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Abstract

The Candidate Cluster and Protocluster Catalog contains 218 galaxy overdensities composed of more than 2000
galaxies with spectroscopic redshifts spanning the first few Gyr after the Big Bang (2.0�z<6.6). We use Spitzer
archival data to track the underlying stellar mass of these overdense regions in various temporal cross sections by
building rest-frame near-infrared luminosity functions (LFs) across the span of redshifts. This exercise maps the
stellar growth of protocluster galaxies,as halos in the densest environments should be the most massive from
hierarchical accretion. The characteristic apparent magnitude, m*(z), is relatively flat from 2.0�z<6.6,
consistent with a passive evolution of an old stellar population. This trend maps smoothly to lower redshift results
of cluster galaxies from other works. We find no difference in the LFs of galaxies in the field versus protoclusters at
a given redshiftapart from their density.
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1. Introduction

The nascent study of protoclusters is at a juncture of two
important evolutionary epochs in the universe: the early growth
of large structures and the rapid assembly of galaxy mass at
z�2. Careful study of these objects can probe both cosmology
and galaxy formation and evolution. The initial mass over-
densities in the early universe (and their subsequent collapse)
are governed by the cosmic matter density (Ωm), σ8, and the
cosmological constant ΩΛ. Thus, by examining their properties
(mass, evolutionary state) and number density of these early
structures, they can provide constraints on these cosmological
parameters. The tracers of these overdense structures (i.e.,
galaxies) can be used to investigate the role environment plays
in their growth and evolution. Formation models of galaxies
must match observations across both cosmic time and
throughout space to be considered viable. More simply, void
and cluster galaxies must both be reproduced for all z�0. The
focus of this work will be primarily on the properties of
galaxies in dense environments, but this juncture of structure
and galaxy evolution are clearly relatable in many ways.

It has been clear for many decades that galaxies at z=0
have varied properties that correlate strongly with density in the
well-established morphology–density relation (Dressler 1980;
Balogh et al. 2004). Galaxies in dense environments show clear
evolution at higher redshift (Butcher & Oemler 1984)in that
there are more passive galaxies in local clusters, but a greater
fraction of star-forming objects in higher redshift systems. This
can be seen observationally in the fraction of quiescent“red-
sequence” objects in contrast with the “blue cloud” of star-
forming galaxies (SFGs) as a function of redshift (Rakos &
Schombert 1995; Stanford et al. 1995). These two facts provide
an initial scaffolding from which galaxy evolutionary models
can be wrought: quiescent systems dominate high-density
regions of the local universe, and this need not hold throughout
cosmic time. What is the path that must be taken to satisfy these
two simple observations?

One prescription to turn these observational facts into a
coherent model is to identify physical processes that effectively
turn SFGs into quiescent systems preferentially in dense
environments. Commonly invoked interactions are ram-

pressure stripping of cold gas by the intracluster medium
(ICM; Gunn & Gott 1972), removal of the hot gas halo of a
galaxy to halt the cooling of gas to sustain star formation (e.g.,
strangulation; Larson et al. 1980), galaxy–galaxy interactions
that disrupt the galaxy (Moore et al. 1996), and a variety of
others. The overarching umbrella that is used to refer to these
proposed mechanisms is called “quenching” (Peng et al. 2010),
loosely defined here as the environmental process(es) that
abruptly discontinue star formation in a galaxy.
Each proposed quenching process has a distinct timescale at

which it can effectively halt star formation. These are generally
related to the crossing/dynamical time of the galaxies
interacting with other galaxies and/or the ICM. For this latter
case, it also assumes that the hot ICM is in place at the epoch in
question so as to produce the desired effect. These quenching
timescales have been estimated to operate on the order of a few
Gyr for an effective change to manifest itself (Brodwin
et al. 2013). If cluster galaxies are transformed primarily by
one quenching mechanisms, it might be possible to examine
the galaxy populations in clusters at various cross sections in
time (e.g., redshifts) to isolate the process responsible.
Another proposed scenario used to explain the evolution of

the galaxy population in clusters is from galaxy mergers.
Hierarchical accretion suggests that galaxies assemble from the
bottom up. In the context of clusters, these mergers have been
proposed to be either dry (e.g., gas-free; van Dokkum 2005) or
wet (gas-rich collisions; Faber et al. 2007). In the wet merger
scenario, two or more blue cloud galaxies come together in a
burst of star formation, turning into a spheroidal configuration
(Mihos & Hernquist 1996), and are then quenched via some
mechanism. This is effectively a transition from the blue cloud
onto the red sequence. Dry mergers, on the other hand, push
galaxies along the red sequence as they grow in stellar mass,
but remain with a generally passive stellar population (color). It
is possible and even probable that the various quenching
mechanisms and merger scenarios could all play a role of
varying importance. Do any observations hint at a timescale of
rapid development in the history of cluster galaxies?
The red-sequence feature of galaxy clusters has been

historically used as a tracer of the core galaxy population at
redshifts z<1.5 (Rakos & Schombert 1995; Stanford
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et al. 1995, 1998; Eisenhardt et al. 2008; Mei et al. 2009).
Using models of galaxy colors a mean stellar age of the
individual systems can be estimated. Progenitor bias (van
Dokkum & Franx 2001) can ultimately lead to an increased
estimated formation redshift (zf) for a cluster’s galaxy
population as a whole. Despite this caveat, the stellar age of
the brightest systems on the red sequence can give some
indication as to when the most massive galaxies formed their
stars. Models of galaxy growth used to match the evolution of
the red-sequence feature typically rely on purepassive
evolution models that were formed in a single burst at high
redshift zf>3 (Eisenhardt et al. 2008). In fact, some studies of
clusters suggest even larger formation redshifts of zf>5
(Rakos & Schombert 1995; Schombert & Rakos 2009). As the
redshift of the cluster sample increases, the formation redshift
also grows (with an accompanying increase of scatter).

For instance, for cluster redshifts z>1, it appears that
zf=30 is not ruled out (Figure19 of Eisenhardt et al. 2008).
Not all cluster galaxies need form at zf>5, but at least some
passive systems were born remarkably early in the universe.
This could simply be a manifestation of galaxy downsizing
(Cowie et al. 1996), in which the largest stellar mass galaxies
(presumably formed in the densest regions) formed earlier in
the universe. Within the literature, there is no consensus for any
single model or mechanism for the redshift evolution of the
red-sequence feature (Fassbender et al. 2014; Fritz et al. 2014).

By shifting the focus from the highly biased red-sequence
galaxies to cluster populations in general, there is the hope that
the bulk stellar properties of these systems could be
investigated as a function of redshift. Mancone et al. (2010)
mapped the luminosity functions (LFs) of cluster galaxies
spanning 0.3<z<2.0 at Spitzer wavelengths. At the highest
redshift of this sample, Spitzer3.6 μm coverage measures rest-
frame J band, which is a tracer of the stellar population for a
range of ages. They mapped the evolution of the characteristic
luminosity m*(z)1 of the clusters by comparing the data to
models of simple stellar populations (SSPs) with various
formation redshifts zf. This is similar to the exercise performed
for red-sequence fitting. The mean formation age of these
systems was zf∼2.5 (Mancone et al. 2010), with the same
behavior noted previously: higher redshift clusters favor higher
formation redshifts. Their two highest redshift bins (z�1.5)
have m*(z) values nearly a magnitude fainter than the predicted
evolution of their best-fitting model (their Figure7). The
conclusion drawn from this observation is that rapid mass
assembly (up to 4× growth) must occur in cluster galaxies
z�1.5 (Mancone et al. 2010). Brodwin et al. (2013)
investigated the star formation activity of galaxies in these
clusters to look for clues as to the nature of this mass assembly.
They found that the star formation within the core of these
clusters transition from unquenched to quenched at the same
epoch (z∼1.4) as the rapid assembly era within Mancone
et al. (2010). This behavior is generally attributed to wet
mergers within the cluster core, rapidly growing the mass of
these systems and then abruptly turning off the star formation
activity.

In the previous examples, all of the structures were
considered to be clusters. Generally speaking, the highest
redshift at which virialized halos of M�1014Me (e.g.,

clusters) are expected is at z∼2 in large ΛCDM simulations
(Chiang et al. 2013). The collection of components that will
constitute a cluster in the future is referred to as a protocluster.
Observationally, galaxy overdensities at z>2 are designated
as protoclusters for the sake of simplicity, as it is difficult to
confirm these systems to be in virial equilibrium apart from a
handful of cases (Gobat et al. 2011; Wang et al. 2016). This
unique transition point in the universe represents an epoch at
which galaxies could first begin to interact with one another.
Mancone et al. (2010) and Brodwin et al. (2013) presented
tantalizing evidence that the majority of mass assembly
occurred around z∼1.5, but higher redshift LFs of structure
might yield further insight into the galaxy growth within dense
environments.
Wylezalek et al. (2013) identified Spitzer galaxy over-

densities around high-redshift (1.3<z<3.1) radio-loud
active galactic nuclei (AGNs) and built 3.6 and 4.5 μm LFs
in Wylezalek et al. (2014). This redshift range overlapped the
sample of Mancone et al. (2010) and extended the age probed
by more than 1 Gyr. Remarkably, the *m3.6 and *m4.5 evolution
over the redshifts probed are well fit by a passive stellar
evolution model formed at zf=3 or larger. They also do not
match the results of Mancone et al. (2010),in that they fail to
see a burst of mass assembly at z�1.5. This is attributed to a
sampling biasin that the high-redshift overdensities are
thought to be the most massiverare systems in the universe,
while the lower redshift sample is tracing the growth of less
massive clusters. This is analogous to galaxy downsizing, in
that the most massive overdensities are fated to assemble into a
cluster mass halo more quickly in ΛCDM (Chiang et al. 2013).
Therefore, signatures of mass assembly for the progenitor
systems of Wylezalek et al. (2014) could potentially be
observable beyond their redshift limit of z≈3. In Section 3,
we probe these earlier epochs to possibly identify epochs at
which rapid mass growth or quenching might be exhibited.
Thus far, it appears that galaxies within clusters, as traced by

both red sequence and LF models, form at high redshift
(zf�3) and evolve passively thereafter. This is an interesting
result, as the cosmic SFR in the universe does not peak until
approximately z∼2 (Madau & Dickinson 2014). Indeed, if
galaxies in dense environments form earlier than their “field”
galaxy counterparts, which follow the mean trend, then
evidence of this should be apparent at high redshifts. The
number of spectroscopically confirmed protoclusters has
evolved considerably after the first few discoveries (Steidel
et al. 1998; Venemans et al. 2002), but were still only
numbered in the few dozens up until recently. These were
also identified by a wide range of selection techniques, from
blind spectroscopic surveys (Steidel et al. 1998) to targeted
narrowband (NB) imaging around high-redshift quasars
(Venemans et al. 2007). In the instances in which these galaxy
overdensities were compared with field galaxies at a similar
redshift, the results of environmental evolution are varied at
best. We continue the exploration of these results at higher
redshift in Section 4.
The majority of cases in the literature where protocluster

galaxies were measured with respect to field sources consist of
one or two candidate structures that are compared to a “blank”
fieldofview. For instance, Casey et al. (2015) studied a
protocluster at z=2.5 within the COSMOS field and found
that it had evidence of greater AGN activity, more indications
of merging/interacting galaxies, and a population of

1 We designate the characteristic magnitude in lower case (m*) to emphasize
that it is a measure of the apparent magnitude and to distinguish it from the
stellar mass (Må) also found in this text.
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Lyman-Break Galaxies (LBGs) with ∼1.5× greater stellar
mass. These had similar SFRs when compared to field sources,
though. For other protoclusters at z�2.5 identified with NB
filters centered on the redshifted Hα line, the candidate galaxies
were also found to be dustier (Cooke et al. 2014), more
massive, and not significantly forming more stars than their
field counterparts (Hatch et al. 2011).

Similar studies that trace the Lyα emission of protocluster
galaxies find that they are generally brighter (Zheng
et al. 2016), less dusty (although this may be a selection
effect), and younger (Dey et al. 2016). Lyα equivalent widths
(EWs) have been used extensively as an estimator for the
SFR of galaxies in thehigh-redshift universe (Dijkstra &
Westra 2010), and Zheng et al. (2016) found evidence that the
EWs are stronger at z=2.8. Dey et al. (2016) didnot find such
EW dependence at z=3.8, while Toshikawa et al. (2016)
foundsmaller EW0 in a protocluster at z=3.67 when
compared to the field. Hayashi et al. (2011, 2012) found only
the reddest galaxies in their structures have statistically
significant environmental dependence. It seems clear that when
individual high-redshift structures are analyzed, usually an
environmental influence is found, but the effect is varied. It is
also apparent that in some protoclusters, the property in
question is enhanced (e.g., dustier galaxies), while in others it is
diminished, even at similar redshifts.

This does not seem to be the case when multiple candidate
structures are identified in the same manneror when large
surveys are systematically analyzed. Ownsworth et al. (2016)
used a constant number density selection technique for the
UKIDSS survey to measure the evolution of galaxies. This
selection technique is thought to be much lessbiased when
compared with a mass-limited selection in matching progenitor
galaxies to their offspring. Their results point to a relatively
early formation redshift (z�3 and possibly earlier) and
subsequent passive evolution with little environmental influ-
ence. With a similar method, Zhao et al. (2016) tracked the
growth and evolution of z=0 brightest cluster galaxies
(BCGs) from z∼2. A key result is that most of the mass
growth must occur at z<2, as BCGs are not divergent from
similar mass systems. Diener et al. (2013, 2015) identified
more than 40 spectroscopic galaxy group and larger systems in
the COSMOS field. Compared to field sources, their analysis
revealed no statistically significant color (stellar population)
difference in the group environments with respect to the field.

This begs the question of why overdensities do not show up
as significant deviations from their field counterparts when
analyzed systematically at a variety of redshifts, while
individual systems have found statistically different evolution
over similar epochs. It is often difficult to match the results of
these protocluster studies coherently. These protoclusters exist
at a wide range of redshifts, each within their infancy and
characterized by the rapid changes expected in a ΛCDM
universe (Chiang et al. 2013; Muldrew et al. 2015). Particularly
for the individual case studies (Hatch et al. 2011; Hayashi
et al. 2012; Cooke et al. 2015; Dey et al. 2016; Zheng
et al. 2016), different instruments and selection techniques
were used thattargeted different populations of galaxies.
Furthermore, the galaxy properties themselves were not all
analyzed in the same manner.

In an attempt at tackling the complex problem of galaxy
evolution, it can be helpful to simplify the approach (Abramson
et al. 2016)and confront the issue in a new way instead of

adding further epicycles. It was this impetus that inspired us to
construct the Candidate Cluster and Protocluster Catalog
(hereafter CCPC; Franck & McGaugh 2016a, 2016b). With a
straightforward algorithm, we were able to systematically
detect galaxy overdensities from disparate spectroscopic
catalogs in the high-redshift universe. Then, the properties of
the galaxies within these candidate structures can be traced
through cosmic time in a series of cross sections. We hope to
address the evolution of galaxy stellar mass, as Mancone et al.
(2010) and Wylezalek et al. (2014) did at lower redshifts, while
simultaneously mapping the field evolution in a consistent
manner over a range of redshifts. Although not a longitudinal
study, these snapshots of galaxies in dense environments may
provide a powerful glimpse into the behavior governing their
evolution.
We present here a detailed analysis of the CCPC sample to

date using Spitzer IRAC and supplementary Hubble Space
Telescope near-infrared (NIR). In this back-to-basics approach,
we measure the 3.6 and 4.5 μm LFs of the galaxies in the
CCPC as a function of redshift. Thisservesas a tracer of the
stellar mass of these objectsand iscompared with “field”
galaxies identified in the same spectroscopic surveys used for
the CCPC.
Throughout this work, we assume a cosmology of Ωm=0.3

and ΩΛ=0.7, with a Hubble value of H0=70 km s−1 Mpc−1.
All magnitudes quoted are in the AB system, with apparent
magnitudes in the four Spitzer IRAC channels denoted as [3.6],
[4.5], [5.8], and [8]. The accompanying apparent magnitudes
from Hubble Space Telescope measurements will be referred to
by the filter name (e.g., F160W).

2. Observations

The CCPC identifies structure around galaxies by mining
archival spectroscopic redshift catalogs. Any volume within a
search radius of R=20 comoving Mpc (cMpc) and distance in
redshift space Δz corresponding to±20 cMpcthatcontains
fouror more galaxies and displays a galaxy overdensity of
δgal>0.25 is considered a candidate system (Franck &
McGaugh 2016a, 2016b). These are the minimum requirements
and, in many cases, are exceeded.
The algorithm was designed to be used on a variety of

survey depths and widths, where N�4 is used as a signpost
from which the volume overdensity can be computed.
The average number density of these systems is n∼
0.05 cMpc−3and a mean galaxy overdensity of δgal∼2.0.
We have shown in Franck & McGaugh (2016a, 2016b) that
these protocluster candidates are statistically distinct both
spatially and along the line of sight from non-CCPC galaxies.

2.1. Galaxy Selection

The catalog contains a total of 216 structures spanning
2<z<6.56. We include two objects of interest at z=6.56
from Franck & McGaugh (2016a) to bring the total number of
candidate systems to 218. These systems lack field galax-
iesand so a galaxy overdensity (δgal) cannot be computed, a
requirement for inclusion in the CCPC. In this list there exist
2048 galaxies. The vast majority of these objects are identified
either by spectroscopically targeting LBGs (Steidel et al. 1998)
or follow-up spectroscopy on suspected Hα/Lyα emitters from
NB imaging (Venemans et al. 2007).
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We note here briefly that SFGs are not the dominant massive
galaxy population at these epochs. In the high-redshift
universe, van Dokkum et al. (2006) estimated that only 20%
of all galaxies with Må>1011Me are LBGs. The majority of
systems (∼70%) are thought to be distant red galaxies (DRGs),
which are often too faint in the observed optical passbands to
be spectroscopically targeted. They can also lack the strong
emission lines of their unobscured star-forming counterparts.
We will discuss further implications of this in Section 4.

2.2. Data

All of the measurements in this work came from archival
data sets. The Spitzer Heritage Archive provided nearly 600
processed images in all four IRAC channels covering most of
the CCPC fields. The greatest wavelength coverage of these
systems came from the first two channels (3.6 and 4.5 μm),
with galaxy contributions from 177 and 184 CCPC structures,
respectively. Nearly ∼75% of the 2048 CCPC galaxies were
measured at 4.5 μm. All photometry was performed using 2″
radius apertures using the IRAF2 (Tody 1986, 1993) QPHOT
package, and the magnitudes were computed by mAB=23.9 –

2.5log(fν/1 μJY). Aperture corrections were applied to each
galaxy (0.32 mag in [3.6] and 0.36 for [4.5]), as in Papovich
et al. (2010). Our photometry is consistent with the reported
[3.6] and [4.5] AB magnitude values compiled in the 3D-HST
database (Skelton et al. 2014) within the CANDELS fields,
apart from the aperture corrections.

We obtained more limited data coverage of the CCPC with
the Hubble Space Telescope in the F160W bandpass via the
Hubble Legacy Archive. The scope of these images were
primarily concentrated within the CANDELS fields (Grogin
et al. 2011). Approximately 25% of the CCPC was measured
within these images. Fluxes were measured in apertures of
radius 0 4 with a zeropoint magnitude of 25.75, valueswere
adopted from the WFC3 Handbook. The pixel scale of these
images ranged from ∼7 to 33.33 pix/″.

With Hubble Space Telescope and Spitzer data, there were
cases in which a galaxy was measured in a number of images.
All magnitudes listed here are the uncertainty-weighted mean
value of the photometry.

2.3. Building the LF

We map the evolution of the CCPC galaxy LF using the
Schechter (1976) form
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To construct the distribution function, we first compute the
density of each candidate structure by finding the minimum
rectangular region (in units of arcmin2) that binds all galaxies.
We then place galaxies in magnitude bins of Δm=0.4 for a
given redshift rangeand finally divide this by the summed
surface area of candidates at that redshift. The uncertainty for
each magnitude bin is the 1σ photometric uncertainty of the
galaxy magnitudes in that bin. The number density uncertainty
is Poissonian ( )N . The redshift bins were designed to offer a
balance between similar temporal spacing and number of
galaxies at each epoch. This balance is necessary, for if the time
period probed by each snapshot is too variable or too large,
then any evolutionary inferences that the LF might provide
could be lost. In addition, too few galaxies in a redshift bin can
be insufficient in fitting the parameters of the Schechter
function. We aim for N�102 galaxies per redshift bin
whenever possible, as this provides a robust fit to the data in
practice.
We computed the e- and k-corrections of each galaxy by

estimating (using EzGal; Mancone & Gonzalez 2012) the
observed magnitude difference of a BaSTI SSP model (Percival
et al. 2009) between the model’s magnitude at the observed
redshift of the galaxy and the center of its redshift bin.
Typicallythese corrections are less than Δm∼0.05 mag,
which are smaller than our photometric uncertainties. There is
no net change in the values of m* when the corrections are
applied, as these shifts in magnitude are balanced out by the
galaxies at either end of the redshift bin.
For fitting the Schechter function to the data, we used

SciPy’s curvefit routine. This routine takes the data table, the
Schechter function, the parameters to be fit,and a set of initial
guesses for those parameters. These initial input values are
insensitive to the outcome. The solution to Equation (2) is
optimized via a Levenberg–Marquardt algorithm. In practice, if
the data have sufficient depth to fit the faint-end slope α, all
three parameters can be solved for simultaneously, as
Wylezalek et al. (2014) were able to do. However, the
variability of our data depth does not permit us to reliably fit α
at all redshiftsand we therefore set it as a constant α=−1.
This is standard procedure for Spitzer LFs of insufficient depth
(Mancone et al. 2010). Wylezalek et al. (2014) obtained the
same results independently of whether α was fixed or not. The
selection function of spectroscopic surveys used to construct
the CCPC will typically favor bright galaxies out of necessity,
which would artificially restrict the faintest regions in
magnitude space, regardless.
The main science goal of these LFs is to investigate the

temporal evolution of m*(z) and number density of the largest
galaxies in these systems, and so the faint slope of the galaxies
is of relatively minor importance. Even at low redshifts,
determining α can be problematic, as low surface brightness
galaxies are often missed (McGaugh 1996). When the value of
α is allowed to vary, it is generally consistent with α≈−1
within the uncertainties for the lowest redshift sources in our
data. At higher redshifts, there are too few galaxies in the faint
magnitude bins from incompletenessand the fitting routine
breaks down. In short, the optimization procedure of curvefit
provides a more robust fit to the data with a constant α=−1.

2 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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There have been no completeness corrections implemented on
the data set. The focus of this research is on tracing the
brightestmost massive galaxies at a given epoch. Attempting
to adjust the number of faint galaxies is (1)not important in
achieving the research aim and (2)uncertain at best, as
spectroscopic surveys of high-redshift sources are inherently
biased in this regard.

Once the fitting routine has provided values of m*and f*, the
uncertainties are calculated via bootstrapping. The galaxies in
each redshift bin are resampled with replacement 104 times.
Each instance is fitted to Equation (2) in the same manner as
the full data set. The 95% confidence region of the data is
provided by fitting the ±2σ values of m*. Figure 1 illus-
trates this.

3. Results

3.1. Luminosity Functions

Tables 1 and 2 contain the [3.6] and [4.5] Spitzer parameters
estimated for the CCPC, respectively. In general, the values of
m* are flat as a function of redshift, suggesting little evolution.
Figure 1 shows an LF for a single epoch to illustrate the finer
details of the fit. Figure 2 shows the full set of LFs at each
epoch at 3.6 μm, while Figure 3 does the same for [4.5].

3.2. Field LFs

In an effort to compare galaxies in overdense environments
with their “field” counterparts, we assembled a list of all
spectroscopic galaxies that were in the same surveys as the
protoclusters in our sample. This list contains more than 4000
galaxies, double the number of the CCPC (N= 2048 objects).
We imposed no richness or density criteria on this sample set,
apart from that its members were not within the volume of a
candidate protocluster. Although some of these galaxies may
exist in a volume with N�4 galaxies (a requirement for CCPC

candidacy), they did not have the sufficient galaxy density to be
flagged as a protocluster candidate. The references to the
spectroscopic measurements of the field systems are located in
the Appendix, and can also be found in the references of
Franck & McGaugh (2016a, 2016b).
We analyzed these galaxies in the same manner and built an

“All Galaxy” LF (as a proxy for field galaxies) at each redshift
bin. The value of f* was scaled to the CCPC LF at each epoch.
As can be seen in Figures 4 and 5, the number density of field
galaxies (red points) in all bins, at all epochs, are consistent
with the CCPC f(m) (black points). Fitting a Schechter
function to “All Galaxies” produces equivalent values of m*(z)
to that of the CCPC galaxies, as can be seen by the overlapping
95% confidence intervals (red and gray shaded regions,
respectively).
The CANDELS GOODS-S field is the deepest, most

continuous spectroscopic survey from which dozens of
structures are identified in our sample (Franck & McGaugh
2016a, 2016b). Nearly 25% of galaxies in the CCPC originate
in this field. To minimize the effects of varying spectroscopic
selection functions from the heterogeneous sample the CCPC is

Figure 1. 4.5 μm luminosity function of CCPC galaxies at redshifts
3.0�z<3.25. f is the number of galaxies at a specific magnitude per
square arcminute (dN/dm/dA). Uncertainties in the number density of sources
are Poissonian ( ( ) )N dm , while the magnitude uncertainties in each bin are
the average uncertainty of the bin’s galaxies. SciPy’s curvefit routine’s best fit
to the data is the black dashed line. The number of galaxies in the plot and the
value of m* and its 2σ bootstrapped uncertainties are listed in the top left
corner. In this work, α is defined to be −1. The gray shaded area represents the
95% bootstrapped confidence region of the fit.

Table 1
3.6 μm CCPC Luminosity Function

Redshift N m* 2σ (m*) f*

Range Galaxies (AB) (95% CI) (dN/dm/dA)

2�z<2.25 192 20.01 -
+

0.65
0.50 2.94×10−4

2.25�z<2.5 159 20.89 -
+

0.68
0.88 3.41×10−4

2.5�z<2.75 110 21.13 -
+

0.96
0.67 3.39×10−4

2.75�z<3 205 21.42 -
+

0.33
0.46 5.01×10−4

3�z<3.25 186 21.06 -
+

0.65
0.60 2.74×10−4

3.25�z<3.5 77 21.07 -
+

1.47
1.22 2.05×10−4

3.5�z<4 68 20.51 -
+

0.99
0.63 1.34×10−4

4�z<5 117 21.06 -
+

0.49
0.38 1.75×10−4

5�z<6.6 54 21.83 -
+

1.23
0.74 6.30×10−4

Note. The results of fitting a Schechter function (Equation (2)) to the CCPC
galaxies in a series of redshift bins (1st column). The number of galaxies (N) in
each redshift bin is listed in the second column, followed by the fitted m*

parameter in the third column. The fourth column represents the 95%
confidence interval of the m* value. This uncertainty was computed by
bootstrapping with resampling of the data. The characteristic density (f*) in
units of the number of galaxies per magnitude bin per square arcminute is
found in the final column. The faint-end slope of the LF was fixed to
be α=−1.

Table 2
4.5 μm CCPC Luminosity Function

Redshift N m* 2σ (m*) f*

Range Galaxies (AB) (95% CI) (dN/dm/dA)

2�z<2.25 210 19.73 -
+

0.59
0.56 2.65×10−4

2.25�z<2.5 180 20.27 -
+

0.53
0.56 3.35×10−4

2.5�z<2.75 124 21.25 -
+

0.97
0.58 3.14×10−4

2.75�z<3 249 21.36 -
+

0.31
0.39 5.13×10−4

3�z<3.25 223 21.08 -
+

0.46
0.41 3.00×10−4

3.25�z<3.5 108 21.31 -
+

0.80
0.71 2.76×10−4

3.5�z<4 83 20.38 -
+

0.74
0.51 1.21×10−4

4�z<5 117 20.71 -
+

0.74
0.35 1.68×10−4

5�z<6.6 58 21.75 -
+

1.38
1.97 5.69×10−4

Note. Identical to Table 1, but at 4.5 μm.
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constructed from, we constructed GOODS-S LFs for CCPC
and non-CCPC galaxies. The m* values remain unchanged at
all redshifts in this subsample, for both field and overdense
galaxies, within the uncertainties. Although spectroscopic
selection is not definitively ruled out as a variable for the
entirety of the CCPC LFs, it does not appear to be a driving
factor in the CANDELS GOODS-S data.

As a further test, we limited our analysis to galaxies in the
“All Galaxy” list that had N<4 galaxies within the CCPC
search volume (R= 20 cMpc, Δz±20 cMpc). Although this
“Reduced Field Galaxy” sample limited the number of galaxies
to 2299, this list is still larger than the number of CCPC
galaxies, and thus remains a fair comparison. Interestingly, this
imparted no measurable difference when compared to the shape
of the “All Galaxy” or CCPC LFs. It is possible that at these
very early epochs, the galaxies that are spectroscopically
selected have not had sufficient time to interact in their
modestly dense environments and thus differentiate them-
selves. Another plausible explanation is that many of the
galaxies selected in the overdense volumes are not future
cluster galaxies, but rather are field interlopers that will
disperse by z=0 and thus show little tono differentiation
from our field sample. These results will be discussed in more
detail in Section 4.

3.3. Galaxy Colors

A selection tool used to identify high-redshift (z>1.3)
galaxies with Spitzer is the popular [3.6]–[4.5]>−0.1 color
cut (Papovich et al. 2012; Wylezalek et al. 2014). It is a simple
and effective way of removing low-redshift galaxies from a
sample, regardless of the underlying stellar population.
Interestingly, more than onethirdof the CCPC sample (all
with spectroscopic redshifts z>2) failed this color cut. Within
the photometric uncertainties, many of these systems emit
“true” colors that would satisfy the criterion. However, this
blind cut can remove a significant portion of a sample of high-
redshift galaxies. This is not unique to our photometry. The
galaxies in CCPC structures that are coincident with objects in
the 3D-HST database (Skelton et al. 2014) show a similar
result, with 33.8% of more than 300 galaxies having [3.6]–
[4.5]<−0.1, with a median color of [3.6]–[4.5]=−0.25.
This is a further piece of evidence suggesting that this aberrant
fraction is the result of photometric uncertainty that has
scattered the colors below the cut. There is no obvious
correlation with apparent magnitude, therefore AGNor
hyperluminoussource contamination is likely not an issue.
Although effective at measuring the underlying stellar mass

of high-redshift galaxies from their rest-frame NIR emission,

Figure 2. 3.6 μm Spitzerluminosity function at nine epochs across 2�z<7. The surface number density (f) of galaxies is measured in square arcminutes. The
number density uncertainty is calculated by the root N value in each bin, while the magnitude uncertainties are the average photometric errors in that bin. The gray
shaded regions are the 95% confidence intervals calculated by bootstrapping. The Schechter fit (Equation (2)) to the CCPC data is the black dashed line, with α
defined as −1. The number of galaxies and the value of m* are listed in the upper left hand corner. The m* uncertainties are the bootstrapped 2σ values. Galaxies much
brighter than m* we refer to as “hyperluminous” sources and will be discussed in Section 4.
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the colors of Spitzer are not sensitive to different stellar
populations (Cooke et al. 2014). Even at the highest redshift of
the CCPC (z=6.56), the rest-frame wavelength observed at
4.5 μm falls at just 5900 Å. As the majority of these galaxies
were spectroscopically targeted as UV-bright, star-forming
systems, it stands to reason that they should have blue colors,
which Spitzer is not sensitive to. The Hubble Space Telescope
WFC3 F160W filter probes rest-frame wavelengths of
2100–5300 Å between the redshift range 2.0<z<6.56.
Figure 6 illustrates the redshift evolution of the
F160W−[4.5] galaxy color as a function of redshift for a
variety of stellar population models (Bruzual & Charlot 2003;
Percival et al. 2009), with different initial mass functions
(Kroupa 2002; Chabrier 2003) and dust extinction (Charlot &
Fall 2000). Plotted on the models are the F160W−[4.5]
colors as a function of redshift for the CCPC. We only show
galaxies with photometric uncertainties in an individual filter of
σ<0.75 mag. There is no clear preference for a single galaxy
type, with a large scatter of blue and red galaxies throughout.
We also cannot ascertain a preferred stellar population, dust
content, or formation redshift from these colors alone for an
individual galaxy, as the uncertainties can be too large. For
many systems the difference between a SFG and a passively
evolving SSP can be assigned within the errors.

Noirot et al. (2016) spectroscopically targeted two candidate
structures identified by Wylezalek et al. (2014) at z∼2. Their
Hubble Space Telescope photometry of the overdensity

revealed a wide spread of F140W – [3.6] colors of roughly
−1<F140W−[3.6]<3, with a much smaller range for the
galaxies with confirmed redshifts (approximately
0.5<F140W−[3.6]<2).
The 3D-HST data (Skelton et al. 2014) coincident with

CCPC galaxies in the CANDELS fields at 2.0<z<2.05 has
a mean color of [ ]á - ñ = F W140 3.6 0.5 0.6and a range
−0.4<F140W – [3.6]<2.3. The color range is more broad
than the spectroscopic sample of Noirot et al. (2016), but does
not go beyond the full range of candidate galaxies in their
protoclusters. This suggests a general agreement of their
protocluster galaxy population and ours. Higher redshift CCPC
galaxies show little color evolution in this plane as well.

3.4. Spectral Energy Distribution (SED) Fitting and Galaxy
Stellar Mass

The usual methodology of obtaining stellar masses for
galaxies at high redshift is to match a stellar population model
with a number of observed magnitudes across a range of filters
(e.g., SED fitting; Magdis et al. 2010). Thus, a galaxy is
matched with the stellar age, star formation history, metallicity,
initial mass function, and dust content of a given model.
Hereafter we will refer to this as “traditional” SED fitting. The
implied stellar mass-to-light ratio of thebest-fit model is then
used to compute the Må of the galaxy. There are a number of
degeneracies that arise from this method. This can be
particularly important with limited wavelength coverage and

Figure 3. 4.5 μm version of Figure 2.
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inconsistent rest-frame colors over a large range in redshift.
These factors will be briefly considered in Section 4.

To test the relative strength of a fit to different model SEDs,
we follow the procedure used in Bolzonella et al. (2000) to
estimate photometric redshifts:
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which measures the observed flux in a filter (Fi,obs) relative to
the flux of a model stellar population (Fi,model) and weighted by
the squared observational flux uncertainty (si

2). The SED’s flux
is calibrated to match the observed [4.5] magnitude of the
galaxy being measured in our algorithm. We limit our analysis
to magnitudes with uncertainties σm<0.75 and require a
F160W measurement. As stated previously, Spitzer colors
cannot differentiate between varying stellar populations at these
redshifts. This maximum allowable uncertainty is effective in
limiting severely anomalous photometric measurements from a
heterogeneous sample of surveys thatdo not have a constant
depth. We will show that the photometric uncertainties are
generally of minor importance when compared to the model
degeneracies of our fits. The stellar mass implied by different
models for the same redshift and magnitude have greater

variance than the uncertainty introduced by photometric errors.
This will be discussed further in Section 4.
Using the EzGal code (Mancone & Gonzalez 2012), we built

grids for each filter and stellar population model as a function
of formation redshift (2<zf<10) and observed redshift
(zobs). We consider the following models: BaSTI SSPs with
metallicities of Z=0.008, 0.0198(Percival et al. 2009) and a
Kroupa IMF (Kroupa 2002);Bruzual & Charlot (2003;here-
after BC03) constant star formation models with extinctions of
τV=0.2, 1.0and a Chabrier (2003) IMF;and two BC03
exponential decaying SF models with τ=1.0 Gyr and
Z=0.008, 0.02. The model predictions become erratic when
the stellar age of the system is low, so we implemented a cut of
zf−zobs>0.05 when fitting the formation redshift.
For the models that did not have a dust component built in,

we also explicitly calculated the extinction from a Charlot &
Fall (2000) model for the rest-frame wavelengths observed in
our filters at a stellar age computed from the zf value in the grid.
The dusty fluxes were recomputed and the fits measured using
Equation (3) in the same manner as the dust-free systems.
Once the best-fitting model is identified for each galaxy, we

calibrate the model to the observed magnitude mifor each filter
measured (i)and query EzGal for the implied stellar mass at the
observed redshift. For an individual filter’s mass measurement,
Mi,å, we estimate its uncertainty by taking the implied mass of

Figure 4. Superimposed on the LF of CCPC galaxies (Figure 2) are spectroscopic “field” galaxies (red points), taken from the same redshift source catalogs and fields
as the CCPC candidates (see the Appendix). These are simply scaled to the CCPC f values by their relative numbers at each redshift bin (ffield(z)=(NCCPC/
Nfield)fCCPC(z)). Within the uncertainties, these distributions show no statistically significant difference. The red shaded regions are the bootstrapped 95% confidence
interval for the field galaxiesand they overlap the CCPC’s 2σ range (gray shaded region) at all times.
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the galaxy if the magnitude was changed by its photometric
uncertainty (mi±σi) in that filter. Ultimately, the estimated
stellar mass of the system is computed from the uncertainty-
weighted mean value from each wavelength measured. If the
system is found to have a best-fit SED that is dusty, we subtract
the dust absorption from the observed magnitudes prior to
computing the underlying stellar mass estimates.

In this manner, we were able to fit 414 galaxies that were
below a minimum χ2 threshold, with a median value of
χ2=1.6 and a median of Nfilters=3 (F160W, [3.6], and
[4.5]). Figure 7 shows a few examples of SED fits with a
variety of χ2 values. The median mass implied for these
galaxies is 3.3×1010Me. Nearly half of the systems were best
fit by an exponentially decayingBC03 star-forming model
(185 objects), with 201 others well fit by a BaSTI SSP.
Roughly 50% of galaxies were found to be best fit by a dusty
component, and only 18% had less than solar metallicity. The
average formation redshift fit by the algorithm was generally
old, at zf=7.9. The 3D-HST data (Skelton et al. 2014) has
greater wavelength coverage in Hubble Space Telescope filters
within the CANDELS fields. The fits to 395 SEDs using this
expanded data set did have a marginally smaller median Må

value of 0.9×1010Me, a lower percentage of dusty galaxies
(27%), and 51% low-metallicity systems (compared to <15%
in our data set). The 3D-HST catalog’s photometry did not use
aperture corrections in their Spitzer magnitudes, which (if
instituted) would systematically increase the stellar mass of
these galaxies. Only 7% of the 3D-HST galaxies were best fit

by a BaSTI SSP, while the BC03 constant star formation
models was applied to roughly onethirdof CCPC sources. The
majority were fit by an exponential model, just like our own
photometric set. The mean formation redshift for the 3D-HST
photometry was zf=5.9. The 3D-HST fits have a median value
of χ2=30.5.
With the recent success of modeling galaxy SFHs as a log-

normal distribution (Gladders et al. 2013; Abramson
et al. 2016), we attempted to fit the CCPC with a similar
analysis. The log-normal distribution adopted is of the form
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where t is the time since the Big Bang, T0 is the half-mass time
of the galaxy, and τ is the half-mass width of the distribution
(Abramson et al. 2016). We took the two BaSTI SSPs
(different metallicities) as our base models, and then computed
Complex Stellar Populations (CSPs) using EzGal for a variety
of values of T0,τ ranging from 0.05�(T0,τ)�1.0. This
range corresponds to the breadth of values fit to observed SEDs
at low and high redshifts (Gladders et al. 2013). We evaluated
the goodness-of-fit with Equation (3), as before. We included
the optional Charlot & Fall (2000) dust extinction by assuming
a stellar population age (zf) coincident with a SFR
(t)=10−3(SFRmax). The factor 10−3 is fairly arbitrary, with

Figure 5. Same as Figure 4 but with [4.5] mag.
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an order of magnitude adjustment changing zf by approxi-
mately 0.2.

The log-normal routine was able to adequately describe only
207 galaxies, roughly half of the traditional number of
successful SED fits. The fits were also poorer than the
traditional fitting, with a median χ2=24.6 (compared to
χ2=1.6). This is somewhat surprising, as the volume of
parameter space explored was much larger than in traditional
fitting. The median mass for these galaxies (1.5×1010Me)
was similar to the traditional fit, with no preference for low-
metallicity systems (15%). Nearly 85% of the galaxies were
best fit with a dust component included. The mean formation
redshift was zf=10.7, only slightly older than the stellar age
from traditional fitting. The median values of T0,τ are 0.05 and
0.15 (∼1.05 and 1.16 Gyr), respectively. Running the SED
fitter on the 3D-HST data set generally confirms the earlier
results from our photometry, with a few notable exceptions.
Interestingly, more galaxies were successfully fit by using the
larger wavelength coverage (262) but with a much lower
fraction of dusty systems (0.33), a larger mean T0 (0.65), an
older mean stellar population (zf=14.6), and a slightly lower
median mass than the traditional models (0.7×1010Me). The
median values of τ=0.15 was equivalent to the log-normal
value derived with our photometry. The 3D-HST fits had a
similar value of χ2=21.7 to the log-normal fit of our data, but
are in fact more robust, as more filters were used. We will also
briefly note that although the median values here may appear to
be slightly different if traditional or log-normal SED fitting is
used, or the 3D-HST data adopted versus our own photometry,
the variance of the properties are much larger than their
differences. This suggests that the underlying properties of

these galaxies are still very uncertain. This will be discussed
further in Section 4.
Many galaxies have no Hubble Space Telescope photometry

in the CCPC. In order to estimate their Må,we adopt the simple
BC03 exponential decaying SF model with a metallicity of
Z=0.02, τ=1 Gyr, and zf=z+0.25. This choice is
reasonably justified, as the majority of the CCPC galaxy
sample was selected as unobscured star-forming systems (UV-
bright LBGs or Lyα/Hα line emitters)and this exponential
model appears to be a consistent fit with the evolution of m*. It
supplies a conservatively low-mass estimate for the system.
Figure 8 plots the galaxy stellar masses of the objects

measured by various SED-fitting methods. The scatter is large,
even for a single galaxy fit by different algorithms (log-normal
versus traditional) or different photometry (3D-HST versus our
own). The gray points are the conservative mass estimate for
each galaxy, which is simply an exponential model (BC03,
Z=0.02, and zf=z+0.25 described above). These points
can be thought of as lower limits of stellar mass for individual
galaxies. An example presented in Section 4illustrates the
circumstances in which this is the case.

4. Discussion

4.1. Hyperluminous Sources

It is clear that the Schechter function fits the data adequately
within a few magnitudes around m*. However, there are some
very bright sources (m�m*−2) that are clearly anomalous in
Figures 2 and 3. These points are rare, generally consisting of
1–3 galaxies per bin, but they are apparent at all redshifts and at
both wavelengths. In the context of ΛCDM and hierarchical
accretion, it is predicted that in the densest regions of the

Figure 6. We plot the F160W−[4.5] color evolution of six stellar populations: two BaSTI SSPs at zf=7, 10 (green and red solid lines, respectively), with an added
Charlot & Fall (2000) dust component to the zf=10 SSP (blue solid line), along with two BC03 exponential decaying SFR with τ=1 Gyr at zf=7, 10 (green and
red dashed lines), and finally a constant star formation model with an extinction of τV and zf=10 (red dot-dashed line). All models have solar metallicity. Plotted as
black points are the colors of CCPC galaxies. These span the entire range of model stellar populations. For an individual galaxy, the uncertainties are generally too
large to be assigned to one model or another. However, most systems can be separated between SSPs (generally quiescent) and star-forming models.
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universe at high redshift (z>2), the most massive galaxies
will reside (Muldrew et al. 2015). Therefore, protocluster
galaxies might be expected to be in the most massive halo
systems. Curiously, field galaxies appear to have the same
proportion of hyperluminous galaxies as their overdense
counterparts (Figures 4, 5). We will discuss a few other
possibilities for the origin of these sources.

In their Figure23, Guo et al. (2011) plotted their semi-
analytic model (SAM) Schechter stellar mass functions at
redshifts 2<z<4, overplotted with observational data from
Pérez-González et al. (2008) and Marchesini et al. (2009). The
data diverge from those models in much the same manner as
the data presented here, with a number of bright objects not fit
by the exponentially declining number density. At a redshift of
z≈7, Bowler et al. (2014) found a similar trend at rest-frame
UV wavelengths. It could be possible that at these epochs,
Equation (2) is not representative of the stellar mass of
galaxies. There is some indication that the most massive
galaxies observed at very high redshifts (z>4) had not the
time to assemble in a ΛCDM universe (Steinhardt et al. 2016),
and their halo mass density is larger than theoretical
predictions. Some of the hyperluminous sources may be these
galaxies and their descendants.

AGNs can have strongnon-stellar emission that dominates
the flux of the galaxy. These objects are contributing to the
number of hyperluminous sources. Roughly half of the
hyperluminous objects were spectroscopically selected as part

of quasar and AGN surveys, and additionally some of our data
come from targeted overdensities surrounding these types of
sources, as in Venemans et al. (2007). There is also some
evidence that AGNs are found in greater density surrounding
protoclusters (Casey et al. 2015). However, AGNs are quite
rare in LBG studies (Magdis et al. 2010).
Some of these objects were detected using NB filters

centered on redshifted Hα or Lyα lines, which were then
confirmed to be emission lines spectroscopically. However,
emission line galaxies can be incredibly faint and show little or
no continuum emission (Fynbo et al. 2003), and thus no other
absorption or other emission features are identified. Therefore,
some of these objects could be [O II] emitters (λλ3726, 3729),
or other line-emitting galaxies at lower redshifts, and are
therefore less distant than expected. Venemans et al. (2007)
discuss various tests than can be used to disqualify candidate
Lyα systemsandestimate that interlopers are �10% in their
sample. These low-redshift interlopers could account for a few
of these hyperluminous sources.

4.2. Field Galaxy Comparisons

More massive galaxy halos are systematically found in
denser environments. This is an observed effect at high
redshift, where the two-point correlation function amplitude
appears tied to the UV luminosity of LBGs (Ouchi et al.
2004b). It also has a theoretical basis found within large
ΛCDM simulations, where the most massive galaxies reside

Figure 7. Top: three examples of CCPC galaxy SED fits. The black points are the apparent magnitudes at observed wavelengths (F160W, [3.6], and [4.5] filters),
while the red lines are the template magnitudes. The formation redshifts, from left to right, are zf=3.0, 7.0, and 3.25. The left and right templates are BaSTI SSPs
with solar metallicities, while the center template is a BC03exponentially decaying model with τ=1 Gyr. The χ2 values of the fits are listed, which are used to
distinguish the relative goodness-of-fit between various models for a single galaxy. Bottom: CCPC galaxies found within the 3D-HST database (Skelton et al. 2014)
can have greater wavelength coverage (F125W, F140W, F160W, [3.6], [4.5], [5.6], and [8.0]), although these are limited to the GOODS fields. The templates
presented are dust-free. The left panel is a BC03 exponential model with τ=1 Gyr and metallicity of Z=0.008, while the middle and right panels are BasTI SSP
with solar metallicities. They have zf=3.75, 3.0, and 3.5 from left to right, respectively. The larger χ2 values of the models in this panel compared to the top panel are
the result of more measurements (with relatively small uncertainties) from which a galaxy model can differ. They are not necessarily a poorer fit. The χ2 values also
depend upon the inherent biases within the models as well, and should therefore not be treated as an absolute metric.
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almost exclusively in the densest environments (Muldrew
et al. 2015). However, it is readily apparent in Figures 4 and5
that the LFs of field galaxies are in no way distinct from their
CCPC galaxy counterparts. They contain an equal measure of
hyperluminous sources,and their respective Schechter function
parameters are equivalent.

Taken at face value, the rest-frame NIR emission of galaxies
at all redshifts and densities are essentially equal,therefore
their stellar mass contents should be similar as well. In order to
reconcile this fact with the points laid out in the previous
paragraph, we will suggest a few possible solutions. We note
that our data are not sufficient to endorse any of these over
another. The null hypothesis is that the galaxy stellar
populations at z>2 are the same, regardless of environment.

If galaxies in protoclusters are inherently brighter, as
expected, but also had a greater fraction of dusty galaxies or
more dust extinction in general, this could balance the
magnitude of field and protocluster galaxies. Assuming a
Charlot & Fall (2000) dust model, we can predict the dust
extinction for a given wavelength and stellar age. At the
redshifts measured, it is a low extinction of median
Δm∼0.6 mag for a starbursting galaxy and Δm∼0.3 mag
for an older population from 2<z<4 at 4.5 μm, with the
extinction increasing at higher redshifts. This hypothesis would
require an extremely convenient steady increase in dust
absorption across the range of rest-frame emission to account
for the stellar mass difference between protocluster galaxies
and the field. The maximum extinction during a starburst is

hardly significant (Δm≈0.6 mag), and might not be detected
within the uncertainties of m*.
Another option is that our selection of “field” sources

actually targets marginally overdense systemsand are therefore
not isolated enough to be different from the CCPC systems. As
a reminder, the initial “Field” sample was composed of galaxies
within the same survey fields as the CCPC galaxies to
minimize bias, but were not found within the same volume
as a CCPC candidate. After this sample showed no differentia-
tion, a smaller subsample was crafted that contained N<4
galaxies in the same volume as the CCPC. This also did not
show any difference in the LFs when compared to the CCPC.
Analysis of galaxies limited to the GOODS-S survey also
showed no statistically distinct difference, suggesting that in
this particular instance, the myriad of spectroscopic selection
functions of the CCPC galaxies did not dilute a potential signal.
Contini et al. (2015) analyzed zoomed-in protocluster

galaxies in a SAMand found that for galaxies in the region
of a protocluster, but not bound to it at z=0, the galaxy
properties (color, mass, etc.) were indistinguishable. It is
possible these field galaxies may be similarly camouflaged. A
related plausibility is that a large number of interlopers within
the overdensity volumes mask a detectable differentiation. If,
however, the rarest, most massive galaxies form only in the
densest regions of the universe (Muldrew et al. 2015), then
presumably some evidence of these could be solely evident in
the CCPC LFs. Recently, Hatch et al. (2016) found evidence
suggesting that dense sub-groups in a protocluster at z∼1.6
exhibited differentiation with respect to the field, while

Figure 8. Stellar masses (in units ofMe) as a function of redshift (note the logarithmic scale) for CCPC galaxies estimated via traditional SED fitting (black
points)and log-normal SFH fitting (blue points). All galaxies with a [4.5] measurement are shown as gray points, which assume a youngbright stellar population with
an exponentially decaying SFR. Also included are galaxies photometrically measured by the 3D-HST project (Skelton et al. 2014) by traditional and log-normal SED
fitting (red and green points, respectively). Individual galaxies with more than one stellar mass estimate can have large variances (much larger than the photometric
errors) based on the model selected with the minimum χ2 value. For instance, a bright galaxy with a young stellar population can have an order of magnitude lower
stellar mass than the same galaxy fit by an old SSP. We are not able to adequately select a unique model for a given galaxy with our data. The masses are the
uncertainty-weighted mean values from the adopted population model. The gray error bars are suppressed for clarity, but are generally larger than the other data points,
as they are only measured at 4.5 μm. The galaxies with the largest stellar masses are typically the “hyperluminous” sources seen in Figures 2 and 3, as expected. These
include a probable mix of AGNs, low-redshift interlopers, and simply massive systems.
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twothirdsof the member galaxies outside of groups showed no
variation.

A further possible, but poor, explanation is that the
spectroscopic selection of the surveys used are more incom-
plete in these field regions than in the CCPC volumes, and
therefore may well be overdense themselves. However,
spectroscopic completeness is strongly correlated to flux for
practical purposesand we see no difference with galaxy
densities brighter than m*. At the present time, we do not
have a satisfactory explanation for this discrepancy.

4.3. *m Evolution

In the context of previous works, our results for the redshift
dependence of m* are puzzling. Mancone et al. (2010) and
Brodwin et al. (2013) analyzed the Spitzer LFs and
SFR,respectively,of the same cluster sample at z<2. They
conclude that the epoch at which cluster galaxies are under-
going rapid mergers (and therefore mass assembly) is
approximately z∼1.5. Wylezalek et al. (2014) investigated
the Spitzer LF of clusters and protoclusters at z�3and found
no evidence of such a rapid mass assembly at z∼1.5. They
found that a passively evolving stellar population is consistent
with the full m*(z) range of both Mancone et al. (2010) and
Wylezalek et al. (2014). Wylezalek et al. (2014) hypothesized
that as they were probing higher redshifts, and thus rarer/
denser volumes, they didnot observe the mass assembly seen
at z∼1.5 by Mancone et al. (2010), which corresponds to
more common overdensities. As a result, they speculated that it
might be possible to observe a different epoch of cluster
assembly at higher redshifts (z>3) than their sample. This is
akin to a cluster-scale version of galaxy downsizing, where the
densest clusters will form the quickest. We do not see any
behavior analogous to the high-redshift (1.5<z<2.0) m*

variability of Mancone et al. (2010) in our sample, which
would indicate rapid mass assembly.

When our data is analyzed with the two previous works
(Figure 9), the evolution of the characteristic magnitude (m*) is
fully consistent with a SSP formed at zf�10. Even more
puzzling is that the field sample at these redshifts is equivalent
in all respects to the overdense sample, apart from the scaling.
We gain little insight into the epoch of rapid mass assembly of
cluster galaxies, or of the field for that matter. More CSPs, such
as an exponential decay model with τ∼1 Gyr, can also be
consistent with the data. A constant star formation model is not
favored, regardless of which m*(z) value it is calibrated to.

It should be noted that this is not a progenitor-matched
study, in that as the redshift increases, the possibility of
detecting a weak overdensity will decrease. CCPC candidates
at z>4 will likely not evolve into the z=2 candidates from
Wylezalek et al. (2014) in a one-to-one fashion. However,
some overlap could occur, particularly with their strongest
overdensities. From our simple analysis, it appears that
Spitzer m* values in dense environments, a tracer of the stellar
mass content of these galaxies, is consistent with the passive
evolution of a single burst of star formation at zf=10 over
nearly 10 Gyr (0.3<z<6.6) of time.

It could be hypothesized that the marginally overdense
CCPC candidates could merely be field galaxies. Their
inclusion in the LFs (Figures 4 and 5) could thus mask a
weak signal of differentiation in the stellar mass functions of
protocluster versus field galaxies. As a simple test of this
hypothesis, we recomputed the [4.5] m* values for subsamples

of galaxies that exist in overdensities of δgal>2, 3, 4 and 5.
The redshift and magnitude bins remained unchanged from the
analysis of the total sample. The m* redshift evolution of these
subsamples are broadly consistent with the 2σ uncertainties
presented Table 2. There appears to be no statistically
significant correlation between m* and δgal within our limited
subsamples. For CCPC galaxies at z<3.25, m* is brighter by
less than 0.3 mag between the subsamples of δgal>4 and
δgal>2, on average. This is consistent with the uncertainties
listed in Table 2. Significant deviations between the total and
subsamples of Δm*>1 occur only in some high-redshifth-
igh-overdensity bins that lack significant galaxy numbers
(N∼101) to provide a satisfactory solution.

4.4. Galaxy Selection Implications

A further curiosity is evident when the evolution of m* is
considered in the context of the galaxy type predominantly
represented in our sample. CCPC galaxies generally originate
from LBG and line-emitting galaxy (Lyα emitters) spectro-
scopic surveys, which are selected directly because of their
large UV luminosity/SFR. Figure 9 illustrates that a consistent
fit to the model of m* galaxies from 0.3<z<6.6 is a SSP, not
a constant star formation model, dusty or otherwise. At low
redshifts this is not surprising, as a passive stellar population
model has historically been well fit to overdense regions
(Stanford et al. 1995). However, the high-redshift systems are
SFGs by selection, and yet the data clearly disfavor the model.
The exponential decaying SFR model (Tinsley 1972) with
τ=1 Gyr is also consistent with the evolution of m*.
However, this type of model is not able to fit roughly one
quarterof all z=0 galaxy SFHs (Oemler et al. 2013).
Exponential decay models with τ=10 Gyr look similar to
that of the constant star formation model. Figure 9 is
normalized to match the data of Mancone et al. (2010) at
redshift z<1.1.
It could be assumed that by normalizing the star formation

model to a different m*(z) value, the data might be better fit.
However, the shape of the model does not change, just its
scaling. The constant SFR model will be too bright at lower
redshifts and too faint at higher redshifts, regardless of the
scaling. However, this simple observation should not be
considered wholly unreasonable. There were a variety of
individual sources that were fit with SED templates of
exponential decaying SFRs, which are still forming stars at
these early epochs of the universe, and the τ=1 Gyr model in
Figure 9 is consistent with the data. At these wavelengths, the
predictions between a youngSSP and a decaying SFR cannot
be disentangled within the uncertainty of the data.
An important factor to consider in the context of this entire

work (not just the m* evolution) is that our spectroscopic
galaxy sample does not consist of the majority of galaxies at
z>2. In fact, van Dokkum et al. (2006) showed that
approximately 80% of galaxies are not LBGs between
2<zphot<3. Many of these other objects are distant red
and dusty star-forming galaxies (DRGs and DSFGs). This trend
appears to become even more pronounced at higher redshifts.
In the range of 3<z<4, only 14% of galaxies with
photometric redshifts would be identified as LBGs, with the
remainder being nearly split between DSFGs and DRGs
(Spitler et al. 2014). It is unclear, without spectroscopic
confirmation of protocluster membership, how these DRGs/
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DSFGs might cluster differently than their LBG counterparts,
or if they might have LFs that vary with environment.

These DRGs are forming a not-insignificant number of stars,
on the order of a 20% contribution to the cosmic star formation
density at 1.5<z<2.5 (Webb et al. 2006). They therefore
may not be completely unlike the spectroscopic galaxies in our
sample. Unfortunately, Spitler et al. (2014) noted that most of
these DRGs are much fainter (∼2 mag) than the canonical
spectroscopic limit of RAB�25.5 for current instrumentation.
For the present, it appears that this question will remain
unanswered in the context of a spectroscopically confirmed
protocluster sample like the CCPC.

Although we do not expect to have DRGs/DSFGs in the
CCPC, which are the dominant galaxy populations at high
redshift, we can make comparisons to cluster and protocluster
candidates that do have these systems at lower redshift. In fact,
we have already performed such an analysis, in that Mancone
et al. (2010) and Wylezalek et al. (2014) didnot rely solely on
spectroscopic redshifts for cluster membership. Mancone et al.
(2010) computed photometric redshift probabilities from
deepmulti-wavelength data, while Wylezalek et al. (2014)
utilized Spitzer color cuts to identify high-redshift galaxies in
their overdensities. Both of these techniques are sensitive to
galaxy populations not characterized by bright UV continuum
selection (e.g., LBGs). As the entirety of the m* evolution is
consistent with an SSPpassively evolving, it is plausible that
the LFs of DRGs and spectroscopically confirmed LBGs may
not be significantly divergent at these redshifts. Indeed, the
redshifts at which Wylezalek et al. (2014) and this work
overlap are in agreement within the uncertainties, despite the
differences in selection.

4.5. Inferred Stellar Masses and Galaxy Properties

SED fitting is an incredibly useful tool for estimating
redshifts and galaxy properties at high redshift over a range of
populations (Bolzonella et al. 2000; van Dokkum et al. 2006).
However, it is possible to fit more models and parameters to the
data than can actually be constrained. In addition, there are
significant degeneracies among model parameters that can
match the same data at these high redshifts (Papovich et al.
2001; Magdis et al. 2010), such as the well-known age–
metallicity–dust degeneracy. The models differ among them-
selves, with varying treatment of thermally pulsating asympto-
tic giant branch stars or the adoption of varying IMFs (Bruzual
& Charlot 2003; Percival et al. 2009). Furthermore, with little
a priori knowledge of the uncertain galaxy zoo extant at high
redshift, the difficulties compound. These issues are indeed true
in the case of the CCPC, with our limited wavelength coverage,
as well as in numerous other studies. However, some properties
can be loosely constrained by our data, and itis therefore a
useful exercise if one is cognizant of the limitations of SED
fitting.
Primarily, the rest-frame NIR data provided by Spitzer

provides a proxy for the underlying stellar mass of the CCPC
galaxies at high redshift. Unfortunately, for the same reason
they are a powerful tool for measuring stellar mass, these colors
provide little information in determining any other property of
the underlying galaxy (e.g., passive versus star-forming,
metallicity variations, formation redshift; see Cooke
et al. 2014). Hubble Space Telescope filters (e.g., F125W,
F140W, F160W) that measure rest-frame optical bands at the
redshifts of the CCPC are able to generally distinguish between
passive and SFGs. In Figure 6, a number of model stellar

Figure 9. Evolution of m* as a function of redshift for 3.6 μm (left) and 4.5 μm (right panel). The black points are the CCPC values, while green and red values are
from Mancone et al. (2010) and Wylezalek et al. (2014), respectively. The error bars shown for the CCPC are 1σ values computed by bootstrapping. Overplotted are
various models computed using EzGal. Briefly, we have included two BaSTI simple stellar populations at formation redshifts zf=7, 10 (solid green and red lines,
respectively)and added a Charlot & Fall (2000) dust prescription to the zf=10 SSP (blue solid line). From the BC03 models, we included an exponentially declining
SFR model with τ=1 Gyr (dashed red line) and a constant star-forming model with an extinction of τV=1 (dash–dotted red line). This latter model provides a poor
fit to the m* evolution, while the two SSPs (zf=7, 10) and exponential model are consistent with the data. Each model is scaled to match the z=1.1 m* value from
Mancone et al. (2010), although this choice is not unique. The scaling simply moves the evolution curves to brighter or fainter magnitudes, but the shape remains
constant. Therefore, for any scaling choice, a constant star-forming model will provide a poor fit. The dust model was originally calibrated to the same m* value as the
others, but was not re-scaled to show the effect.
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populations are plotted as a function of redshift and F160W –

[4.5] color. A clear bifurcation is shown at z∼2, which grows
more pronounced at larger redshifts. Within the photometric
errors of our colors, it is not possible to assign a preferred SFR
or formation redshift to the CCPC galaxies. Clearly a range of
stellar populations may exist. Dust obscuration is also
uncertain, as a typical reddening of these colors is ∼0.5 mag
or less for the BaSTI SSPs. This which is the 1σ photometric
uncertainty in many cases.

To briefly illustrate the perils of mass estimation among
various models, let us take an idealized example of a galaxy
with a measured [4.5]=20 AB magnitude. We can infer
the stellar mass of this system from a menagerie of
models available using a formation redshift zf=10 and
solar metallicity. At z=2, the observed system can have a
range of 1×1011<Må<3×1011Me for the extreme
cases of a BC03 SFG to a BaSTI SSP, respectively. At a
redshift z=6, this gap can widen to roughly
4.5×1011<Må<9.5×1011Me. Lowering the formation
redshift will also decrease the implied stellar mass by a factor
of �3. Notice that this example did not take into account any
photometric uncertainties, dust, metallicity variations, or flux
measurements at other wavelengths. A change in zf can have an
outsized role if it is close to the redshift of the galaxy (e.g., a
young galaxy). An oldbright galaxy can have 10× the stellar
mass than that of a young system of the same luminosity.

In practice, the χ2 values from successive SED fits were
observed to not change significantly. This was in spite of their
sometimes drastically different stellar populations (e.g.,
quiescent versus star-forming). A brief examination of Figure 6
reveals that various models can exist within the color
uncertainty of the CCPC galaxies. We wish to caution readers
that SED fitting can have a difficult time excluding models,
especially with the limited wavelength coverage presented
here. Therefore, stellar mass uncertainties are dominated by
systematic variations in the models and the subsequent fitting
procedure.

Comparing the model fits on a system-by-system basis
provides a cautionary tale for determining galaxy properties
(mass, age, metallicity) via the SED-fitting method. We applied
our algorithm, for both log-normal and more traditional SEDs,
to the data we measured, in addition to a companion
photometric catalog in the CANDELS fields (3D-HST; Skelton
et al. 2014). The stellar mass estimates could vary by an order
of magnitude or more for a single galaxy, but we found no
statistically significant trends among the combination of two
data sets and the two SFH prescriptions (log-N versus
traditional). Although there might appear to be a mean offset
of formation redshift between our data and the 3D-HST catalog
of ( )á - ñ ~z z D3 2f f , for instance, the scatter between the two
(σ=4.5) is much larger. The mean mass and χ2 differences
follow much the same pattern, where occasionally a galaxy will
be better fit or more massive via log-normal fitting, but a
subsequent galaxy will have the opposite effect. This appears to
be a classic case of overfitting the data, with various models
supporting divergent implications (SFG versus quiescent)
being equal fits to the photometry. It does not appear we are
able to constrain the stellar populations or masses for the CCPC
galaxies with any reliability.

Despite these concerns, our estimated stellar masses are not
wholly unreasonable. We compare our mean Må values to the
sample investigated by Magdis et al. (2010) of LBGs at z∼3

with Spitzer data. Their mean stellar masses are 2.8×1010Me
and 4.2×1010Me, depending on which suite of models they
use. Our mean values are 3.0×1010Me for log-normal fitting
and 6.7×1010Me using our traditional SEDs. Their catalog
also contains a few very brightnon-AGN sources that exceed
Må�5×1011Me, much like our own results (the hyperlu-
minous sources). Although individual objects may suffer from
systematic uncertainties in the Må estimates, the CCPC as a
whole is a reasonable match to other stellar mass studies of
bright galaxies at high redshift.

5. Summary

Although longitudinal data is required to perfectly map the
evolution of galaxies (Abramson et al. 2016), astronomy must
content itself with studies that contain as minimal inherent bias
as possible. This manuscript details the Spitzer photometry of
protocluster galaxies in the CCPC. The catalog probes galaxies
between redshifts 2<z<6.6 in dense environments. We built
LFs of the galaxies in various redshift bins at 3.6 and 4.5 μm
wavelengths. These measure the rest-frame NIR emission of
the galaxy populations to trace their stellar mass as a function
of redshift.
The galaxies in both the field and CCPC samples contain

extremely bright sources up to fivemagnitudes brighter than
the characteristic magnitude m*. These galaxies are divergent
from the shape of the Schechter functionand exist at nearly all
redshifts. Many of these are expected to be bright AGNs and a
few (<10%) low-redshift interlopers. SAMs do not predict that
these types of galaxies should exist (Guo et al. 2011), although
they have been observed previously at similar redshifts (Pérez-
González et al. 2008; Marchesini et al. 2009). Their nature is
not yet established.
Field samples of galaxies are also photometrically measured

and remarkably,the LFs of the overdense regions are not
statistically distinct from their field counterparts. In our current
understanding of galaxy formation, the expectation is that the
most massive galaxies at any epoch will be found in the densest
environments. In Section 4, we analyzed a number of
possibilities that might explain this phenomenon, but cannot
find a satisfactory conclusion. We believe this to be the most
fundamental result of this work.
We model the fitted LF parameter m* as a function of

redshift in the context of various stellar population models. By
including the measurements at lower redshifts from Mancone
et al. (2010) and Wylezalek et al. (2014), we find that a
passively evolving stellar population formed in a single burst at
high redshift (zf=7–10) is consistent with the data at all
redshifts (0.3<z<6.6). An exponentially decaying star
formation model with τ=1 Gyr is also in agreement with
the data. Despite the fact that the majority of CCPC galaxies
were spectroscopically selected based on their star-forming
properties (e.g., LBGs and line emitters) a constant star-
forming model is a poor fit to the observed m*(z).
An SED-fitting technique has provided stellar mass estimates

and some general information about the properties of the CCPC
galaxies. We use supplemental Hubble Space Telescope data to
probe the rest-frame optical emission to measure stellar colors
for additional model constraints. However, we are careful to
note that even with greater wavelength coverage than
thatpresented here, SED fitting can be fraught with degen-
eracies (dust, age, metallicity) and inter-model uncertainties.
Overall, the CCPC appears to be composed of M1010Me
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galaxies with mean formation redshifts zf>7. Apart from
these broad statements, we cannot provide reliable dust content,
metallicity information, or unique model fits to individual
CCPC sources.
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Appendix

The spectroscopic redshifts used in the Field samples of
galaxies (Section 3) came from the following sources (and
references therein), as compiled by NED: Worseck et al.
(2008), McIntosh et al. (2004), Noll et al. (2004), Le Fèvre
et al. (2005), Bond et al. (2012), Balestra et al. (2010), Wuyts
et al. (2008), Santini et al. (2009), Le Fèvre et al. (2004),
Bonzini et al. (2012), Luo et al. (2008), Mainieri et al. (2008),
Bond et al. (2011), Straughn et al. (2011), Mignoli et al.
(2005), Xue et al. (2010), Trump et al. (2011), Treister et al.
(2009), Hewett & Wild (2010), Wuyts et al. (2009), Tanaka
et al. (2013), Eales et al. (2003), Barger et al. (2002),
Menéndez-Delmestre et al. (2009), Reddy et al. (2006), Pope
et al. (2006), Conselice et al. (2011), Pirzkal et al. (2013), Erb
et al. (2006), Steidel et al. (2004), Papovich et al. (2001),
Fernández-Soto et al. (1999), Bertincourt et al. (2009),
Fernández-Soto et al. (2001), Hayashi et al. (2009), Ly et al.
(2009), Ramos Almeida et al. (2009), Whitaker et al. (2011),
Park et al. (2010), Gobat et al. (2012), Gobat et al. (2013),
Gobat et al. (2011), Kocevski et al. (2009), Erb et al. (2003),
Shapley et al. (2005), Colbert et al. (2006), Keel et al. (2002),
Steidel et al. (2003), Abraham et al. (2004), Vanzella et al.
(2002),Wuyts et al. (2007), Kilic et al. (2005), Sealey et al.
(1998), Galametz et al. (2013), Gavignaud et al. (2006),
Worseck & Wisotzki (2006), Silverman et al. (2010), Szokoly
et al. (2004), Elmegreen & Elmegreen (2010), Brammer et al.
(2013), Trump et al. (2014), Kriek et al. (2008), Wolf et al.
(1999), Doherty et al. (2010), Brusa et al. (2010), Söchting
et al. (2012), Song et al. (2014), Pentericci et al. (2002), Kurk
et al. (2004a), Pentericci et al. (2000), Croft et al. (2005), Kurk
et al. (2004b), Roettgering et al. (1997), Lowenthal et al.
(1997), Papovich et al. (2005), Moth & Elston (2002), Wang

et al. (2004), Tadaki et al. (2011), Yoshikawa et al. (2010),
Matsuda et al. (2011), Weiner et al. (2005), Georgakakis et al.
(2006), Smail et al. (2004), Onodera et al. (2010), Shapley et al.
(2004), Vogel & Reimers (1995), Peter et al. (2007), Chapman
et al. (2004b), Moorwood et al. (2000), Cristiani & D’Odorico
(2000), Stalin et al. (2010), Melnyk et al. (2013), Simpson et al.
(2014), Donley et al. (2010), Casey et al. (2011), Salimbeni
et al. (2009), Grazian et al. (2006), Rangel et al. (2014), Osmer
et al. (1994), Silverman et al. (2005), Storrie-Lombardi et al.
(1996), Dannerbauer et al. (2004), Cowie et al. (2004), Erb
et al. (2004), Adams et al. (2011), Barger et al. (2000),
Lowenthal et al. (2009), Phillips et al. (1997), Trouille et al.
(2008), Swinbank et al. (2004), De Breuck et al. (2004),
Anderson & Margon (1987), Digby-North et al. (2010), Erb
et al. (2011), Harrison et al. (2012), Lehmer et al. (2009a),
Petitjean & Srianand (1999), Hamann et al. (1997), York et al.
(1991), Cowie et al. (1995), Zheng et al. (2004), Rodney et al.
(2014), Yang et al. (2011), Donley et al. (2007),
Georgantopoulos et al. (2011), Wirth et al. (2004), Danner-
bauer et al. (2006), Kulas et al. (2012), Law et al. (2012),
Dobrzycki & Bechtold (1996), Tripp et al. (1997), Tanner et al.
(1996), Hainline et al. (2011), Schreier et al. (2001),
Kirkpatrick et al. (2012), Brusa et al. (2009b), Bond et al.
(2014), Daddi et al. (2005), van Breukelen et al. (2005),
Knudsen et al. (2008), Bauer et al. (2002), Dawson et al.
(2001), Fasano et al. (1998), Conselice et al. (2003), Riechers
et al. (2011), Ivison et al. (2011), Wang et al. (2006), Barger
et al. (2001b), Postman et al. (2001), Reimers et al. (1989),
Iwata et al. (2005), Castro-Rodríguez & López-Corredoira
(2012), Rafelski et al. (2011), Teplitz et al. (2007), Diener et al.
(2013), Bothwell et al. (2013), Lanzetta et al. (1996), Campos
et al. (1999), Coppin et al. (2008), Wolfe & Prochaska (2000),
Bielby et al. (2013), Rafelski et al. (2009), Rigby et al. (2008),
Akiyama (2005), Ross et al. (2012), Lilly et al. (2007), Sharp
et al. (2002), Barger et al. (2001a), Rodriguez-Pascual et al.
(1995), Simcoe et al. (2006), Venemans et al. (2007),
McCarthy et al. (1996), Tapken et al. (2007), Santos et al.
(2004), Vernet & Cimatti (2001), Songaila (1998), Sarajedini
et al. (2011), Chapman et al. (2004c), Magdis et al. (2010),
Fynbo et al. (2003), Storrie-Lombardi & Wolfe (2000),
Gavignaud et al. (2008), Cristiani et al. (2000), Feruglio
et al. (2011), Shapley et al. (2001), Rottgering et al. (1995),
Civano et al. (2011), Fynbo et al. (2001), Møller & Fynbo
(2001), Stanford et al. (2004), Webb et al. (2003), Savaglio
et al. (1997), Srianand (1996), Venemans et al. (2005),
Le Fevre et al. (1996), Maschietto et al. (2008), Ciardullo
et al. (2012), Bond et al. (2010), Straughn et al. (2008), Xu
et al. (2007), Lehmer et al. (2009b), Cantalupo et al. (2007), Lu
et al. (1998), Trump et al. (2009), Grove et al. (2009), Barger
et al. (2008), Petry et al. (1998), Tran et al. (2005), Sand et al.
(2005), Hawkins & Veron (1993), Veron & Hawkins (1995),
Inoue et al. (2011), Nestor et al. (2011), Shapley et al. (2006),
Chapman et al. (2004a), Watabe et al. (2009), Hayashino et al.
(2004), Steidel et al. (2000), Vanzella et al. (2004), Steidel
et al. (1999), Mehlert et al. (2002), Ellison et al. (2001),
de Bruyn et al. (1996), Polletta et al. (2008), Lemoine-
Busserolle et al. (2010), Krumpe et al. (2008), Fiore et al.
(2012), Vanzella et al. (2006), Tang et al. (2014), Gnerucci
et al. (2011), Jangren et al. (2005), Boutsia et al. (2011),
Hornschemeier et al. (2001), Barger et al. (2003), Hainline
et al. (2006), Scott et al. (2000), Schaye et al. (2000), Ouchi
et al. (2008), Vanzella et al. (2008), Fontanot et al. (2007),
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Tozzi et al. (2009), Brusa et al. (2009a), Patnaik et al. (1992),
Saito et al. (2008), Shim et al. (2011), Vanzella et al. (2010),
Rhoads et al. (2009), Daddi et al. (2009), Ouchi et al. (2004a),
Yoshida et al. (2006), Savaglio et al. (1994), Schneider et al.
(1991), Iwata et al. (2007), Tapken et al. (2006), Wang et al.
(2009), Dawson et al. (2004), McLure et al. (2006), Ouchi et al.
(2005), Saito et al. (2006), Maiolino et al. (2009), Hu et al.
(2010), Ranalli et al. (2013), Zheng et al. (2013), Finkelstein
et al. (2009a), Finkelstein et al. (2009b), Raiter et al. (2010),
Stanway et al. (2007), Vanzella et al. (2005), Coppin et al.
(2010), Pentericci et al. (2011), Bunker et al. (2004), Malhotra
et al. (2005), Rhoads et al. (2005), Buchner et al. (2014), Hathi
et al. (2008), Finlator et al. (2007), Stanway et al. (2004b),
Dow-Hygelund et al. (2007), Finkelstein et al. (2011), Husband
et al. (2013), Péroux et al. (2001), Djorgovski et al. (2003),
Casey et al. (2012), Taniguchi et al. (2009), Martin et al.
(2008), Henry et al. (2012), Murayama et al. (2007), Davies
et al. (2010), Hu et al. (1996), Carilli et al. (2013), Elston et al.
(1996), Wampler et al. (1996), Riechers et al. (2006), Kajino
et al. (2009), Stark et al. (2013), Stark et al. (2011), Kakazu
et al. (2007), Stern & Spinrad (1999), Weymann et al. (1998),
Dawson et al. (2002), Neri et al. (2014), Reshetnikov &
Vasil’Ev (2002), Spinrad et al. (1998), Ando et al. (2004), Tan
et al. (2014), Kashikawa et al. (2011), Shimasaku et al. (2006),
Toshikawa et al. (2014), Jiang et al. (2013), Nagao et al.
(2007), Dawson et al. (2007), Lemaux et al. (2009), Anderson
et al. (2001), Hu et al. (2004), Hu et al. (1999), Curtis-Lake
et al. (2012), Ouchi et al. (2010), Grazian et al. (2012), Ouchi
et al. (2009), Schenker et al. (2012), Ono et al. (2012), Stanway
et al. (2004a), Jiang et al. (2011), Taniguchi et al. (2005),
Kashikawa et al. (2006), Iye et al. (2006), Nagao et al. (2004),
Nagao et al. (2005), andRhoads et al. (2004).
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