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Abstract

Using deep multi-wavelength photometry of galaxies from ZFOURGE, we group galaxies at 2.5 < z < 4.0 by the
shape of their spectral energy distributions (SEDs). We identify a population of galaxies with excess emission in
the K-band, which corresponds to [O II]+H( emission at 2.95 < z < 3.65. This population includes 78% of the
bluest galaxies with UV slopes steeper than 5 = —2. We de-redshift and scale this photometry to build two
composite SEDs, enabling us to measure equivalent widths of these extreme [O II]+HQ3 emission line galaxies
(EELGs) at z ~ 3.5. We identify 60 galaxies that comprise a composite SED with a [OII]4+-Hg rest-frame
equivalent width of 803 + 228 A and another 218 galaxies in a composite SED with an equivalent width of
230 =+ 90 A. These EELGs are analogous to the “green peas” found in the SDSS and are thought to be undergoing
their first burst of star formation due to their blue colors (3 < —1.6), young ages (log(age yr—!) ~ 7.2), and low
dust attenuation values. Their strong nebular emission lines and compact sizes (typically ~1.4 kpc) are consistent
with the properties of the star-forming galaxies possibly responsible for reionizing the universe at z > 6. Many of
the EELGs also exhibit Ly« emission. Additionally, we find that many of these sources are clustered in an
overdensity in the Chandra Deep Field South, with five spectroscopically confirmed members at
7 = 3.474 £ 0.004. The spatial distribution and photometric redshifts of the ZFOURGE population further
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confirm the overdensity highlighted by the EELGs.
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1. Introduction and Background

The discovery of galaxies with strong [O IIIJAS007 emission,
extreme star formation rates (SFRs), low masses, and low
reddening by Cardamone et al. (2009) was key to finding
objects thought to be responsible for the reionization of the
universe (Robertson et al. 2013, 2015; Nakajima &
Ouchi 2014). Known as “green peas” for their strong emission
in the rest-frame optical and compact sizes, similar galaxies
have since been found at much higher redshifts. These green
peas seem in many aspects to be more extreme versions of blue
compact dwarfs (Sargent & Searle 1970), having low masses
and strong nebular emission lines, albeit with distinctly higher
specific star formation rates (sSFRs; e.g., Maseda et al. 2014).

These objects exhibit bright optical nebular emission lines
such as Ha and [O111], with rest-frame equivalent widths of
several hundred to over one thousand angstroms, indicating
bursty star-forming activity (e.g., Atek et al. 2011; van der Wel
et al. 2011; Maseda et al. 2013; Stark et al. 2014; Sanders
et al. 2016, hereafter S16). Such galaxies are increasingly
common at higher redshifts, appear to have enhanced [O III]

* This Letter includes data gathered with the 6.5 m Magellan Telescopes
located at Las Campanas Observatory, Chile.

galaxies: starburst — large-scale

A5007 relative to both HB and [O II]A3727, and are often Ly«
Emitters (LAEs; e.g., Labbé et al. 2013; Smit et al. 2014;
Holden et al. 2016; Nakajima et al. 2016; Trainor et al. 2016).

While the strong emission lines of these objects can be
detected with spectroscopy at z ~ 3 (Holden et al. 2016;
Nakajima et al. 2016; S16), the rest-frame optical stellar
continuum is quite faint (K; > 25). Indeed for such low-mass
objects, this continuum has until recently been too faint for
spectroscopy of large samples at these redshifts (e.g.,
Nanayakkara et al. 2016). However, we can use the deep
multi-wavelength photometry available in ZFOURGE to con-
struct composite SEDs (Forrest et al. 2016) and analyze the
faint stellar continuum of a sample of emission line objects
at2.5 <z <40.

We will refer to the most intense of these compact, [O III]-
emitting galaxies, as extreme emission line galaxies (EELGs),
and galaxies with less intense, but still significant [O 1]
emission as strong emission line galaxies (SELGs) for the
duration of the Letter. We assume a ACDM cosmology of
Oy = 03,0 = 0.7, and Hy = 70 km s~ ' Mpc~". For such a
universe, 1” = 7.320kpc at z = 3.5. We use a Chabrier initial
mass function (Chabrier 2003) and the AB magnitude system
(Oke & Gunn 1983).
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2. Data and Methods
2.1. [0 1] Emitter Photometry

We use data from the mediumband near-infrared FourStar
Galaxy Evolution Survey (ZFOURGE; Straatman et al. 2016).
This survey combines imaging from a large number of previous
surveys to create the deepest K -band detection image (see
Straatman et al. 2016 for details) of the Chandra Deep Field
South (CDFS; Giacconi et al. 2002), with a 5o limiting depth
of 26.5 AB mag. Imaging in the COSMOS (Scoville
et al. 2007) and UDS (Lawrence et al. 2007) fields are also
quite deep, at 25.5 and 25.7 mag, respectively. In addition, due
to its mediumband filters bracketing well-known features, such
as the Balmer break, [O1II] emission, and Ha emission,
ZFOURGE provides precise photometric redshifts. Extensive
testing against spectroscopic redshifts yielded oy gpec = 0.01
(Nanayakkara et al. 2016; Straatman et al. 2016). The
photometric redshift errors for objects without spectroscopic
redshifts were also estimated from the photometric redshift
differences of close pairs (Quadri & Williams 2010). For blue
star-forming galaxies, this method yields o pairs = 0.015 at
z ~ 2.5, which agrees with the photo-z determinations from
EAZY (Brammer et al. 2008).

B. Forrest et al. (2017, in preparation) build a set of
composite  SEDs from non-AGN ZFOURGE galaxies in
2.5 < 7 < 4.0, with SNRg, > 20. AGN are removed using
the catalogs from Cowley et al. (2016), which account for
infrared, X-ray, and radio selected sources. The composite SED
method uses de-redshifted photometry to group galaxies
together by SED shape, then scales the photometry of similar
galaxies, termed analogs, to trace the intrinsic SED with better
spectral resolution than is possible with the photometry of a
single galaxy. Medians of these de-redshifted photometric
points in wavelength bins are then taken to be the composite
SED. Each point has a custom composite SED filter
constructed from a weighted combination of the underlying
photometry, which is used in fitting programs such as FAST
(Kriek et al. 2009). This method was introduced by Kriek et al.
(2011), and details are also provided in Forrest et al. (2016).

The bluest composite SEDs show significant emission from
[O m]+Hp, corresponding to a sample of EELGs (60 galaxies),
and the other to a population of SELGs (218 galaxies). The
emission lines fall into the K -band in the redshift range
2.95 < z < 3.65, and this excess flux in the K -band increases
our confidence in the photometric redshifts, which are in strong
agreement with the handful of spectroscopic redshifts available
for this population.

Spectroscopic redshifts for a subset of galaxies in our sample
are found by cross-matching with several works including ESO/
GOODS spectroscopy from FORS2 (Vanzella et al. 2009) and
VIMOS (Balestra et al. 2010), 3D-HST (Momcheva et al. 2016),
and the ZFIRE survey (Nanayakkara et al. 2016). These samples
total 37 SELGs and 7 EELGs with either grism or spectroscopic
redshifts. There are 17 emission line galaxies with HST/WFC3/
G141 grism redshifts from 3D-HST, with median |Az|/z =
0.04, and 27 with rest-frame ultraviolet spectroscopic redshifts,
with median |Az|/z = 0.016.

2.2. Fitting Stellar Continuum with FAST

We make use of FAST to fit the stellar continuum of the
composite SEDs using the Bruzual & Charlot (2003, here-
after BC0O3) models to obtain equivalent widths for optical
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emission lines in Section 3.2. Accounting for emission lines as
strong as those observed in the EELGs is of critical importance
during this process. Failure to do so will result in FAST
overestimating the stellar continuum, leading to errors in
parameters such as stellar mass, SFR, and age (e.g., Erb
et al. 2010; Atek et al. 2011; Reddy et al. 2012; Salmon
et al. 2015, hereafter S15; L. Spitler et al. 2017, in preparation).

We test three methods for fitting both the composite SEDs
and the individual galaxies using the BC03 models. Declining-
7 models for all three methods have 7 < log(r yr~}) < 11,
ages 6 < log(ageyr!) < 9.25, and dust attenuations
0 < Ay/mag < 4.

First, we fit the BCO3 models to the set of photometry
(Method A). The strength of the emission feature artificially
raises the level of the stellar continuum, and thus the mass, for
this method. Second, we use the same models, but mask out
points affected by [O I]4+HS emission (Method B). The third
method uses a set of high-resolution (AX = 1 A) BCO3 models
with emission lines added fit to the entire composite SED
(Method C). These emission line models, as detailed in Section
3 of S15, include 119 sets of relative emission line strengths
with nebular emission taken into account. While the nebular
continuum is not considered in this method, effects from this
flux are minimal in the rest-frame optical, and so can be safely
ignored (S15). We also run sets of models with several
metallicity values.

Method C yields the best fit to the composite SED, with
x2 = 4.97 for the EELG composite, compared to x> = 7.83
using Method A, which is used in the ZFOURGE catalogs. The
best fits also have a sub-solar metallicity, Z = 0.004, in
agreement with studies suggesting low metallicities for these
galaxies (e.g., Salzer et al. 2005; Izotov et al. 2011; van der
Wel et al. 2011; S15; S16). The resulting mean values and 1o
spreads for the individual ELGs are shown in Table 1.

3. [OIII]+HP Emission Line Galaxies
3.1. Galaxy Properties

Using Method C described above, we find that the EELG
population in general is younger than the SELG population by
0.3 dex, has 0.5dex less mass, and has more intense star
formation (sSFR of 55-15 Gyr™'). This is consistent with a
picture of the SELG population being on the same evolutionary
path, but slightly more evolved.

We find mean physical sizes of 1.34 and 1.63 kpc for the
EELG and SELG populations by cross-matching with the
Hrigow sizes from CANDELS (van der Wel et al. 2012;
AResT ~ 3400 A at z ~ 3.5). However, we note that at z ~ 3.5
the angular resolution of HST /WFC3/Hpgow ~ 0.95 kpc, and
so a number of these galaxies are unresolved. Nonetheless, the
small sizes are consistent with measurements in both the local
and distant universe. Henry et al. (2015) find a NUV Petrosian
radius of ~lkpc at z~ 0.2 (gest~ 1900A). The
1.4 < 7z < 2.3 sample from Maseda et al. (2014) has sizes
ranging from 0.5 < r /kpc < 1.6, also based on data from
van der Wel et al. (2012; 4620 < Arest/ A < 6350). These
data suggest that EELG populations across cosmic time have
the same physical sizes at rest-frame UV wavelengths.
Additionally, these sizes are consistent with the size-mass
relation for z ~ 3.5 derived in Allen et al. (2017), which when
extrapolated to log(M /M) ~ 9 predicts a size of 1.2 kpc.
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Table 1
Properties of the ELG Population
EELGs SELGs

Method A* Method B Method C° Method A Method B Method C
log(My/M.) 9.2+03 8.97504 8.7103 9.4+03 9.1593 9.1593
log (age yr ) 8.010% 7.650% 7.2504 8.2%07 7.6507 7.5504
log(r yr™) 8.140¢ 8.61%0 77489 8.0504 8.2x 1 73703
SFR (Mg, yr) 2113 45713 24713 2347 50737 1813
Ay(mag) 0.21193% 0.424032 0.451039 0.1579% 0.537971 0.461047
EWo mj+ns° (A) 309 + 115 659 + 189 803 £ 228 100 + 67 250 + 103 230 + 90
re (kpe) 1.34203% 1.62598
Notes.
? All results are from FAST with a metallicity of Z = 0.004.
® We reference values from Method C throughout the text.
¢ Rest-frame equivalent widths derived from composite SEDs.
4 From van der Wel et al. (2012) catalogs. At z = 3.5, resolution is 0795. This is independent of the FAST fitting.

Qne of the objects in our EELG sample is the subject of S16, "EELGs " SELGs
which analyzes a rest-frame optical spectrum from MOSFIRE. 15k 60 Galaxies| 15| 218 Galaxies]
S16 finds galaxy properties in agreement with those derived in
this work, nameily, a low mass (log(M, /M) = 9.33), high f 10l 10l { i
sSFR (23 Gyr '), young age (160 Myr), and low dust 2 A
attenuation (E(B — V)gus = 0.12). Critically, they also find < st 5| i
a metallicity of 12+(0O/H) = 8.00, which confirms the low « oE
metallicities characteristic of galaxies undergoing early star ol g j Aooeians
formation (Izotov et al. 2011). OITIN: HB Py OITIN: HB

104 ,10° 104
3.2. Large [OIll]+H( Equivalent Widths — s ' ]

While the BCO3+-emission line models produce good fits to the 1 4l |
composite SEDs (see Figure 1), they still underpredict the strength - i
of the [OTI]+HQ emission feature. To estimate the equivalent - 1 3 .
width, we remove the emission features from the model and add %
back in emission lines to match the observed composite SED 9 1 2 i
feature. 1l 1 i

We take the continuum to be the level of the best-fit N - o
spectrum from FAST using Method C where there are no o  —— | Y R R
emission lines and use a simple linear interpolation to derive 2000 5000 8000 2000 5000 8000

the continuum in areas with such features. Since these models
have a resolution of 1 A in the optical, all absorption features
(i.e., HB absorption) are retained. After obtaining the
continuum fit to the composite SED, we add to it an emission
line model with the following flux ratios: Fomasoo7 =
3Foma950 = TFup (e.g., Salzer et al. 2005; van der Wel
et al. 2011; Holden et al. 2016; Trainor et al. 2016, S16). The
resultant spectrum is convolved with the custom composite
SED filters to create synthetic photometry. The amplitude of
the emission line model is varied to minimize the least squares
of the composite SED and the synthetic photometry. We do not
have the resolution to separate the effects of the lines, but ratios
of [O ]AS007 to HS from 1 to 20 were tested with negligible
change to the resulting equivalent width. Errors on the
equivalent width were calculated by fitting a range of line
strengths to form a grid of x? values and lo errors were
calculated using the relation P oc e~ X"/2,

For the EELG composite SED, we obtain a rest-frame
equivalent width EWg yyj1ug = 803 £ 228 A, corresponding
to an observed-frame equivalent width EWq yyj+13 = 3565 A
at the median redshift z = 3.44 (see Figure 2). The rest-frame
equivalent width for the EELG population is consistent with

Wavelength (A) Wavelength (A)

Figure 1. EELG (left) and SELG (right) composite SEDs. These galaxies have
significant emission from [O IIJAS007 + Hf in the K -band at z ~ 3.5. Their
de-redshifted and scaled analog photometry is shown in gray, while the median
points that make up the composite SEDs are in purple. The best-fit model from
FAST is green (emission lines are scaled down for clarity; see Section 2.2), and
the characteristic width of the composite filters is shown at the bottom. The
strong emission in [O TT]+H/ is apparent, and the EELG composite also shows
Lya emission.

those of EELGs in many studies that range from ~200-1600 A
(Atek et al. 2011; van der Wel et al. 2011; Maseda
et al. 2013, S16). The SELG population has a rest-frame
equivalent width EWo uj+ns = 230 £ 90 A. Spectroscopic
follow-up of these objects would be useful for not only
confirming the accuracy of this method, but also analyzing the
spread of equivalent width values and [O1]/HS line ratios
within the population.

To quantify uncertainties in the equivalent widths that are
due to uncertainties in the photometric redshifts, we redshift a
high equivalent width template and calculate synthetic K-band
photometric values. We then mimic our composite SED
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Figure 2. Equivalent width for our two composite SEDs. The purple points
show the composite SED normalized to the level of the stellar continuum as fit
by FAST in the range while masking the emission feature. Green points
represent the synthetic photometry of the stellar continuum + emission line
model in the effective composite SED filter curves.

method by de-redshifting the template using the “correct”
redshift with noise added according to the |Az|/z values from
spectroscopy (see Section 2.1). Repeating this process 100
times, we measure the equivalent width to be 868 £ 273 A,
which matches very well with our measurement of
803 + 228 A (Table 1, Method C).

We also note that both composite SEDs show emission in the
ultraviolet (UV), consistent with many of the analogs having
Lya emission. Several studies have suggested that LAEs are
similar to the EELGs (e.g., Hagen et al. 2016; Nakajima et al.
2016; Trainor et al. 2016); our sample is consistent with that
picture.

3.3. Incidence of ELGs at High Redshift

[Om] EELGs are less common locally than at higher
redshifts (e.g., Atek et al. 2011; van der Wel et al. 2011;
Maseda et al. 2014, 2017; Smit et al. 2014). In the redshift
range of 2.5 <7< 4.0, we detect 60 EELGs with
SNRg, > 20, with the faintest at K, = 24.9mag, and a
characteristic equivalent width of EWggsr = 803 A. Separating
the EELGs by field we find 6.29 x 1075 Mpc ~,
0.897 x 10~°Mpc >, and 2.15 x 10°Mpc > for CDFS,
COSMOS, and UDS respectively. SELGs have densities of
23.0 x 1075Mpc >, 4.34 x 107> Mpc >, and 7.02 x 1073
Mpc  in the same order and are 3.7 times more common than
the EELGs in total.

In the redshift range 2.5 < z < 4.0, these EELGs and
SELGs dominate the population of the bluest galaxies with
0 < —2. We select all ZFOURGE galaxies with
(U — V)rest < 1, (V— J)rest < 1 and at least five photo-
metric detections in the rest-frame wavelength range
1250 < A/A < 2600, and fit a power law, F, o )\’ to obtain
the UV slope, 3 (Calzetti et al. 1994). Of the 58 such galaxies
with 6 < =2, 45 (78%) fall into our EELG or SELG groups,
indicating that the majority of the bluest galaxies have strong
emission features.

4. Large-scale Structure in CDFS at z ~ 3.5

The EELGs and SELGs show an unexpected peak at 7 ~ 3.5
in CDFS. The full redshift distribution of galaxies in the
ZFOURGE catalog, both photometric and spectroscopic, also
confirms the presence of a galaxy overdensity at z ~ 3.5 in
CDFS (see Figure 3, as well as Figure 23 of Straatman
et al. 2016). Comparing the CDFS redshift distribution to the
combined distribution from COSMOS and UDS shows a strong
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Figure 3. Top panel shows the photometric redshifts for the EELG and SELG
populations in purple and light purple, respectively, as well as galaxies from the
other composite SEDs of B. Forrest et al. (2017, in preparation) in black. In the
bottom panel is the normalized distribution of photometric redshifts for all
galaxies with Ky < 24.9 in 2.5 < z < 4.

difference, greater than 100 as found using a K-S test. Such an
overdensity has been suggested by data from 3D-HST (Skelton
et al. 2014, Figure 24, who use EAZY as well). The same is not
found in CDF-North, which has similar filter coverage and K-
band depth, and selects based on HST F125W + F140W+
F160W imaging (their Tables 6 and 7). This removes the
possibility of the overdensity being due to a bias in EAZY.

To map possible overdensities projected on the sky, we use
the 7th nearest-neighbor measure (e.g., Papovich et al. 2010;
Spitler et al. 2012). For each field, we create a grid of 1000
points on a side and calculate the distance to the 7th closest
galaxy at each point, which is converted into a density. Each
point in all three fields is shaded by the number of standard
deviations above the mean density in the respective field (see
Figure 4). Additional density calculations were made using the
3rd, 5th, and 10th nearest neighbors—the results are similar to
those from the 7th nearest-neighbor measure.

In the top row of Figure 4, we show all three fields
considering galaxies in the range 3.42 < z < 3.56, with a
magnitude cut of K; < 24.9 mag, where all three fields are
complete (Straatman et al. 2016). The 50 peak in the UDS
contains 10 galaxies while the 50 peaks in COSMOS contain
10-30 galaxies. In contrast, the largest overdensity in CDFS
contains 53 galaxies. Slightly increasing or decreasing the
redshift ranges does not change our results. We focus on the
most significant overdensity at z ~ 3.5, which is in CDFS, but
note that we do not exclude an overdensity in COSMOS.

At z = 3.5, the galaxy overdensity in CDFS at (R.A.,
decl.) = (53.08, —27.85) is approximately 1.8 Mpc in size.
Spectroscopy by Vanzella et al. (2009) in CDFS confirm five
galaxies at z = 3.474 (Figure 4, green circles). Straatman et al.
(2014) also report a massive quiescent galaxy at z = 3.56
(Figure 4, blue triangle).

Previous studies find that blue galaxies such as LAEs and
LBGs trace large-scale structure (e.g., Steidel et al. 1998;
Ouchi et al. 2005). Our results confirm that galaxies with strong
[O 1]+ HB emission also exist in such overdensities. EELGs
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Figure 4. Top: projected spatial density in all three ZFOURGE fields of the galaxies in the redshift range 3.42 < z < 3.56 and brighter than K, < 24.9. The density at a
point is determined using the 7th nearest-neighbor metric and shaded by number of standard deviations above the mean density in the field. Both 1o (yellow) and 50

(orange) contours are shown. Bottom: projected spatial density for CDFS with

galaxies overplotted. Galaxies with 3.470 < zgpec < 3.478 are shown in green, and a

massive quiescent galaxy from Straatman et al. (2014) at z = 3.56 is displayed in blue. For individual galaxies in 3.42 < z < 3.56 EELGs are purple stars, SELGs are
magenta squares, and other galaxies are white circles. Note that the overdense region has five spectroscopically confirmed galaxies—the leftmost two have a projected

separation of ~1 arcsec, and so are not resolved at this scale.

have the added advantage that they can be spectroscopically
confirmed more easily via their strong emission.

Previous studies have used blue galaxies such as LAEs and
LBGs as tracers of large-scale structure at high redshift (e.g.,
Steidel et al. 1998; Ouchi et al. 2005). While the EELGs in
CDFS on average lie in higher-density regions than the rest of
the galaxies by ~1o, the difference is not enough for us to
conclude that they trace structure at these redshifts as the other
blue galaxies above. However, the strong emission lines make
them appealing targets for spectroscopic confirmation of
possible overdensities.

A possible bias in our result is that the nebular emission at
z ~ 3.5 is boosting the flux in the K;-band such that we are
preferentially detecting lower-mass galaxies at this redshift.
However, the redshift and projected distributions of galaxies
without these strong emission features show evidence of an
overdensity as well.

5. Conclusions

We utilized multi-wavelength photometry from the
ZFOURGE survey to build composite SEDs based on similar
galaxy redshift and SED shape, revealing a population of
galaxies with very blue colors and excess emission in the K-
band at z ~ 3.5. Parameters derived from FAST characterize

these galaxies as having very young ages (log(age yr~!) ~
7.2), low masses (log(M /M) ~ 8.6), and low dust content
(Ay ~ 0.45). In addition, they are small in size (r, ~ 1.3 kpc),
and their remarkable emission from [OI]+HZ, EWrgst =
803 + 228 A for the strongest emitters, is consistent with the
properties of extreme star-forming galaxies that may have
reionized the universe.

We observe that these EELGs and SELGs appear on the
order of 107> Mpc 2 at z ~ 3.5 and make up the vast majority
(78%) of the galaxies with 3 < —2 at this epoch.

Finally, we explored the distribution of these galaxies on the
sky, and find an overdensity in the overall population of CDFS
at z ~ 3.5. This giant structure is ~2 Mpc in projected size and
is a candidate progenitor of a galaxy cluster environment. It
also includes a massive quiescent galaxy from Straatman et al.
(2014) and rest-frame UV spectroscopically confirmed LBGs
(Vanzella et al. 2009) in a very narrow redshift range.

Further spectroscopic follow-up of these galaxies is critical
for understanding the earliest star-forming galaxies, and will
also lead to interesting science cases for the next generation of
telescopes, including JWST. Such telescopes would be
capable of detecting Ha emission from these galaxies, which
currently falls between the K-band and the Spitzer3.6 um
band, as well as looking for large-scale structure based on
optical emission lines.
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