the same as those used by
González et al. (2011). However, the mass distribution of our sample in a
given rest-frame UV absolute magnitude bin is not symmetric with respect
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to the best-fit relation. Rather, the lower side of the best-fit relation has in
general a smaller scatter. As already noted in Section 4.5.1, the lack of galaxies
with high UV luminosity and low mass contributes in part to the asymmetric
scatter, and the results in Section 4.5.3 in addition indicate that it could be
an intrinsic property and not just an observational bias. Therefore, we assume
a lognormal distribution with an asymmetric scatter with respect to the bestfit M∗ –MUV relation (a different sigma above and below the mean) inferred
from the two faintest bins at MUV < Mthresh1 (z) and extend it to fainter UV
luminosity bins.8 The resultant GSMF constructed via this method is referred
to as the “asymmetric-scatter GSMF”.

While the asymmetric-scatter GSMFs were devised to probe the incompletenesscorrected low-mass-end slope, they might not account properly for the fraction of outliers seen at z = 4 and z = 5 that can impact the high-mass
end of the GSMF. Thus, we combine the bootstrapped GSMF for high masses
(log(M∗ /M ) > 10) and the asymmetric-scatter GSMFs for low masses (log(M∗ /M )
< 10), and consider this our fiducial GSMF. We found that the GSMFs computed using the 1/Vmax method (Schmidt, 1968, gray diamonds in Figure 4.9)
are in excellent agreement with our fiducial GSMFs at the high-mass end.
Figure 4.9 shows our fiducial GSMFs at z = 4–8 (listed in Table 4.2) as well
as those derived from the four methods described above. The incompleteness8

For z = 7 and z = 8 where the scatter is not robustly measured due to the small sample
size, we assume that the M∗ –MUV distribution follows that at z = 6.
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corrected, constant-scatter, and asymmetric-scatter methods yield consistent
results (except at z = 8 where the GSMF is less robust due to the small sample
size), and their Schechter fits (see Section 4.6.2) are nearly indistinguishable
within the uncertainties on the low-mass end.
4.6.2

Schechter Fit and Uncertainties
Before we parameterize our GSMF with a Schechter function, we first

need to derive the uncertainties for our GSMF data points. Randomly perturbing points of the GSMFs is not a proper way to estimate the uncertainties
of the GSMFs because they are correlated. Thus, we derive the 68% confidence
interval of our fiducial GSMFs as follows. First, we randomly drew 1000 samples from a Markov Chain Monte Carlo (MCMC) chain of the UV luminosity
function Schechter parameters derived by Finkelstein et al. (2015) within the
3-dimensional 1σ contour of (L∗ , αL , φ∗L ). Then, for each luminosity function
generated from the Schechter parameters, we assigned an M∗ –MUV relation
with (slope, normalization) values randomly chosen within the 2-dimensional
1σ contour of the best-fit parameters of the M∗ –MUV relation.9 The new
M∗ –MUV distribution was then combined with the new luminosity function
to generate a GSMF in the same way that our GSMF was constructed. This
generates 1000 GSMFs, of which the minimum and maximum represent the
1σ upper and lower limits of the GSMFs, respectively.
9

For z = 7–8 where we fix the slope of the M∗ –MUV relation to the z = 6 value, the
uncertainty in the normalization is taken into account.
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We parameterize our GSMFs with a Schechter (1976) function,
φ(M∗ )dM∗ = (φ∗ /M ∗ ) × (M∗ /M ∗ )α exp[−(M∗ /M ∗ )]dM∗

(4.1)

which is characterized by a power law with a low-mass-end slope of α, an
exponential cutoff at stellar masses larger than a characteristic mass, M ∗ , and a
normalization φ∗ . The best fit, uncertainties, and posterior distributions of the
Schechter parameters for our fiducial asymmetric-scatter GSMFs were derived
by running an MCMC algorithm that samples the 3-dimensional parameter
space of the Schechter parameters. To ensure full coverage of the parameter
space and assess convergence, we ran five parallel chains composed of 105
steps each. The starting position of the chain was determined by a coarse
grid search that minimized the χ2 statistic between the model and the data.
The first 10% of steps were disregarded in the burn-in phase before running
each chain to reduce the dependence of the posterior distribution on the initial
position. The proposal distribution of each parameter was assigned as a normal
(lognormal) distribution for α (M ∗ and φ∗ ) with the width tuned to generate an
acceptance rate of ∼ 23–30%.10 As a prior, we limited the sampling parameter
space to be α > −10, 8 < log(M ∗ /M ) < 13, and log(φ∗ /Mpc−3 ) > −8.
For 6 ≤ z ≤ 8, where the constraints on M ∗ are weak (see the large error
bars on the open gray circles in Figure 4.10), we took a log-normal prior
on M ∗ with mean log(M∗ /M ) = 10.75 and standard deviation of 0.3 dex,
10
The ideal acceptance rate, which affects the efficiency of the chain, depends on the
dimension (d) of the problem, decreasing from ∼44% for d = 1 to ∼23% for d → ∞
(Gelman et al., 1996).
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following the posterior distribution of M ∗ at z = 4 and z = 5. Comparing the
likelihood of the current step, which is defined as L ∝ e−χ

2 /2

, with the proposed

set of parameters determines whether the proposal is accepted. We employ
the Metropolis–Hastings algorithm for the acceptance criteria. After running
all chains, convergence was assessed by examining trace plots of parameters,
as well as using the Rubin–Gelman R̂ diagnostic (Gelman & Rubin, 1992)
for each marginalized posterior distribution. The diagnostic value R̂ ∼ 1
suggests convergence, and we confirmed that for all redshifts and parameters
the diagnostic has a value 1.00 < R̂ < 1.01.
From the resulting joint posterior distribution, we extracted the marginal
posterior distribution of each parameters. The median and the central 68% of
the marginal posterior distributions provide our fiducial Schechter parameters
and an estimate of the 68% confidence interval on each parameter (shown as
the error bars in Figure 4.10). In short, the uncertainties on the GSMFs and
Schechter parameters include (i) the uncertainty of the best-fit M∗ –MUV relation and (ii) the uncertainty of the Schechter parameters in the UV luminosity
function, the latter of which includes Poisson errors. Other sources of random errors on the derived GSMFs, including cosmic variance, are discussed in
Section 4.8.2.
Our best-fit Schechter parameters are listed in Table 4.3 and plotted in
Figure 4.10 as a function of redshift. Our data support a decreasing (steep+0.09
+0.08
ening) of the low-mass-end slope (α ∼ −1.55+0.08
−0.07 , −1.70−0.07 , −1.91−0.09 ,
+0.72
−1.95+0.18
−0.18 , −2.25−0.35 at z = 4, 5, 6, 7, 8) with increasing redshift, asymptot-
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Figure 4.10: Redshift evolution of the best-fit Schechter parameters for our
fiducial GSMFs. The low-mass-end slope, α, evolves toward a steeper value
with increasing redshift, asymptoting to the faint-end slope of the UV luminosity function. Conversely, the open gray circles denoting the best-fit Schechter
parameters with a flat prior on M ∗ show that we observe no significant evolution in the characteristic mass, M ∗ , though our observations do not allow us
to place reasonable constraints on M ∗ at z ≥ 6.
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Figure 4.11: Confidence contours of the best-fit Schechter parameters for our
fiducial GSMFs at z = 4–8 at the 68% and 95% levels, showing that we can
place reasonable constraints on α. The best-fit Schechter parameters at z =
6–8 were derived with a lognormal prior on M ∗ , and their contours are denoted
as dot-dashed lines. The best-fit values are shown as filled circles.
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ing to the faint-end slope of the UV luminosity function (αL ∼ −1.56+0.06
−0.05 ,
+0.10
+0.21
+0.54
−1.67+0.05
−0.06 , −2.02−0.10 , −2.03−0.20 , −2.36−0.40 at z = 4, 5, 6, 7, 8), and possibly

a decrease in φ∗ with increasing redshift as well. Conversely, our GSMFs favor
no evolution in M ∗ with redshift, although we cannot rule out the possiblity
of evolution due to the large uncertainties, in particular at z & 6 (see the
gray open circles in Figure 4.10, which are derived with a flat prior on M ∗ ).
The large error bars on M ∗ are because constraints on the bright end of the
luminosity function (and thus the massive end of the GSMF) remain weak, as
even our wide-area data reach only 1–2 mag brighter than the characteristic
magnitude of the UV luminosity function, L∗ (marked as arrows at the bottom
of Figure 4.5), and the UV magnitude bins brighter than L∗ are populated by
only a few galaxies. The lack of robust constraints on the massive end of the
GSMF leads to a well-known degeneracy between M ∗ , α, and φ∗ , as shown in
Figure 4.11 with confidence contours on the Schechter parameters.
4.6.3

Eddington Bias
Several recent studies (Ilbert et al., 2013; Caputi et al., 2015; Grazian

et al., 2015) investigated the effect of the Eddington bias (Eddington, 1913) on
the low-mass-end slope of the GSMF, finding that the increase in the stellar
mass uncertainties for individual galaxies at low masses results in an artificial steepening of the low-mass-end slope (Grazian et al., 2015; Caputi et al.,
2015). In our methodology, the “effective” uncertainty in stellar mass is not
stellar mass dependent, as we do not use individual stellar masses to construct
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the GSMF on the low-mass end but rather convolve the UV LF with stellar mass–UV luminosity distribution, where we use the distribution around
∼L∗ (−21 < MUV < −20) to extend to fainter luminosities. Taking a similar approach to other studies, we investigated the effect of the Eddington
bias by parameterizing the observed GSMF as a convolution of an “intrinsic” Schechter function with a lognormal function with its width to be the
mean stellar mass uncertainty of galaxies with −21 < MUV < −20. We implemented a grid search for the “intrinsic Schechter parameter to correct for
the Eddington bias, finding that while we see a similar trend to what Grazian
et al. (2015) found (the “intrinsic” low-mass-end slope is similar [at z = 4–5]
or slightly flatter [at z & 6], driven by the change in M ∗ , which is uncertain),
the change in the number density on the low-mass end is negligible and the
trend of steepening low-mass-end slope with increasing redshift persists after
correcting for the Eddington bias.
4.6.4

Comparison with Previous Work
Figure 4.9 compares our GSMFs with recent estimates from the litera-

ture determined by rest-frame UV-selected galaxies (either using photometric
redshift or color-color selection; Stark et al. 2009; González et al. 2011; Lee
et al. 2012; Santini et al. 2012; Duncan et al. 2014; Grazian et al. 2015)11
or rest-frame optical-selected galaxies (Caputi et al. 2011; Ilbert et al. 2013;
11

For the GSMFs of Stark et al. (2009), we apply correction factors for nebular emission
of ×1.1, 1.3, and 1.6 at z = 4, 5, 6 that are inferred in Stark et al. (2013).
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Table 4.2. Galaxy Stellar Mass Function at z = 4–8
log M∗
(M )

log φ
Mpc−3 )

(dex−1
z=4

z=5

z=6

z=7

z=8

7.25

−1.57+0.21
−0.16

−1.47+0.24
−0.21

−1.47+0.35
−0.32

−1.63+0.54
−0.54

−1.73+1.01
−0.84

7.75

−1.77+0.15
−0.14

−1.72+0.20
−0.20

−1.81+0.23
−0.28

−2.07+0.45
−0.41

−2.28+0.84
−0.64

8.25

−2.00+0.13
−0.10

−2.01+0.16
−0.16

−2.26+0.21
−0.16

−2.49+0.38
−0.32

−2.88+0.75
−0.57

8.75

−2.22+0.09
−0.09

−2.33+0.15
−0.10

−2.65+0.15
−0.15

−2.96+0.32
−0.30

−3.45+0.57
−0.60

9.25

−2.52+0.09
−0.09

−2.68+0.07
−0.14

−3.14+0.12
−0.11

−3.47+0.32
−0.35

−4.21+0.63
−0.78

9.75

−2.91+0.12
−0.05

−3.12+0.09
−0.11

−3.69+0.12
−0.13

−4.11+0.41
−0.57

−5.31+1.01
−1.64

10.25

−3.37+0.09
−0.12

−3.47+0.16
−0.14

−4.27+0.38
−0.86

−4.61+0.72
−0.82

—

10.75

−4.00+0.20
−0.25
+0.34
−4.54−0.55

−4.12+0.25
−0.38
+0.40
−4.88−0.61

—

−5.24+0.90
−0.57

—

—

—

—

11.25

Note. — The quoted 1σ errors include the uncertainties of the UV luminosity function and the M∗ –MUV relation.
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Table 4.3. Best-fit Schechter Function Parameters of Our Fiducial GSMFs
log M ∗
(M )

α

4

10.50+0.30
−0.24

−1.55+0.08
−0.07

25.68+21.75
−12.80

5

10.97+0.68
−0.36

−1.70+0.08
−0.07

5.16+7.05
−4.08

6

10.72+0.29
−0.30

−1.91+0.09
−0.09

1.35+1.66
−0.75

+1.27
)
(11.08−1.04

(−1.90+0.12
−0.10 )

(0.57+7.70
−0.54 )

+0.29
10.78−0.28

−1.95+0.18
−0.18

0.53+1.10
−0.38

+1.05
)
(11.33−1.11

(−1.96+0.20
−0.17 )

(0.13+2.37
−0.12 )

+0.29
10.72−0.29

−2.25+0.72
−0.35

0.035+0.246
−0.030

+1.31
)
(10.30−1.08

(−2.12+0.87
−0.46 )

(0.125+5.057
−0.120 )

z

7

8

(10−5

φ∗
Mpc−3 )

Note. — The quoted best-fit values and 1σ errors of the
Schechter parameters represent the median and the central
68% confidence interval of the marginal posterior distribution
of each parameter obtained from our MCMC analysis. At
6 ≤ z ≤ 8, we show in parentheses the results derived with a
flat prior on M ∗ .
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Muzzin et al. 2013; Caputi et al. 2015). All GSMFs are converted to a Salpeter
IMF when necessary. Overall, the comparison of our GSMFs with previous estimates demonstrates that there exists a considerable discrepancy in the highand/or low-mass ends and in the normalization of the GSMFs at all redshifts.
However, before discussing the discrepancy in detail, we point out that the
error bars of the GSMFs compared in Figure 4.9 include only random uncertainties. For example, those of Grazian et al. (2015) include Poisson errors
and errors (photometric scatter and photometric redshifts) derived from their
Monte Carlo simulations, while those of Duncan et al. (2014) include Poisson
errors and photometric redshift uncertainty. Those of González et al. (2011)
include the uncertainties of the UV luminosity function of Bouwens et al.
(2007, 2011) and the scatter of the M∗ –MUV relation. None of the plotted
points include cosmic variance or other sources of systematic uncertainties.
A major source of discrepancy in the GSMFs between different studies
may be attributed to the systematic uncertainties associated with stellar mass
estimation, as already noted by many studies (e.g., Marchesini et al. 2009;
Mobasher et al. 2015). Each study adopts different assumptions on the SFH,
dust law, metallicity, nebular emission, etc., in their SPS modeling, of which
effects on the derived stellar mass can be significant. Moreover, many parameters are degenerate, thus making assessment of the systematic effects induced
by these different assumptions on the disagreement of the observed GSMFs
hard to achieve. While investigating the systematic effects caused by the different sets of assumptions adopted in previous studies is beyond the scope of
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our study, we stress that we have focused on deriving the intrinsic GSMFs by
exploring the systematic effects inherent in our analysis, minimizing them via
our SAM+mock galaxy simulations (see Section 4.5.3).
With these above caveats in mind, we now discuss the discrepancy
highlighted by the direct comparison between the GSMFs in Figure 4.9. First,
we observe a disgreement in the normalization of the GSMFs between ours
and the estimates from the literature at all redshifts. At z = 4 and z = 5,
although our normalization is in good agreement with Lee et al. (2012) and
Grazian et al. (2015), a prominent discrepancy is observed with González
et al. (2011), Santini et al. (2012), and Duncan et al. (2014). The GSMFs of
González et al. (2011) are found to lie systematically below ours and others
in the literature at z = 4 and z = 5, and the GSMFs of Santini et al. (2012)
at z ∼ 4 and Duncan et al. (2014) at all redshifts are found to lie above. At
higher redshifts of z = 6–7, the normalization of our GSMFs is lower with
respect to those of Duncan et al. (2014) and Grazian et al. (2015, at z = 6)
but shows a good agreement with Stark et al. (2009) (at the massive end; they
do not correct for incompleteness), González et al. (2011), and Grazian et al.
(2015, at z = 7). Although the overall difference in the normalization of the
GSMFs between different studies remains similar at z = 7, the larger error
bars at z = 7 render any differences at that high redshift insignificant.
Examining the different mass regimes, we notice an interesting disagreement at z = 4, where wide-area ground-based surveys (Ilbert et al., 2013;
Muzzin et al., 2013), which are potentially more sensitive to more rare, mas176

sive galaxies, may be more robust. Specifically, in the most massive bin of
our study at log(M∗ /M ) = 11.25, both Muzzin et al. (2013) and Ilbert et al.
(2013) found a number density ∼ 0.1–0.3 dex higher than we find (and ∼0.2–
0.3 dex higher than Duncan et al. (2014) and Grazian et al. (2015)). This
discrepancy may be attributed in part to the fact that the median redshift of
these ground-based surveys is z = 3.5, lower than ours, as well as the other
studies shown (z ' 4). Moreover, the former is derived from a shallow but wide
(∼1.6 deg2 down to Ks ∼ 24) Ks -band (rest-frame optical) selected catalog.
Thus, they should be more complete and less susceptible to cosmic variance
and Poisson noise at the high-mass end than other works that are based on
small-field, rest-frame UV-selected catalogs. Meanwhile, Caputi et al. (2015),
who investigated the high-mass end of the GSMFs by adding the contribution
of Ks -band faint but 4.5µm bright ([4.5] < 23) galaxies to the previous determinations of the Ks -band-selected GSMFs by Caputi et al. (2011) and Ilbert
et al. (2013), present consistent results with ours, which may be attributed to
the lower normalization of the GSMFs of Caputi et al. (2011) with respect to
others.
At the high-mass end, GSMFs based on rest-frame UV-selected galaxies
(Stark et al., 2009; González et al., 2011; Lee et al., 2012; Duncan et al., 2014;
Grazian et al., 2015) agree reasonably well with each other when the cosmic
variance is accounted for (see Section 4.8.2.2). However, the high-mass end at
z = 4 from Santini et al. (2012) still shows a mild tension with ours due to
their overall higher normalization with respect to others.
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Turning to the low-mass end, while our survey volume is smaller than
those of the ground-based surveys of Ilbert et al. (2013) and Muzzin et al.
(2013), the deep data set in this study enables us to reach lower in mass than
these surveys can (log(M∗ /M ) & 10), allowing more robust constraints on
the low-mass-end slope. Starting at z = 4, our results at the low-mass end
are consistent with most previous rest-frame UV-selected studies (González
et al., 2011; Lee et al., 2012; Duncan et al., 2014; Grazian et al., 2015), with
the exception of Duncan et al. (2014).
Because Grazian et al. (2015) restrict their analysis to higher masses,
the only points for comparison at log(M∗ /M ) . 9 are those from González
et al. (2011) and Duncan et al. (2014). Interestingly, the largest disagreement
at the low-mass end is found at the lowest redshift of z = 4, where Duncan et al.
(2014) find significantly higher number densities (∼0.5 dex at log(M∗ /M ) ∼
9) and a steeper low-mass-end slope (α ∼ −1.9) with respect to the others.
This may result from differences in the measured M∗ –MUV relation, as well
as in the faint-end slope of the UV luminosity function between our study
and that of Duncan et al. (2014). At z = 4, Duncan et al. (2014) found a
shallower M∗ –MUV slope than what we find here. One difference in methods
is that rather than using our hybrid approach of using individual high-mass
galaxies and stacks of lower-mass galaxies, Duncan et al. (2014) fit their M∗ –
MUV distribution over a wide stellar mass range down to log(M∗ /M ) ∼ 8. As
shown in their simulations (see their Fig. 5), stellar masses for galaxies with
log(M∗ /M ) < 9 are biased toward higher masses (a similar result to what
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we find here), leading to their derivation of a shallower M∗ –MUV slope. A
shallower slope of the M∗ –MUV relation translates into a steeper low-mass-end
slope and a higher normalization of the GSMF: for a given number density of
galaxies in bins of UV luminosity (φL ), the number density of galaxies in bins
of stellar mass (φM ) is given by φM ∝ φL (dL/dM ), and is thus higher for a
shallower M∗ –MUV slope. We do note, however, that Duncan et al. (2014) did
not use this M∗ –MUV relation to measure their GSMF; they used a 1/Vmax
method. However, the biases inherent in measuring masses from individual
poorly detected galaxies may still be responsible for their steeper low-massend slope at z = 4. Moreover, their faint-end slope of the UV luminosity
function at z ∼ 4 is steeper (by ∼0.2) than that from Finkelstein et al. (2015),
on which our GSMF is based.
Unsurprisingly, differences are thus found in the evolution of the lowmass-end slope with redshift. The Schechter fit for our GSMF indicates steeper
low-mass-end slopes. While González et al. found a tentative steepening in
the low-mass-end slope with increasing redshift, the steepening is mild, from
−1.43 at z = 4 to −1.55 at z = 7. This is a combined effect of a steeper faintend slope of the updated UV luminosity function by Finkelstein et al. (2015)
used in our analysis and a shallower M∗ –MUV relation found in this study
(Section 4.5.2). Grazian et al. (2015) and Duncan et al. (2014) both find a
nearly constant low-mass-end slope of α = −1.6 and α = −1.9, respectively,
and no evidence of the steepening that we observe.
At lower redshifts of z < 4, the consensus is that the characteristic
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mass does not change but the normalization evolves (e.g., Marchesini et al.
2009), although the evolution of the low-mass-end slope remains controversial as some find no evolution (Marchesini et al., 2009) while others find a
steepening low-mass-end slope with increasing redshift (for a single Shechter
function fit; Kajisawa et al., 2009; Santini et al., 2012; Ilbert et al., 2013;
Tomczak et al., 2014). In this study, at z & 4, the observed evolution of the
GSMF shows a low-mass-end slope that steepens with redshift. Additionally,
our results tentatively confirm a roughly constant M ∗ , with a decreasing φ∗
with increasing redshift, qualitatively similar to results at lower redshift (e.g.,
Ilbert et al. 2013), though we acknowledge that our relatively small volume
prevents robust constraints on M ∗ .

4.7

Stellar Mass Density
To measure the stellar mass density at z = 4–8, we integrated the best-

fit Schechter function at each redshift from 8 < log(M∗ /M ) < 13, an often
adopted interval for stellar mass density estimates at high redshift in the literature. Table 4.4 lists our estimates of the stellar mass density along with
their 1σ uncertainties, calculated as the minimum and maximum stellar mass
densities allowed by the 3-dimensional 1σ contour of the Schechter parameters
obtained in Section 4.6.2. Figure 4.12 presents the evolution of the stellar mass
density at z = 4–8, alongside values compiled from the literature (converted
to a Salpeter IMF when necessary). Most data points from the literature are
taken from the compilation by Madau & Dickinson (2014), with the excep-
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tion of González et al. (2011), which Madau & Dickinson (2014) corrected for
nebular emission. We instead show the uncorrected (original) points together
with Stark et al. (2013), which are the González et al. values corrected for
nebular emission. We also add the recently published works of Duncan et al.
(2014) and Grazian et al. (2015). The error bars from most of the studies
include only random errors.
Our estimates of the stellar mass density at z = 4–5 are in broad agreement with previous measurements within the uncertainty, with the exception
of Caputi et al. (2011) at z = 5 and Duncan et al. (2014) at z = 4. Duncan
et al. found a ∼0.5 dex higher stellar mass density at z = 4, a deviation at
1.9σ, mainly due to their steeper low-mass-end slope compared to ours. The
stellar mass density at z ∼ 5 from Caputi et al. shows a value lower by about
0.8 dex than our estimates (a deviation at 4.2σ), which is surprising, given
that their median redshift is slightly lower (z ∼ 4.6). However, the sample
selection of Caputi et al. is very different from ours, such that their sample is
selected in the IRAC 4.5 µm band, which, while more complete for very red
galaxies, may underestimate the incompleteness to star-forming galaxies.
At higher redshifts of z = 6–7, our measurements are ∼0.5–0.7 dex
lower than those of González et al. (2011) and Duncan et al. (2014) but show
an excellent consistency with the recent estimate of Grazian et al. (2015).
The agreement in the stellar mass density in spite of the difference in the
normalization of the GSMFs between our study and Grazian et al. (2015)
at z = 6 (their higher normalization compared to ours) is a consequence of
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Figure 4.12: Evolution of the stellar mass density. The stellar mass densities
were obtained by integrating the best-fit Schechter functions for our fiducial
GSMFs between M∗ = 108 M and M∗ = 1013 M (red circles). The error bars
indicate the minimum and maximum values of stellar mass density allowed by
the 1σ contour of the Schechter parameters. Small symbols are the compilation
of the stellar mass densities from the literature by Madau & Dickinson (2014)
(using their colors and symbols) along with recent estimates from Stark et al.
(2013), Duncan et al. (2014), and Grazian et al. (2015), listed in the legend. All
points and lines are converted to a Salpeter IMF. The solid black curve marks
parameterization of the time integral of SFRD from Madau & Dickinson (2014)
after gas recycling (R = 0.27) is accounted for, representing the prediction
for the stellar mass density. The stellar mass densities predicted for the two
scenarios suggested by Oesch et al. (2014) for the SFRD evolution at z > 8 are
denoted as the black and blue dashed lines (see Section 4.7 for more details).
Our stellar mass densities show a remarkable agreement with estimates of the
stellar mass density from the SFRD. Other colored solid curves are stellar mass
densities predicted from the three SAMs introduced in Section 4.8.1.1, and the
cyan hatched region denotes the 95% posterior range of the Lu et al. (2014)
model. For reference, we denote fractions of the local stellar mass density
measurement (Baldry et al., 2012) as horizontal dotted lines.
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Table 4.4. Cosmic Stellar Mass Density at z = 4–8
z

log ρ∗
(M Mpc−3 )

4

7.17

5

7.09

6

6.48
(6.53

7

6.19
(6.24

8

5.50
(5.51

+0.22
−0.13
+0.28
−0.19
+0.31
−0.18
+0.55
−0.26 )
+0.62
−0.40
+0.88
−0.45 )
+0.83
−0.81
+1.64
−1.80 )

Note. — Stellar mass estimates by integrating
the best-fit Schechter functions for our GSMFs over
8 < log(M∗ /M ) < 13. The quoted 1σ error bars
represent the mininum and maximum values of stellar
mass density allowed by the 3-dimensional 1σ contour
of the Schechter parameters. The values in parentheses
at 6 ≤ z ≤ 8 are the results from the best-fit Schechter
function derived with a flat prior on M ∗ , displaying
negligible difference from our fiducial stellar mass estimates.
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their shallower low-mass-end slope by 0.4, which compensates the difference
in the stellar mass density due to their higher normalization when integrating
the GSMFs. As the GSMFs are less well constrained at these high redshifts,
our stellar mass density is only in mild tension with other studies at z = 6
(< 2σ). At z = 7, although the estimates of the stellar mass density from
different studies differ up to 0.7 dex, the increased error bars mean that these
differences are not currently statistically significant.
As the stellar mass is to first order the time integral of past star formation activity, a comparison of the stellar mass density with the time integral of
the SFRD should yield similar values if both estimates are accurate. At high
redshifts, however, both quantities have large uncertainties. The limiting factor in determining an accurate SFRD is a determination of dust attenuation,
for which the observed UV luminosity density is corrected, without a direct
observation of the dust-obscured star formation for most cases. Likewise, the
uncertainties involved in the determination of the stellar mass density (the
systematics in stellar mass estimates, the uncertainties on the abundance of
low-mass galaxies, etc.) can impact the stellar mass density and potentially
result in a mismatch between the integral of the SFRD and the stellar mass
density.
Figure 4.12 compares the time integral of the SFRDs with the stellar
mass density derived in this work. In Figure 4.12, the black solid line indicates
the parameterization by Madau & Dickinson (2014) of the time integral of

184

10-1

φ [# dex-1 Mpc-3]

10-2
10-3
10-4
10-5
10-6
7

z=0
z=4
z=5
z=6
z=7
z=8

8

9

10
log10(M*/MO•)

11

Figure 4.13: Redshift evolution of our fiducial GSMFs at z = 4–8. For
reference, the gray thick line denoting the z ∼ 0 GSMF (Baldry et al., 2012)
is shown.
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the SFRD.12 The black dashed line shows the stellar mass density inferred
by the SFRD parameterization of Finkelstein et al. (2015, log SFRD ∝ (1 +
z)−4.3 ), which used updated values for the SFRD at z = 4–8. Finally, the blue
dashed line is from Oesch et al. (2014), who suggested from a dearth of z > 8
galaxy candidates that the SFRD appears to decline more rapidly at z > 8
(log SFRD ∝ (1 + z)−10.9 ) than predicted from the evolutionary trend in the
SFRD at lower redshifts of 4 < z < 8, though given the large uncertainty in
the SFRD estimates at z > 8, this claim currently remains controversial.
While at low redshift the expected stellar mass density from the SFRD
systematically exceeds the observed stellar mass density by ∼0.3 dex (see
Conroy 2013 for summary and discussion on recent improvements), at 4 <
z < 7 we do not observe such a trend. In particular, with the updated SFRD
measurements from Finkelstein et al. (2015), the expected stellar mass density
from the SFRD is in good agreement with our stellar mass densities within
the uncertainties, which is a somewhat remarkable result given the potential
systematic uncertainties in the measurements of both the SFRD and the stellar
mass density. In a scenario in which galaxies undergo episodic star formation
with a timescale longer than 100 Myr (the timescale traced by UV), they would
have a UV-“dark” phase, and thus the stellar mass density would be lower
than the time integral of the SFRD when both measurements are based on
the UV-“bright” sample. Therefore, the agreement between the two estimates
12

All the time integral of the SFRDs presented in this paper account for a gas recycling
fraction of R = 0.27 for a Salpeter IMF.
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implies that on average the duty cycle of star formation in relatively massive
star-forming galaxies is high and episodic accretion is not the dominant mode
of star formation. This is also hinted at in Section 4.5.1 and is in agreement
with other studies (e.g., Papovich et al., 2011). Nonetheless, we cannot rule
out short-term fluctuations (<100 Myr) in the SFH, which would still give an
agreement between the two quantities if measured from the rest-frame UVselected sample.
At z = 8, there is an intriguing steep drop in the stellar mass density,
which results in it being consistent with the steep dropoff in the SFRD inferred
by Oesch et al. (2014), although still consistent with a smooth extrapolation
from the SFRD evolution from Finkelstein et al. (2015) and Madau & Dickinson (2014). However, the constraints on the stellar mass density at z = 8 are
weak, due to the large uncertainties in the M∗ –MUV relation, which is based
on two stacked points consisting of only 11 galaxies. Thus, a larger sample of
z = 8 galaxies, combined with deeper IRAC imaging, is necessary to robustly
measure the z = 8 stellar mass density.
Our estimates imply that the stellar mass density has increased by a
factor of 10+30
−8 from z = 7 to z = 4, and 0.4%, 0.7%, 3.0%, and 3.5% of the
present-day stellar mass density is formed by z = 7, 6, 5, 4, respectively.
The inferred steep low-mass-end slope at high redshift indicates that
the contribution of low-mass galaxies below our mass limit that we are missing
(M∗ < 108 M ) to the total stellar mass density may be significant if the
extension of the Schechter fit is valid at smaller masses than those probed by
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our sample. Using our best-fit Schechter function parameters, the stellar mass
density at z = 4, 5, 6, and 7 would increase by factors of 1.1, 1.1, 1.5, and 1.6,
respectively, if the low-mass end of the integral were log(M∗ /M ) = 6.

4.8
4.8.1

Discussion
Physical Implications
Figure 4.9 shows the halo mass functions determined by volume-averaging

the Bolshoi snapshot mass functions (Behroozi et al., 2013) over the same redshift ranges as those defining our galaxy samples. Comparing the shape of the
halo mass function to that of our GSMF, we can see that the shapes become
more similar with increasing redshift. Specifically, while at z = 4 the low-massend slope is clearly shallower than the halo mass function, in contrast to some
other studies that found a low-mass-end slope scaling closely with the halo
mass function (see Section 4.6.4), the steepening of our observed GSMF at
low masses leads to a more similar slope at z ≥ 7. This implies that whatever
the physical cause of the suppression of galaxy formation in low-mass halos is
at z ≤ 4, it gradually becomes less relevant at z → 7.
Our observations cannot constrain the characteristic mass M ∗ at z ≥ 6.
This may imply that our volume is too small to capture the needed numbers
of rare, massive galaxies. However, the absence of a distinct turnover may
also imply that the mechanisms suppressing the massive end of the GSMF are
less severe at high redshift. Over the past few years, a number of studies have
found that the exponential cutoff of the UV luminosity function appears to
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Figure 4.14: Comparison of the observed GSMFs (red circles) and their best-fit
Schechter functions (gray solid lines) in this work with theoretical predictions.
We show the results from a set of hydrodynamical simulations (the Illustris
simulation [Genel et al. 2014], Choi & Nagamine 2012, and Dayal et al. 2014)
and SAMs (the Croton model, the Somerville model, the Lu model [described
by Lu et al. 2014], and the Munich model [Clay et al. 2015]). The GSMFs predicted from the SAMs are convolved with a lognormal distribution of redshiftdependent standard deviation σ = 0.2–0.4 dex to account for the measurement
errors in stellar mass.
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weaken at z ≥ 7 (Bowler et al., 2014; Finkelstein et al., 2015; Bowler et al.,
2015). Those observations could have been interpreted in two ways: either as
a result of a decreasing efficiency for feedback processes (or other mechanisms
of suppression), or as a reduction in the impact of dust extinction. Because
the GSMF is not primarily affected by dust attenuation (modulo its impact
on sample selection), a similar observation with the GSMF would imply that
the reduced amplitude of an exponential cutoff is due to a cause other than
dust, potentially less efficient feedback.
The steepening of the low-mass-end slope with increasing redshift we
observe has an implication for the differential mass growth of galaxies. Figure 4.13 shows the evolution of the GSMF with redshift, presenting a steep
increase of more than one order of magnitude in number density of high-mass
galaxies (log(M∗ /M ) ∼ 10.5) over the redshift range 4 < z < 7. On the
other hand, for low-mass galaxies (log(M∗ /M ) ∼ 8), we detect only a mild
evolution of a factor of two increase between z = 7 and z = 4. This suggests
that the evolution of the low-mass-end slope between z = 7 and z = 4 is
driven by the buildup of intermediate- and high-mass galaxies relative to lowmass galaxies, while the number density of low-mass galaxies remains nearly
constant, showing the seemingly opposite of the “downsizing” seen at z < 4.
For a galaxy population that forms the star-forming main sequence with a
less-than-unity slope (e.g., Salmon et al., 2015), this behavior is in contrast
to what is predicted for the stellar mass growth dominated by a pure smooth
in-situ star formation: in such a scenario, the specific stellar mass growth rate
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for low-mass galaxies is larger than for high-mass galaxies; thus, the GSMF
is expected to steepen with time. Therefore, the observed flattening of the
low-mass-end slope with time may indicate that other processes, such as hierarchical merging or low duty cycle in low-mass galaxies, must be important in
the physical processes governing the stellar mass buildup of galaxies at high
redshifts. A more detailed exploration of the underlying physical processes can
be undertaken by linking galaxies to halos at each redshift and constraining
the galaxy stellar mass growth history across time. This can be done by combining techniques such as abundance matching and the mass accretion history
of halos inferred from dark matter simulations. We will investigate this in
a follow-up paper and show how this observed “upsizing” can be explained
without invoking any unplausible scenarios.
4.8.1.1

Comparison with Theoretical Studies

Figure 4.14 compares our GSMFs at 4 < z < 8 with the predictions
from galaxy formation models. First, we compare our measurements with
three SAMs described in Lu et al. (2014) and briefly summarized in Section
4.5.3. These SAMs are based on the same halo merger trees extracted from
the Bolshoi N-body simulations, but each employs different recipes for modeling the baryonic physics and makes different predictions for the observables.
One difference is the different implementation for the outflow mass-loading
factor due to stellar-driven winds, which is the ratio of mass ejection to the
star formation rate. While these SAMs parameterize the outflow mass-loading
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factor as the same functional form of a power law in halo circular velocity,
the values of parameters describing the function—the normalization and the
power-law slope (β)—vary between models. This is because, while the velocity
of outflows can be constrained relatively well from observations of blushifted
interstellar absorption lines probing the material in outflows, it is hard to place
a tight constraint on the mass of the outflowing material directly from observations (e.g., Heckman et al. 1990; Martin 2005). Lu et al. (2014) compared
the observables predicted from these SAMs and found that the low-mass-end
slope of the GSMFs has a clear correlation only with the parameters describing
the outflow mass-loading factor or the timescale for ejected gas to return to
the disk and not with other parameters. This suggests that the low-mass-end
slope of the GSMFs may be able to provide an alternative constraint on the
physics of outflows and can provide insights into the processes responsible for
the deficit of baryons in galaxies relative to the cosmological baryonic fraction.
Figure 4.14 compares our GSMFs at z = 4–6 with the SAMs.13 Focusing on the low-mass-end slope, the Lu model, which implements the strongest
outflows in low-mass galaxies (i.e., set by a steep dependence of the massloading factor on halo circular velocity of −3.3 < β < −9.9), predicts somewhat shallower low-mass-end slopes of α = −(1.52 → 1.61) at z = 4 → 6
than observed, while the Croton model with the weakest outflows in low-mass
13

The lack of sufficient time resolution in the simulation hinders a reliable construction
of the SAM GSMF at z = 7–8. This problem will be solved in the final release of the light
cones, and predictions for the z = 7–8 GSMFs will be presented in Yung et al. (2016, in
preparation).
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galaxies (β = 0) has steeper slopes of α = −(1.68 → 2.17) at z = 4 → 6.
The Somerville model with β = −2.25 displays the most similar low-mass-end
slopes to ours (α = −(1.64 → 1.93) at z = 4 → 6).14 However, none of the
models match the observed GSMFs over the entire redshift range. As noted
by Lu et al. (2014), the three models are consistent within the 1σ confidence
level of the Lu model, demonstrating the need for further constraints from
observations.
The comparison in Figure 4.14 also includes the results from cosmological hydrodynamics simulations by Genel et al. (2014), Choi & Nagamine
(2012), and Dayal et al. (2014), among which we limit our discussion here to
the cosmological smoothed particle hydrodynamics simulation Illustris (Genel
et al., 2014), in which energy-driven outflows are implemented (β = −2.0; Vogelsberger et al. 2013). The simulation with a dark matter mass resolution of
6.26 × 106 M was run in a box ∼(100 Mpc)3 and was tuned to reproduce the
observed GSMF at z ∼ 0 and the evolution of the cosmic SFRD. Figure 4.14
shows that the predictions from Illustris are consistent with our observations
at all masses at z = 6–7 and at log(M∗ /M ) > 9 (10) at z = 5 (z = 4). However, this model increasingly overestimates the abundance of low-mass galaxies
with the discrepancy increasing from z = 6 to z = 4. Thus, while the model
is in qualitative agreement with our results in that it predicts a steepening of
the low-mass-end slope with increasing redshift, the evolution in the model is
14

We parameterize the SAM GSMF at 8.0 < log(M∗ /M ) < 11.5 with a single Schechter
function.
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milder than observed in that the z = 4 low-mass-end slope is much steeper
than we observe. The simulation is also known to overpredict the number
density of low-mass galaxies at z ∼ 0 and also at intermediate redshifts z =
1–2 (Genel et al., 2014). This suggests that the recipes regulating the stellar
mass growth via, e.g., stellar feedbacks in simulations are still overly simplified. The Illustris model does provide a good match at the low-mass end to
the observed GSMFs at z = 4 by Duncan et al. (2014) and Grazian et al.
(2015), but at z ≥ 5, the normalization of the GSMF from the model is lower
than theirs, in a better agreement with ours. The good agreement in the highand intermediate-mass range between the model prediction from the Illustris
and our observed GSMFs may be attributed to the fact that the model has
an extra tuning to match the evolution of the cosmic SFRD in addition to the
local GSMF.
Lastly, we compare our GSMFs with the Munich SAM from Clay et al.
(2015). In its latest version of the model (Henriques et al., 2015), they tuned
their model parameters to reproduce the observed evolution of the GSMFs
and passive fractions of galaxies at z ≤ 3. Among the model parameters,
they found that the problem of overproducing the number density of low-mass
galaxies at z > 1, which has been known to be common to many theoretical
models, can be solved by implementing a halo-mass-dependent timescale for
the reincorporation of gas ejected by winds onto the disk. In this new scheme,
strong winds and a long timescale for the reincorporation of ejected material
in low-mass galaxies delay their growth at high redshift until the ejected gas is
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finally returned at lower redshift (z < 2; Henriques et al., 2015). By applying
the same model parameters (except the dust model) at higher redshifts, Clay
et al. (2015) predicted the properties of galaxies at 4 ≤ z ≤ 7, which are
compared with our GSMFs in Figure 4.14. As shown in the figure, the agreement is remarkable: the model predictions show an excellent agreement with
our measurements in the normalization, as well as in both the high- and lowmass-end slopes, except that the model slightly overpredicts the abundance
of low-mass galaxies at z ∼ 4 (<0.2 dex at log(M∗ /M ) = 8.5). Especially,
the normalization of the model at z ≥ 6 is lower than that in other observations but is consistent with ours. Understanding what physical process in the
model is responsible for the lower normalization at z ≥ 6 would be interesting
to investigate in the future.
4.8.2

Uncertainties
Section 4.6.4 compared our GSMFs with other estimates from the liter-

ature and found considerable discrepancy between different studies. Although
one of our two fields used here (GOODS-S) was also used by Duncan et al.
(2014) and Grazian et al. (2015), and thus cosmic variance is not likely to
explain the discrepancy, none of the previous GSMF studies includes cosmic
variance in their error bars. We explore the uncertainties in our GSMFs due
to cosmic variance to see whether it can resolve the observed discrepancies.
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4.8.2.1

Cosmic Variance

Deep surveys, probing small volumes, are subject to an uncertainty
in the number density of galaxies due to underlying large-scale density fluctuations (in addition to the general Poisson uncertainty in the counting of
objects). This fractional variance in number density is referred to as “cosmic
variance”, given as the product of the dark matter cosmic variance (=f (z))
and galaxy bias (=f (M∗ , z); the clustering of galaxies relative to dark matter)
squared. Cosmic variance can be quantified empirically by comparing GSMFs
from well-separated (uncorrelated) multiple fields. Because we have only two
independent fields, GOODS-S and GOODS-N, our data set is insufficient to
quantify cosmic variance, so we turn to other means to estimate its potential
impact on our results.
To get mass- and redshift-dependent estimates of cosmic variance for
our survey area, we used eight realizations of the GOODS-S field from the SAM
of Somerville et al. (2016, in preparation). These SAMs are a reasonable tool
for our study, as they have been modified to match the luminosity functions
of Finkelstein et al. (2015) used here (the modification was a removal of the
birth-cloud component of the dust attenuation; see Finkelstein et al. 2015 for
more details). The combined area coverage is about a factor of 40 larger than
that of the combined GOODS (N+S) CANDELS fields, allowing us to extract
volumes from these catalogs to estimate cosmic variance. We approximate our
survey geometry as the two GOODS fields (two 100 × 160 fields), because the
two HUDF parallel fields are small (∼10 arcmin2 ) compared to the GOODS-S
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Figure 4.15: Fractional uncertainty on the number density due to cosmic
variance, as a function of stellar mass for our survey area (approximated as
two 100 × 160 fields for log(M∗ /M ) > 8.5 [circles], and a single HUDF-sized
field at lower masses [star symbols]). The solid lines represent this quantity
estimated from the SAMs (Somerville et al. 2016, in preparation). Dashed
lines are values obtained from the tool getcv (Moster et al., 2011), and dotted
lines (plotted on the lower right side) are from quickcv (Newman & Davis
2002; dark matter only, single value at each redshift).
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Figure 4.16: Comparison of fractional 1σ uncertainties on the number densities of galaxies at a given stellar mass, shown separately for contributions due
to cosmic variance, due to the uncertainties of the UV luminosity function and
the M∗ –MUV relation (which includes Poisson uncertainties), and due to Poisson uncertainties alone. The Poisson errors were computed as the half-width
of the 68% confidence interval using the recipe of Gehrels (1986).
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Figure 4.17: Galaxy stellar mass functions at z = 4–8 (from upper left to lower
right). This figure is the same as Figure 4.9, only here showing gray shaded
boxes which represent the total 1σ random uncertainties including cosmic variance, the uncertainties of the UV luminosity function, and the uncertainties
in the M∗ –MUV relation. The best-fit Schechter functions derived with the
increased uncertainties are shown as the black solid lines, demonstrating that
there are negligible differences from the original fit (red solid line).
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field, and galaxies in these fields likely correlate with those in the GOODS-S
field given their close proximity.
We cut the full GOODS-S SAM catalog into independent subregions so
that their shapes and areas are the same as a single GOODS field (100 × 160 ).
Then, we calculated the number of galaxies as a function of stellar mass at
each redshift (N (M∗ , z)). The 1σ fractional uncertainty on the number density,
σcv /N , for the GOODS-S field was calculated by bootstrap resampling galaxies
in a given stellar mass bin at each redshift. Then, the uncertainty for the total
survey volume was calculated by adding the variance for two GOODS-sized
fields in quadrature and presented in Figure 4.15. For log(M∗ /M ) < 8.0 (8.5)
at z = 4 (z = 5–8), our galaxies primarily come from the HUDF main field
alone. Thus, for those mass bins we estimated the cosmic variance uncertainty
for a single HUDF-sized field (2.0 4 × 2.0 4).
Figure 4.15 also shows calculations of cosmic variance using the recipe
of Moster et al. (2011) with the tool getcv and the method of Newman &
Davis (2002) with quickcv. The latter gives lower limits on cosmic variance,
as it is for dark matter only and therefore does not account for the possible
biased clustering of galaxies relative to the dark matter. While the former does
include an estimate of galaxy bias as a function of stellar mass, it depends on
the extrapolation of the stellar mass–dark matter halo mass relation inferred at
lower redshifts (z < 4) to higher redshifts, where the stellar mass–dark matter
halo mass relation is poorly constrained and the extrapolation may not be
valid (Behroozi et al., 2013). Our values for cosmic variance computed from
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Table 4.5. Best-fit Schechter Function Parameters of Our Fiducial GSMFs
Refitted with the Uncertainties Including Cosmic Variance
z

log M ∗
(M )

α

φ∗
(10−5 Mpc−3 )

4

10.49+0.33
−0.26

−1.54+0.08
−0.07

26.15+24.11
−14.08

5

10.95+0.56
−0.38

−1.69+0.09
−0.08

5.43+8.22
−4.04

6

10.73+0.30
−0.30

−1.90+0.10
−0.10

1.32+1.74
−0.77

(10.97+1.35
−1.00 )

(−1.89+0.14
−0.11 )

(0.75+9.18
−0.71 )

10.75+0.29
−0.29

−1.94+0.24
−0.21

0.52+1.23
−0.40

(11.08+1.24
−1.31 )

(−1.93+0.29
−0.21 )

(0.21+6.20
−0.20 )

10.72+0.29
−0.30

−2.16+1.06
−0.42

0.04+0.34
−0.03

(10.26+1.42
−1.10 )

(−1.99+1.13
−0.56 )

(0.15+5.78
−0.14 )

7

8

Note. — The quoted best-fit values and 1σ uncertainties of the Schechter
parameters represent the median and the central 68% confidence interval
of the marginal posterior distribution of each parameter obtained from our
MCMC analysis. The error bars include the uncertainties due to cosmic
variance, as well as the uncertainties of the UV luminosity function and the
M∗ –MUV relation. Results in parentheses were derived with a flat prior on
M ∗.

the SAMs are on average a factor of 2 smaller compared to those of Moster
et al.
4.8.2.2

Comparison of Different Sources of Uncertainties

Figure 4.16 compares fractional uncertainties in the number density of
galaxies in the GSMFs due to cosmic variance to those currently shown in
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Figure 4.9, which are due to the combination of uncertainties on the UV luminosity function (which includes Poisson errors) and on the M∗ –MUV relation.
In general, cosmic variance increases with stellar mass and redshift.
Specifically, for a given stellar mass, the larger galaxy bias with increasing
redshift leads to larger values for cosmic variance as redshift increases. For a
given redshift, as massive galaxies are more clustered, cosmic variance increases
toward the massive end of the GSMF. For example, at z = 4, cosmic variance
reaches up to 40% (∼0.15 dex) for log(M∗ /M ) = 11.25, while for low-mass
galaxies it decreases to ∼7% (0.03 dex) for log(M∗ /M ) = 8.25. However,
as the stellar mass bins at the low-mass end of the GSMFs are dominated by
galaxies from the much smaller HUDF, the effect of cosmic variance rises again
to ∼20% at z = 4 and ∼50% at z = 8.
Due to the small number of galaxies observed at the high- and lowmass ends, cosmic variance for a field comparable to our survey volume is
not a dominant source of uncertainty in the number density of galaxies in our
GSMFs at the redshifts and stellar masses probed in this study (Figure 4.16).
While the contribution of cosmic variance is comparable to the contribution of
Poisson noise to our uncertainty budget, our formal uncertainty, which is the
combination of the uncertainty of the UV luminosity function and the M∗ –
MUV relation, is a factor of two larger than cosmic variance. Nonetheless, we
examined the impact of the added uncertainty due to cosmic variance on our
GSMF. We calculated the total 1σ uncertainties as the quadrature sum of the
2
2
two components, σ = (σCV
+ σLF+(M−L)
)1/2 . While the increased uncertainties
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alleviate the tension between different studies to some degree at the massive
end, a statistically significant level of discrepancy is still present at all stellar
masses and redshifts. This indicates that systematic uncertainties between
studies are the likely explanation for the observed differences, as discussed in
Section 4.6.4.
With the increased error bars, we re-fit a Schechter function to our
GSMFs with our MCMC analysis (Figure 4.17). From the fit, we derived
the best-fit Schechter parameters listed in Table 4.5, which show a negligible
difference from our fiducial results. In summary, including the impact of cosmic
variance on our GSMFs does not change our finding of a steepening of the lowmass-end slope of the GSMFs with increasing reshift.

4.9

Conclusions
This paper demonstrates the power of combining HST with Spitzer to

explore the stellar mass buildup of galaxies out to z ∼ 8. Our study is based
on a sample of ∼4500 galaxies selected via photometric redshifts over ∼280
arcmin2 in the GOODS-South and North fields, where deep near-IR and midIR imaging data exist from the CANDELS, HUDF, and S-CANDELS surveys.
Our results improve on previous studies in three ways:

• The three-layered depth of CANDELS leads to an increased dynamic
range, allowing us to constrain both the high-mass end of the GSMF
using data from wide-area, shallow survey fields and the low-mass end
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using data from deep fields.
• Using the deepest available mid-IR data from the S-CANDELS and the
IRAC Ultra Deep Field 2010 surveys with accurate deblending photometry, we have estimated stellar masses more robustly for low-mass galaxies, and subsequently better constrained the low-mass-end slope of the
GSMF.
• We have explored and minimized the systematic and random uncertainties inherent in our stellar mass estimation and determination of the
M∗ –MUV relation via simulations using SAMs, which highlight the need
for a comprehensive analysis to quantify and minimize the systematics.
With the aid of stacking, we can constrain the slope of the M∗ –MUV
relation to within ± < 0.1 of the intrinsic slope at z ≤ 6 (and also robustly constrain the normalization when fixing the slope at z = 7 and
8), lending credence to our GSMFs.
Our main results are summarized as follows:
• Stellar mass and rest-frame UV absolute magnitude are correlated at all
redshifts for log(M∗ /M ) . 10. The best-fit M∗ –MUV relation has a
slope marginally steeper than a constant mass-to-light ratio, indicating
a higher M/L ratio for massive galaxies than for low-mass galaxies. The
slope remains constant over the redshift range 4 < z < 6, while the
normalization shows a weak evolution toward a lower M/L ratio with
increasing redshift.
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• Taking advantage of the fact that the completeness of the UV luminosity
function is relatively well known, we convolved the M∗ –MUV distribution
with a published rest-frame UV luminosity function to derive GSMFs.
Our new GSMFs show a clear trend of an evolving low-mass-end slope
toward a steeper value with increasing redshift, from α = −1.55+0.08
−0.07 at
+0.18
z = 4 to α = −1.95−0.18
at z = 7, providing support for an extension

of the trend that is seen at lower redshift but has not been shown (or
only marginally hinted at) in previous studies at similar redshifts. Conversely, we find no statistically significant evolution in the characteristic
mass, M ∗ , although a larger survey volume will be required to break the
degeneracy between M ∗ and α.
• Our GSMFs at 4 < z < 8 are indicative of differential mass growth of
galaxies, where the number density of massive galaxies increases more
rapidly than low-mass galaxies, which is the opposite of the observed
behavior at lower redshifts.
• Our estimates of stellar mass density (over 8 < log(M∗ /M ) < 13) indicate a factor of 10+30
−2 increase between z = 7 and z = 4, driven mainly
by the evolution in the normalization φ∗ of the GSMF, compensated
partially by the evolving α toward a shallower slope with decreasing redshift. Comparing our stellar mass density with the time integral of SFRD
estimates at similar redshifts shows an excellent agreement at 4 < z < 7.

While this study provides better constraints on the GSMF at z = 4–8,
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the uncertainties of the GSMFs on both mass ends and at the highest redshift
probed in this study are still substantial. Although the advent of JWST will
make strong advances in this area, the combination of ongoing and planned
surveys targeting wide or deep fields will allow us to extend this work to higher
and lower masses in the near future. Progress on the high-mass end of the
GSMF can also be made with ALMA by placing a more robust constraint on
the abundance of dusty star-forming galaxies at high redshift that our current
rest-frame UV selection may be missing. On the low-mass end, the Hubble
Frontier Field data set, benefitting from magnification due to gravitational
lensing, enables us to observe galaxies that are intrinsically fainter than the
limits of current unlensed surveys. Including the six “blank fields” located
near the Hubble Frontier Field clusters, all covered by Spitzer/IRAC to the
same depth as the S-CANDELS fields, will soon yield more robust constraints
on the evolution of the low-mass-end slope of the GSMF.
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Chapter 5
Tracing Galaxy Growth over Cosmic Time
with Galaxy Stellar Mass Functions

5.1

Introduction
While the complex interplay of baryonic processes governing galaxy

evolution is not fully understood, it is known that the evolution of dark matter
(DM) can be traced fairly accurately. Inspired by this is a simple empirical
approach of combining observational data with DM simulations to trace galaxy
evolution over cosmic time. In one such approach, galaxies are connected to
the underlying DM halos at a given epoch using abundance matching under
a simple assumption that more massive galaxies are hosted in more massive
halos. This galaxy–halo connection at a given epoch is then combined with
the evolution of the associated halos inferred from simulations, providing the
evolution of galaxies over cosmic time. This method has been widely used over
the last decade to study galaxy evolution at z < 4 (e.g., Conroy & Wechsler,
2009; Firmani & Avila-Reese, 2010; Moster et al., 2013; Leitner, 2012; Wang
et al., 2013) and has been recently extended out to z < 8 by Behroozi et al.
(2013).
With better constraints from observations on the galaxy stellar mass
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functions (GSMFs) up to z ∼ 8 that reach deeper in stellar mass than previous
studies, we here perform a similar analysis to that by Behroozi et al. (2013).
While the framework of our study is largely similar to that of Behroozi et
al. (2013), it is yet different in that their model uses various observations
(e.g., the observed GSMFs, star-forming main-sequence [SF MS], specific starformation rate [sSFR], and cosmic star-formation rate density [SFRD]) as input constraints and thus their results match these observables by construction.
We use only the observed GSMFs as input constraints and predict the rest.
This approach is beneficial as it leaves a comparison of my model predictions
and independent observations to be a valuable tool to test the reliability of
my model. Without invoking many parameters that are uncertain and thus
need to be tuned as in semi-analytic models or hydrodynamic simulations, we
demonstrate in a simple empirical framework how we can gain new insights on
galaxy evolution.
This paper is organized as follows. Section 5.2 introduces the GSMFs,
the observational constraint in our analysis. Section 5.3 describes how we
construct our model by combining the observed GSMFs and the dark matter
growth history extracted from simulations. Section 5.4 presents our model
predictions for the stellar mass–halo mass (SMHM) relation and star-forming
main sequence and discuss their implications. We summarize our main results
in Section 5.5.
Throughout this work, we assume a Salpeter (1955) initial mass function (IMF). When necessary, we convert a Chabrier IMF assumed in other
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studies to a Salpeter IMF with a correction factor of 0.6. Unless otherwise
specified, all quoted uncertainties denote 68% confidence intervals. Magnitudes are given in the AB system (Oke & Gunn, 1983). We assume a WMAP7
concordance ΛCDM cosmology with H0 = 70.2 km s−1 Mpc−1 , ΩM = 0.275,
and ΩΛ = 0.725.

5.2

Data
The input constraints of our empirical model are observed GSMFs in 41

different redshift bins at 0 < z < 8 taken from the literature. For the GSMFs at
z < 4, we use the compilation by Behroozi et al. (2013). In addition to that, we
include four new recent studies—Tomczak et al. (2014) at 0.2 < z < 3.0 from
the ZFOURGE survey, Song et al. (2016) at 4 < z < 8 from the CANDELS
survey, Ilbert et al. (2013) at 0.2 < z < 4.0, and Muzzin et al. (2013) at
3 < z < 4 from the UltraVISTA survey. The first two reach deeper in stellar
mass than previous studies at intermediate and high redshift, respectively, and
the latter two provide better constaints on the high-mass end of the GSMF at
intermediate redshift. Table 5.1 lists the GSMFs used as input in our modeling.

5.3
5.3.1

Method
Abundance Matching: M∗ –Mh Connection
We connect galaxies to the underlying dark matter halos and constrain

the SMHM relation via abundance matching. While it is reasonable to assume that the SMHM relation over a representative volume has (if any) a
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Table 5.1. Input Constraints of Our Model: Observational GSMFs
z

Reference

0.05–1.0
0.2–1.6
1–3
1.3–4
0.2–3.0
0.2–4.0
3–4
4–8

Moustakas et al. (2013)
Pérez-González et al. (2008)
Mortlock et al. (2011)
Marchesini et al. (2010)
Tomczak et al. (2014)
Ilbert et al. (2013)
Muzzin et al. (2013)
Song et al. (2016)

smooth redshift evolution, abundance matching performed independently in
each redshift bin can potentially result in a non-smooth redshift evolution in
the SMHM relation, because observational GSMFs at a single redshift probed
over a moderate volume is susceptible to cosmic variance. In this work, we
thus model the SMHM relation at a given epoch with 5 parameters, which is
known to well-describe the relatively well-constrained SMHM relation at z ∼ 0
(e.g., Behroozi et al., 2013), and perform a multi-epoch abundance matching
that allows smooth evolution with redshift.
We parameterize the SMHM relation taking the functional form proposed by Behroozi et al. (2013),



Mh
log10 (M∗ (Mh )) = log10 (M1 ) + f log10
− f (0)
M1
(log10 (1 + exp(x)))γ
f (x) = − log10 (10αx + 1) + δ
1 + exp(10−x )

(5.1)

where M1 , , α, δ, and γ represent a characteristic halo mass, the ratio of a
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characteristic stellar to halo mass, a faint-end power-law slope, a massive-end
sub-exponential, and a transition width between the faint- and massive-end
relations, respectively. For each parameter, two or three additional parameters
then describe its evolution with redshift as in Behroozi et al. (2013), totaling
17 parameters.
Our technique largely follows that of Behroozi et al. (2013) but with
some key differences. Owing to our smaller number of input constraints originating from our choice of using only the GSMFs, we reduce the number of
free parameters in our modeling by removing 7 parameters in Behroozi et al.
(2013) describing observational and methodology uncertainties. For example,
while Behroozi et al. (2013) allowed systematic uncertainties in stellar masses
and star formation rates (SFRs), we do not, as this addition of free parameters
can artificially alter the redshift evolution of the resultant SMHM relation. Instead, comparison of our model predictions with independent observations on
SFRs will inform us if the measurements of stellar masses collectively have any
systematic offset.
To constrain the SMHM relation parameterized as above, we implement
a multi-epoch abundance matching which fits all the input GSMFs at 0 < z <
8 simulataneously using a Markov Chain Monte Carlo (MCMC) technique.
In the simplest version of the abundance matching, a one-to-one correlation between halo mass and stellar mass is assumed. The relation between
the two, however, is not entirely monotomic, as halos at a fixed mass can host
galaxies with a range of stellar masses. While a direct probe at high redshift
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is currently lacking, at z ∼ 0, the luminosity and scale-dependent galaxy clustering suggests that the distribution of stellar mass at a fixed halo mass is well
represented by a log-normal function with a scatter (ξ) of ∼0.16 dex (Reddick et al., 2013). Analogous to the Eddington bias (Eddington, 1913), this
scatter mainly affects the high-mass end of the SMHM relation where both
the GSMF and the halo mass function have a steep decline, altering it such
that M∗ seemingly depends more steeply with Mh than in the ξ = 0 case.
We take into accont this scatter in stellar mass at a fixed halo mass in our
abundance matching, by imposing a log-normal prior on ξ centered at ξ = 0.16
and a width of ∆ξ = 0.04, following the observational value at z ∼ 0. While
the accurate amount of its evolution needs to be probed at high redshift, we
note that changing the assumed scatter only affects the high-mass end of the
SMHM relation.
Specifically, for a proposed SMHM relation in each step of the MCMC
chain, a halo mass function converts the proposed SMHM relation to a “direct”
GSMF.1 Then, the “direct” GSMF is convolved by the scatter (ξ) to produce
a GSMF that is expected to be observed (GSMFexpected ). This GSMFexpected is
compared to the observed GSMF, giving the likelihood L ∝ e−χ

2 /2

. The joint

probability density function (pdf) is constructed from 2 chains with 5 × 105
steps each, and the median and the 68% confidence interval of each parameter
1

Note that this “direct” GSMF is different from the intrinsic or observed GSMF. Rather,
it is a GSMF that can produce the same SMHM relation with a scatter, but by a direct
abundance matching.
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are determined from the marginalized posterior distribution of the corresponding parameter.
Figure 5.1 shows the expected GSMFs from our best-fit SMHM relation,
presenting that they are good representations of the observational data. We
present in Figure 5.2 the redshift evolution of the best-fit parameters. Among
the parameters, we find that M1 , , and α are well constrained, but not δ
nor γ which describe the high-mass end of the SMHM relation. The resultant
SMHM relation will be reported and discussed in Section 5.4.1.
5.3.2

Dark Matter Halo and Stellar Mass Growth History
As a way to trace the galaxy stellar mass growth over cosmic time,

we will combine halo mass accretion history with the halo–galaxy connection
at each redshift. The latter is provided by our abundance matching in the
previous section, and this section describes how we infer the former.
We extract DM halo growth histories for centrals from the SubLink
merger tree constructed from the Illustris-I simulation. The Illustris-I simulation is cosmological hydrodynamic simulations (Genel et al., 2014) run in a box
of ∼100 Mpc on a side containing 18203 DM particles and gas cells each. The
highest mass resolution DM-only version of the simulation, Illustris-I-Dark,
has a DM mass resolution of ∼7.5×106 M , enabling us to trace the main
progenitor of a halo (i.e., the most massive progenitor of a distinct halo) with
the present-day mass of Mh ∼ 1010 M back to z ∼ 8, which hosts a galaxy
with the lowest stellar mass (∼107.5 M ) that the currently available GSMFs
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217

ε

log (M1/MΟ•)

13.0
12.5
12.0
11.5
11.0
-0.8
-1.0
-1.2
-1.4
-1.6
-1.8
-2.0
-1.80

α

-1.85
-1.90
-1.95
-2.00

δ

3
2
1
0
4

γ

3
2
1
0
0

2

4
z

6

8

Figure 5.2: Redshift evolution of the SMHM parameters. The turnover and
faint-end slope of the relation (M1 , , and α) are well constrained, while constraints on the parameters describing the high-mass end of the relation (δ and
γ) are weak.

218

probe.
We utilize publicly available merger trees2 to track back in time the
main progenitor by walking the tree along the main progenitor branch. Specifically, at each of 136 snapshots between z = 47 and z = 0 that are spaced
∆ log(1 + z) = 0.02 at z > 3 and ∆t = 150 Myr at z ≤ 3 (Rodriguez-Gomez
et al., 2015), we calculate the median halo mass of the main progenitors of 200
randomly-selected galaxies at z = 0 in a given halo mass bin. We avoid bias
toward high mass in median halo mass due to the mass resolution limit of the
simulation (Mh ∼ 109 M ), by zero-ing the bins where less than 60% of the
progenitors of the 200 galaxies randomly selected in a given halo mass bin at
z ∼ 0 are identified. The median mass accretion history (MAH) traced from
136 snapshots is then interpolated to a finer grid of redshift and smoothed.
Then, we use the functional form proposed by Fakhouri et al. (2010),
B

p
Mh
×
(1
+
Cz)
Ωm (1 + z)3 + ΩΛ
hṀh imedian = A
1012 M

(5.2)

to obtain the best-fit parameters that best describe the MAH extracted from
the Illustris simulation, which we find are (A, B, C)=(68.3 M yr−1 , 1.1, 1.1).
These best-fit parameters are used to extrapolate to lower/higher halo masses,
to construct median halo growth history for halos with 10 < log(Mh /M )(z =
0) < 16 at 0 < z < 8 spaced with ∆ log(Mh /M ) = 0.1 and ∆z = 0.05.
The median stellar mass growth history is then inferred by combining
the SMHM relation obtained from our abundance matching in Section 5.4.1
2

www.illustris-project.org/data/
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and the halo mass growth history inferred above.3 This stellar mass growth
rate, Ṁ∗ , in between any two time steps is not equal to the sum of in-situ SFR
during the time interval, as the stellar mass of a galaxy at a given epoch is
the sum of all remnant stellar mass from its previous SF episodes and newly
deposited stellar mass from mergers. To infer in-situ SFRs to be compared
with independent observations from the literature in the next section, which
will serve as a way to validate our model predictions, we need to quantify
two additional contributors: the impact of mergers on the galaxy mass growth
and the fraction of stellar mass that is returned to the ISM in passive stellar
evolution. We quantify and remove them from the inferred stellar mass growth
rate in the following two sections.
5.3.3

Mergers
As we can observe only snapshots of galaxies at a given time, obser-

vationally inferring the galaxy-galaxy merger rate is done in an indirect way,
by counting the number of close pairs or morphologically-disturbed systems
multiplied by the observability timescale (Lotz et al., 2011). The uncertainties
associated with both are large, and the redshift and mass dependence of the
galaxy merger rate from various observational estimates have not converged
yet.
The fate of merging galaxies after their infall to larger halos is also
3

Note that our model thus probes the median stellar mass growth history for a given
halo via backward tracking. Forward and backward tracking is not symmetric (e.g., Jaacks
et al., 2016; Torrey et al., 2016).
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subject to large uncertainties. While a satellite orbits in a larger halo after
the infall, its DM halo (subhalo) suffers from tidal stripping, while the galaxy
at the center of the subhalo is less affected until the subhalo mass decreases
enough. Although the intra-cluster light observed in massive halos at low
redshift suggests that a significant fraction of stellar mass of satellite galaxies
is tidally disrupted before finally merging with the centrals (Gonzalez et al.,
2005), constraining the fraction over a wide parameter space of halo/stellar
mass and redshift is difficult.
Therefore, we chose to take an alternative way to infer galaxy-galaxy
merger rate by convolving the SMHM relation with the halo-halo merger rate
measured in simulations. We adopt a fitting formula for the halo-halo merger
rate (per descendant halo per time per mass ratio) provided in equation (1) of
Genel et al. (2010):
dNmerger
α b
(x, z, Mh ) = AM12
x exp((x̃/x)γ )
Ndesc−halo dωdx
1

(5.3)

where M12 = Mh /1012 M , x = M1 /M2 (M1 & M2 ) is the mass ratio of two
merging halos, and ω ≡ δc (z)/D(t) is the time variable from the extended
Press-Schechter formalism (Press & Schechter, 1974; Bond et al., 1991; Lacey
& Cole, 1993), in which D(t) is the linear growth rate of density fluctuations.
We use the best-fit parameters provided by Genel et al. (2010), A = 0.065,
α = 0.15, b = −0.3, x̃ = 2.5 and γ = 0.5. They were measured from the
Millemium and Millemium II simulations, but were also shown by RodriguezGomez et al. (2015) to be in good agreement with the merger rate in the
Illustris simulation.
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Then, we convert dNmerger /dω/dx to the mass spectrum of accreted
halos, (dMmerger /dtdx) = dNmerger /dt/dx × Mh × x, using the approximation
for ω̇ given by Neistein & Dekel (2008),

2.5
ω̇ = −0.0470 1 + z + 0.1(1 + z)−1.25
h73 [Gyr−1 ]

(5.4)

The mass spectrum of accreted halos suggests that except for massive
halos at low redshift, smooth accretion dominates the halo mass growth: at
z ∼ 0, mergers contribute ∼30% (50%) to halo mass assembly for a halo
with log(Mh /M ) ∼ 10 (14), when accounting for the mass ratio up to 1 :
102 . This fraction mildly increases with redshift, reaching .40% at z ∼ 6 for
log(Mh /M ) ∼ 10 halos.
As any galaxy is a central galaxy before its infall to a larger halo, we can
then determine the stellar mass of infalling satellites using the SMHM relation
at each redshift. By convolving the mass spectrum of accreted halos and the
SMHM relation, one can now infer the stellar mass merger rate for a given
halo and redshift (Conroy & Wechsler, 2009). We find that, because of the
shape of the SMHM relation, the inferred fraction of stellar mass in merging
satellites compared to the total stellar mass growth rate is small (<0.2) for
galaxies with log(M∗ /M ) . 11 at all redshifts, while it steepens rapidly at
higher stellar masses.
For the evolution of merging satellites after the infall, following a similar
approach to that of Conroy & Wechsler (2009), we consider two extreme scenarios for the contribution of mergers to the stellar mass growth, dubbed max222

imum and minimum merger scenario, respectively. In the “minimum merger
scenario”, we assume that the stellar mass from accreted satellites ends up in
the halo of central galaxies and does not contribute to the stellar mass growth
of central galaxies. In this scenario, all the stellar mass growth inferred from
GSMFs are interpreted as a result of in-situ SF activity modulo the recycled
stellar mass. Meanwhile, in the “maximum merger scenario”, all the satellites
are assumed to merge with the centrals rapidly. Thus, the contribution of
in-situ SF to a given stellar mass growth rate of the central is lower in the
“maximum merger scenario” compared to the “minimum merger scenario”.
The two scenarios bracket the reality, rendering our model predictions for insitu SF activity an upper and lower limit, respectively.
Note that any merger-induced starbursts that affect the stellar mass
growth in the average sense is regarded as in-situ stellar mass growth. The
statement that mergers do not significanly affect the overall picture should
be understood as that the stellar mass deposited from merging satellites is
not significant compared to in-situ stellar mass growth and not that mergers do not play an important role in triggering merger-induced starbursts or
morphological transformations of galaxies.
5.3.4

Stellar Mass Loss
The remaining contributor to be taken off from (or, to be added on)

the “observed” stellar mass growth rate is the fraction of stellar mass returned
to the ISM in passive stellar evolution. This recycling fraction, R, depends on
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stellar population age as well as SFH and IMF. For a single stellar population
(SSP), as massive stars die at early ages, R evolves fast at young age, reaching
R ∼ 0.2 in the first 500 Myr, and asymptotes to R = 0.27 for age >10 Gyr for
a Salpeter IMF.
To more accurately model the stellar mass loss and infer SFR, instead
of using a single value of R = 0.27 (which can affect significantly the stellar
mass at early ages, i.e., galaxies at high redshift), we model the SFH of galaxies
as the sum of SSPs and take into account time-dependent stellar mass loss.
We parameterize the stellar mass loss fraction as a function of age for an SSP
for fitting the curve in figure 3 of Courteau et al. (2014), as
floss (t) = A × ln((t + τ )/τ )

(5.5)

where τ denotes the characteristic timescale of stellar mass loss, for which we
find the best-fit value of log(τ /yr) = 6.5 and A = 0.04 ∼ 0 by definition as it
represents the stellar loss fraction at age ∼0 yr.
Starting at the highest redshift that our study probes, we iteratively
solve for SFR(t), such that the remnant stellar mass from previous SF episodes
in the subsequent time steps, after accounting for the time-dependent stellar
mass loss, matches the inferred stellar mass growth in each of the two merger
scenarios discussed in the previous section.
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Figure 5.3: Lef t: the stellar mass–halo mass relation derived from our multiepoch abundance matching. Right: the ratio of stellar mass to halo mass as a
function of halo mass, indicating that the characteristic halo mass where the
time-integrated star formation efficiency peaks evolves with redshift.

5.4

Results
In the previous section, we described our method of building an em-

pirical model for galaxy evolution by combining the galaxy–halo connection
constrained via abundance matching with the median halo growth history extracted from DM simulations. In this section, we discuss the resultant model
predictions for the stellar mass–halo mass relation and star-forming mainsequence.
5.4.1

Stellar Mass–Halo Mass Relation
The results of our abundance matching are shown in Figure 5.3, where

the left and right panels illustrate the evolution of stellar mass and the SMHM
ratio as a function of halo mass, respectively. The uncertainties of our relation,
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Figure 5.4: Comparison of our SMHM relation (red line) determined from
our multi-epoch abundance matching with that from Behroozi et al. (2013,
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contours of the SMHM parameters determined from our MCMC analysis. The
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4 ≤ z ≤ 8 determined from our “direct” abundance matching performed as a
cross-check.
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which is represented by 1000 randomly chosen relations within the 1σ contours,
and a comparison of our relation with the previous study by Behroozi et al.
(2013) are presented in Figure 5.4.
Our results are largely consistent with previous studies. At z ∼ 0, the
SMHM ratio peaks around Mh ∼ 1011.7 M with M∗ /Mh ∼ 0.04 (corresponding to ∼24% of the universal baryon fraction of fb = Ωb /Ωm = 0.17) and show
a rapid decline in the M∗ /Mh ratio in lower- and higher-mass halos. The general trend at a given redshift remains similar up to z = 8, though as stated in
Section 5.3.1 and illustrated in Figure 5.2, the high-mass end of the relation
is not well constrained at high redshift.
One of the most interesting findings in our SMHM relation is, being
consistent with many previous studies (e.g., Behroozi et al., 2013), the evolution in the characteristic halo mass (Mh,char ): from z ∼ 0 to z ∼ 2–3, the
characteristic halo mass increases from log(Mh,char /M ) ∼ 11.7 to 12.3, with
only a very weak (if any) evolution in the peak SMHM ratio. In addition to
that, we also find that at higher redshifts of z > 4 the SMHM curve below the
characteristic halo mass evolves in the opposite direction, resulting a higher
M∗ /Mh ratio with increasing redshift at a given halo mass. This increasing
M∗ /Mh ratio with increasing redshift at z > 4 in halos with Mh < Mh,char (z)
is also hinted by an independent clustering+HOD analysis by Harikane et al.
(2016). The weak constraint on the high-mass end of the GSMFs, however,
prohibits us from making any strong argument on the evolution in the characteristic halo mass or the peak ratio at these redshifts, as shown in Figure 5.2.
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The evolution at z < 2–3 seems evident, though, as is shown in Figure 5.7.
To ensure that the redshift evolution of the SMHM relation at high
redshift (z & 4) is not excessively driven by that at lower redshifts, we also
perform a single-epoch abundance matching at z = 4, 5, 6, 7, and 8 simply
assuming a one-to-one correlation between halo and stellar mass at a single redshift. For this so-called “direct” abundance matching at z = 4–8, we
used the best-fit Schechter function for the observed GSMFs given by Song
et al. (2016). The resultant relation from the “direct” abundance matching is
overplotted in Figure 5.4 as the orange dashed line. They clearly show that,
although with a non-smooth redshift evolution as expected, the increase in
M∗ /Mh on the low-mass end (log(Mh /M ) . 12) at z > 4 is evident.
5.4.2

The Star-forming Main-sequence

5.4.2.1

Seperating SF Galaxies from Quiescent Galaxy Population

In the previous section, we discussed our model predictions for the
SMHM relation for all galaxies. While our model for all galaxies is informative itself, it would be instructive to make model predictions for SF galaxies,
because many observables are for SF galaxies. While we do not attempt in
this work to model the transition between the SF and quiescent galaxy population, we can provide our model predictions for SF galaxies seperately using the
observed fraction of SF/quiescent galaxy population in each stellar mass bin.
This is possible at low redshift of z < 4 where GSMFs for SF and quiescent
galaxies are provided seperately.
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Taking a similar approach to that in Leja et al. (2015), we derive SFR
for SF galaxies by using the observed constraints on the SF fraction and assuming that the SF activity in quiescent galaxies are negligible (SFR ∼ 0)
compared to that of SF galaxies. The latter assumption is in line with most
studies in which galaxies with sSFR < 10−11 yr−1 , normally less than a factor
of 100 in SF activity, are classified as quiescent galaxies. For z < 4, we use
the number density of SF/quiescent galaxies reported by Ilbert et al. (2013);
Muzzin et al. (2013); Moustakas et al. (2013); Tomczak et al. (2014) to infer the
fraction of SF galaxies as a function of stellar mass and redshift. We interpolate the measurements from each of these 4 studies to a finer grid of stellar mass
and redshift and smoothed them over stellar mass bin of ∆ log(M∗ /M ) = 0.5.
Then, we define the fraction of SF population and its uncertainty for a given
stellar mass and redshift as the mean and robust standard deviation of the
four measurements, respectively. For higher redshift (z ≥ 4), as galaxies in
most studies are selected from rest-frame UV, we regard the vast majority of
the observed galaxy population as SF galaxies.
The procedure above enables us to make predictions for SF galaxies. In
the following section, we discuss the evolution of SF galaxies predicted from
our model. We note, however, that the fraction of quiescent/SF galaxies at
high masses (log(M∗ /M ) > 11) from different studies shows a large variation,
differing by up to 0.4 at a given stellar mass and redshift. Thus, we caution
that our model predictions for high-mass galaxies may be uncertain due to
the large uncertainty in the fraction of quiescent galaxy population, as well as
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Figure 5.5: Star formation rate (upper; the SF MS) and specific star formation
rate (lower) as a function of stellar mass for SF galaxies.
cosmic variance and Poisson uncertainties.
5.4.2.2

Overall Trend with Redshift

Figure 5.5 displays the evolution of SFR and sSFR as a function of
stellar mass for SF galaxies. In the left and right panel of the figure, we show
the maximum merger scenario and the minimum merger scenario, respectively.
Comparing the left and right panels shows that the maximum and minimum
merger scenarios make similar predictions for sSFR(M∗ ), with notable difference only for massive galaxies (log(M∗ /M ) & 11) at low redshifts (z . 1.5)
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where the maximum merger model predicts a steeper decline in the sSFR with
increasing stellar mass.4 This indicates that mergers cannot explain the overall
sSFR shape predicted from our model.5
We find strong evolution in the normalization of the SF MS with redshift from z = 0 to z ∼ 2–3, in agreement with other studies (e.g., Whitaker
et al., 2014; Tomczak et al., 2016). The SFR for a given stellar mass of
log(M∗ /M ) ∼ 10.5 (9.5) increases by a factor of 25 (15) from z = 0 to z = 3.
The evolution of the normalization of the SF MS becomes weak at higher redshift, with only a factor of 4 increase in the SFR at log(M∗ /M ) ∼ 9.5 between
z = 3 and z = 8.
5.4.2.3

Comparison with Observations

To examine the characteristics of our model predicted SF MS in detail,
we show in Figure 5.6 the predicted sSFR as a function of stellar mass for SF
galaxies for various redshift bins. In the figure, we overplot observations for
SF galaxies for comparison, most of which are compiled from the literature
by Behroozi et al. (2013). In addition to them, we add our compilation from
more recent observations of Whitaker et al. (2014) at z = 0.5–2.5, Lee et al.
(2015) at z . 1.3, Tomczak et al. (2016) at z = 0.5–4.0, and Schreiber et al.
(2015) at z = 0–4.
4

As the two merger scenarios render the upper and lower limits, respectively, mismatch
between our model and observations does not necessarily mean any tension when the observations lie in between the two models.
5
As noted in Section 5.3.3, our model SFR includes the merger induced SF if there is
any effect to the average SFR, however.
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Figure 5.6: Comparison of our model predictions for the sSFR versus stellar
mass for SF galaxies in various redshift bins with observations. The gray
shaded area denotes 1σ uncertainty and includes the uncertainty in the fraction
of SF galaxies and the SMHM relation. Circles are observational estimates
from the literature. Our minimum merger model for SF galaxies shows an
excellent agreement with observations over a wide range of stellar mass and
redshift, except at high masses (log(M∗ /M ) ≥ 11) at z ∼ 2.
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Figure 5.7: Model predictions for a scenario of a fixed SMHM relation (to
the relation at z ' 0). The mismatch between the model and observational
data indicates that the SMHM relation evolves from z = 0 to z = 3–4, while
at higher redshift it is less clear.
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Overall, we find a better agreement between observations and our minimum merger scenario at low redshifts (z . 3). At higher redshifts, large
uncertainties in both the model and observations make it premature to tell
which model fits better the observations.
Across all the redshift and stellar mass range we probe, we find an
impressive agreement with these independent observations, except the two
most massive stellar mass bins (log(M∗ /M ) ≥ 11.5) at 1.5 < z < 2.0 which
are most susceptible to the cosmic variance and uncertainty in the fraction of
SF galaxies. Meanwhile, on the low-mass end, our model shows an excellent
agreement especially with recent works by Whitaker et al. (2014) and Lee et al.
(2015). We observe a slight discrepancy between ours and Tomczak et al.
(2016) of about 0.1–0.2 dex at log(M∗ /M ) . 10, where their data points
lie above ours. However, this is consistent with their analysis in which they
show that the integral of their inferred SF MS overestimates the abundance
of log(M∗ /M ) < 10.5 galaxies (see their figure 10). Although more robust
measurements are needed, given that the measurements in SFR for low-mass
galaxies by Tomczak et al. (2016) are often the highest one in recent studies,
it may be suggestive that their SFR for low-mass galaxies are overestimated.
5.4.2.4

Implications: Why Do the Measurements of the Slope of
the SF MS Have Large Variance?

The strong correlation between the SFR and stellar mass of SF galaxies,
the so-called ‘SF MS’ (e.g., Daddi et al. 2007; Elbaz et al. 2007; Noeske et al.
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2007; Speagle et al. 2014 and references therein), has been one of the most
actively studied subjects in galaxy evolution since its first notion. This SF
MS has been traditionally parameterized by a single power-law, log SFR =
α log(M∗ ) + β. Puzzlingly, however, the measurements of the slope of the SF
MS, α, in the literature have shown a wide range, varying anywhere between
0 to 1 from studies to studies (see figure 2 in Speagle et al. 2014). Although
wide in range, the value of α is generally reported to be below unity, and this
translates into sSFR(M∗ ) decreasing with stellar mass. This trend of sSFR
of low-mass galaxies being higher than that of high-mass galaxies is often
understood in connection with the “downsizing” phenomena (Cowie et al.,
1996).
Our analysis has important implications for these puzzling results on
the measurements of the power-law slope of the SF MS in the literature. Our
work suggests that the evolution of the observed GSMFs is not compatible
with a single power-law form of the SF MS, but it has a curvature with a
break evolving weakly with redshift. This suggests that the difference in the
measurements of the slope of the SF MS in the literature may be due in
part to the wrong parameterization that ignores the low-mass curvature. As
the intrinsic SF MS has a curved shape, the “measured” slope, when a single
power-law form is assumed, depends sensitively on the stellar mass and redshift
range that one probes, yielding different values reported in the literature.
Evidence for the curved shape of the SF MS is growing. Until recently,
most studies had been limited to high masses of log(M∗ /M ) & 10 that probes
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above the turnover mass, and robust exploration of the SF MS at low masses
has only begun recently (although still only up to intermediate redshifts of
z ∼ 1–2). These recent studies have started finding an indication of a steeper
low-mass slope of the SF MS close to unity, implying that the sSFR flattens
at low masses (Whitaker et al., 2014; Heinis et al., 2014; Magnelli et al., 2014;
Lee et al., 2015; Schreiber et al., 2015).
Most of these studies advocated that a single power-law is not an adequate representation for the SF MS. However, they parameterized the SF
MS as a broken power-law with a fixed break around 1010.5 M . Our analysis
demonstrates that the break of the curved SF MS evolves weakly with redshift
as well, in that the break becomes progressively lower in stellar mass with
decreasing redshift. Encouragingly, this finding of evolving break has very
recently started being claimed by observations (Tomczak et al., 2016).

5.5

Summary
We have demonstrated why the GSMF is often termed to be a key

tool to understand how galaxies form and grow, by constructing an empirical
model of galaxy evolution out to z = 8 constrained solely by the evolution
of the observed GSMFs. The observed GSMFs were combined with the DM
halo growth history extacted from a cosmological simulation to constrain the
SMHM relation via multi-epoch abundance matching. By taking account for
the passive stellar mass loss and mergers, we have presented various physical
properties of ensembles of galaxies at 0 < z < 8.
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Our main findings are as follows:
• SMHM: the ratio of stellar mass to halo mass peaks at around log(Mh /M ) ∼
12 and declines sharply at lower and higher masses. The SMHM relation
evolves such that the characteristic halo mass increases mildly up to z ∼
3–4. Although the significance is weak, there is an indication that the
relation evolves in the opposite direction at higher redshifts.
• Contribution of mergers on the galaxy stellar mass growth: by contrasting model predictions for the two extreme scenarios for mergers that
bracket the reality, we have shown that mergers (i.e., the stellar mass
deposited from merging galaxies) do not affect the galaxy stellar mass
growth significantly, except for massive galaxies (log(Mh /M ) > 12.5)
at low redshift (z ≤ 2).
• SF MS: our analysis indicates that a single power-law form of the SF MS
is not compatible with the observed evolution of the GSMFs, and the SF
MS at z ≤ 3–4 have a curvature with a break (M∗,TO ) evolving weakly
as a function of redshift. The SF MS at a given redshift is characterised
by a slightly greater than unity slope at M∗ < M∗,TO (z) and a less-thanunity slope at higher masses. At z ≥ 3–4, sSFR is almost constant or
marginally increases with increasing stellar mass. Our model predictions,
which are supported by several recent observations (e.g., Whitaker et al.,
2014; Schreiber et al., 2015; Tomczak et al., 2016), provide clues on why
the measurements for the single power-law slope of the SF MS have been
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different in the literature. This excellent agreement with independent observations indicates that the GSMF evolution is likely to be comfortably
explained by galaxy stellar mass growth dominated by smooth in-situ
SF, without the need of invoking extreme alternative scenarios such as
high mergers or low duty-cycle in low-mass galaxies.

The benefit of our approach is clear: without any assumptions on other
parameters governing barionic physical processes of galaxy evolution, we have
built an empirical model over a wide range in stellar mass and redshift that
reproduce the observed GSMF by construction. While being simple, the excellent agreement with independent observations gives credibility in the power
of our model predictions to be extended to wider parameter spaces, such as to
higher redshifts. This will be explored in the future.
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Izotov, Y. I., Orlitová, I., Schaerer, D., Thuan, T. X., Verhamme, A., Guseva,
N. G., & Worseck, G. 2016, Nature, 529, 178
Jaacks, J., Finkelstein, S. L., & Nagamine, K. 2016, ApJ, 817, 174
Jaacks, J., Thompson, R., & Nagamine, K. 2013, ApJ, 766, 94
Kajisawa, M., et al. 2009, ApJ, 702, 1393
Kauffmann, G., et al. 2003a, MNRAS, 341, 33
—. 2003b, MNRAS, 341, 54

248

—. 2003c, MNRAS, 346, 1055
Kennicutt, R. C., & Evans, N. J. 2012, ARA&A, 50, 531
Kennicutt, Jr., R. C. 1998a, ARA&A, 36, 189
—. 1998b, ApJ, 498, 541
Kewley, L. J., & Dopita, M. A. 2002, ApJS, 142, 35
Kewley, L. J., Dopita, M. A., Sutherland, R. S., Heisler, C. A., & Trevena, J.
2001, ApJ, 556, 121
Kewley, L. J., & Ellison, S. L. 2008, ApJ, 681, 1183
Kewley, L. J., Maier, C., Yabe, K., Ohta, K., Akiyama, M., Dopita, M. A., &
Yuan, T. 2013, ApJ, 774, L10
Klypin, A. A., Trujillo-Gomez, S., & Primack, J. 2011, ApJ, 740, 102
Koekemoer, A. M., et al. 2011, ApJS, 197, 36
—. 2013, ApJS, 209, 3
Kolmogorov, A. 1933, G. Inst. Ital. Attuari, 83
Kornei, K. A., Shapley, A. E., Martin, C. L., Coil, A. L., Lotz, J. M., Schiminovich, D., Bundy, K., & Noeske, K. G. 2012, ApJ, 758, 135
Kriek, M., et al. 2015, ApJS, 218, 15
Kroupa, P. 2001, MNRAS, 322, 231
249

Kurucz, R. L. 1993, SYNTHE spectrum synthesis programs and line data
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Steidel, C. C., & Hamilton, D. 1993, AJ, 105, 2017
Sternberg, A., Hoffmann, T. L., & Pauldrach, A. W. A. 2003, ApJ, 599, 1333
Storey, P. J., & Hummer, D. G. 1995, MNRAS, 272, 41
Storey, P. J., & Zeippen, C. J. 2000, MNRAS, 312, 813
Tacconi, L. J., et al. 2010, Nature, 463, 781
—. 2013, ApJ, 768, 74
Tanaka, M. 2015, ApJ, 801, 20
Taniguchi, Y., & Shioya, Y. 2000, ApJ, 532, L13
Tilvi, V., et al. 2014, ApJ, 794, 5
Tomczak, A. R., et al. 2014, ApJ, 783, 85
—. 2016, ApJ, 817, 118
Torrey, P., Wellons, S., Ma, C.-P., Hopkins, P. F., & Vogelsberger, M. 2016,
ArXiv e-prints
Tremonti, C. A., et al. 2004, ApJ, 613, 898
259

Treu, T., Trenti, M., Stiavelli, M., Auger, M. W., & Bradley, L. D. 2012, ApJ,
747, 27
Tumlinson, J., & Shull, J. M. 2000, ApJ, 528, L65
van Dokkum, P. G. 2001, PASP, 113, 1420
Vanzella, E., et al. 2010, ApJ, 725, 1011
—. 2011, ApJ, 730, L35
—. 2012, ApJ, 751, 70
—. 2016, ApJ, 825, 41
Veilleux, S., Cecil, G., & Bland-Hawthorn, J. 2005, ARA&A, 43, 769
Verhamme, A., Schaerer, D., Atek, H., & Tapken, C. 2008, A&A, 491, 89
Verhamme, A., Schaerer, D., & Maselli, A. 2006, A&A, 460, 397
Vogelsberger, M., Genel, S., Sijacki, D., Torrey, P., Springel, V., & Hernquist,
L. 2013, MNRAS, 436, 3031
Wang, L., et al. 2013, MNRAS, 431, 648
Watson, D., Christensen, L., Knudsen, K. K., Richard, J., Gallazzi, A., &
Michalowski, M. J. 2015, Nature, 519, 327
Weiner, B. J., et al. 2009, ApJ, 692, 187
Weinzirl, T., et al. 2011, ApJ, 743, 87
260

Whitaker, K. E., et al. 2014, ApJ, 795, 104
Williams, R. J., Quadri, R. F., Franx, M., van Dokkum, P., Toft, S., Kriek,
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