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ABSTRACT

We study the environment of the z = 6.33 ultraluminous quasar SDSS J010013.02+280225.8 (J0100)
to understand its association with large-scale structure. Theoretical models propose high-redshift

quasars as markers of galaxy overdensities residing in the most massive dark matter halos (DMHs)
in the early universe. J0100 is an ultraluminous quasar with the most massive black hole known at
z ≳ 6, suggesting a high likelihood of residing in a massive DMH. We present wide-field (∼ 522 square

arcminute) imaging in the r-, i-, and z-bands from the Large Binocular Camera on the Large Binocular
Telescope, with Y - and J-band imaging from the Wide-field Infrared Camera on the Canada-France-
Hawaii Telescope, centered on J0100. Applying color selections, we identify 23 objects as i-droput
Lyman Break Galaxy (LBG) candidates in the J0100 field. We use the deep photometric catalog in

the 1.27 square degree COSMOS field to calculate the density of LBGs in a blank field, and to estimate
the selection completeness and purity. The observed surface density of LBG candidates in the J0100
field corresponds to a galaxy overdensity of δ = 4 (at 8.4σ). This large-scale overdensity suggests that

the ∼ 22 square arcminute overdensity found by Kashino et al. using JWST data extends out to much
larger scales. We calculate the angular auto-correlation function of the candidates and find a positive
correlation on ≲ 10 arcminute scales as well as evidence of asymmetries in their spatial distribution,

further suggesting a direct detection of large-scale structure around the ultra-luminous quasar J0100.

Keywords: Quasars (1319), Large-scale structure of the universe (902), High-redshift galaxy clusters
(2007), High-redshift galaxies (734), Lyman-break galaxies (979)

1. INTRODUCTION

Over the last two decades of quasar research, ground-
based surveys have unveiled the existence of a large
population of luminous quasars at z ∼ 6; residing well
within the epoch of reionization (EoR), these quasars
have black hole masses ≥ 109 M⊙ (Venemans et al. 2013;
Wu et al. 2015; Bañados et al. 2016; Jiang et al. 2016;
Yang et al. 2019; Wang et al. 2019b; Yang et al. 2021;
Fan et al. 2023). These rare quasars, powered by such
massive black holes, require that the black holes must
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have grown to their current state in less than 1 Gyr after
the Big Bang. Their formation and subsequent growth
in such a short period of time have provoked theoreti-

cal exploration into many possible evolutionary scenar-
ios for supermassive black holes (SMBHs; Inayoshi et al.
2020; Volonteri et al. 2021).
Cosmological simulations can produce these SMBHs

by z ∼ 6 by allowing exceptionally high accre-
tion rates (super-Eddington) or starting with mas-
sive (< 103−4 M⊙) seeds. These simulations (Springel
et al. 2005; Overzier et al. 2009) along with the
highly clustered nature of quasars (Mo & White 2002;
Eftekharzadeh et al. 2015), and quasar abundance
matching (Lukić et al. 2007) all indicate that these
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quasars reside in the most massive dark matter halos
(DMHs). SMBHs then grow through two essential pro-
cesses: 1) accreting cold gas and 2) merging with other
black holes following the idea of hierarchical structure
formation (Haehnelt & Rees 1993; Di Matteo et al. 2005,
2012). The scenarios framing the formation and growth
of these quasars suggest that they reside in overdense
environments of galaxies as they must 1) reside in the
most massive DMHs that typically host clusters, 2) be
surrounded by large reservoirs of gas from which they
can accrete, and 3) be near many other black holes with
which they will merge. In the most extreme overdense
regions, these galaxy overdensties could eventually set-
tle into galaxy clusters with M ∼ 1014−15 M⊙ by the
present day (Costa et al. 2014). The progenitors of these
are known as protoclusters.
Galaxy clusters and protoclusters play a significant

role in advancing our understanding of the formation
and evolution of the universe. Protoclusters, in partic-

ular, provide valuable insights into the growth of early
structure formation. The distribution of DMHs on a
cosmic scale is theoretically traced by luminous matter:
galaxies and protoclusters at high redshifts (Adelberger

et al. 2005). Comparing the observed structures and
properties of protoclusters at high redshifts to cosmo-
logical simulations can also help to test various theories

for dark matter or cosmological initial conditions (see
Overzier 2016, for review). Additionally, the high star
formation rates in these early structures (Costa et al.

2014; Chiang et al. 2017) likely played a role in carving
out bubbles of ionized hydrogen during the EoR, open-
ing a window to constrain the ionizing radiation field of
early galaxies and the topology of reionization (Whitler

et al. 2023). Furthermore, probing the galaxy proper-
ties in these dense environments at such early stages can
shed light on galaxy formation and evolution, particu-

larly how this differs from galaxy formation and evolu-
tion in more typical, less dense, regions (Nantais et al.
2017; Lee-Brown et al. 2017).
Though theory predicts overdense regions around high

redshift quasars (Overzier et al. 2009; Romano-Diaz
et al. 2011), there have been mixed results when it comes
to observations of the environments of these quasars
(Kim et al. 2009). Some authors have reported overden-
sities of galaxies in the quasar environments (Kashikawa
et al. 2007; Utsumi et al. 2010; Balmaverde et al. 2017)

while others have found no significant evidence of an
overdensity (Mazzucchelli et al. 2017; Bañados et al.
2013; Willott et al. 2005), and in some cases, even under-
dense environments have been reported (Simpson et al.
2014). Many hypotheses have been proposed to account
for these inconsistencies. As discussed below, these in-

clude small fields of view (FoVs), strong quasar feed-
back, and differing selection techniques.
Overdensities anchored by quasars at z ∼ 6 should

easily extend to several tens of comoving Mpc (cMpc)
away from the central quasar (Overzier et al. 2009; Chi-
ang et al. 2013). These distances correspond to fields of
view as large as ∼ 30′×30′ at z ∼ 6. Many searches use
deep imagers with FoVs on the order of only a few ar-
cminutes on a side corresponding to ≲ 10 cMpc at z ∼ 6
(Stiavelli et al. 2005; Kim et al. 2009; Simpson et al.
2014; Mazzucchelli et al. 2017). Using these small FoVs
can lead to missing many galaxies that are part of the
structure, thus diluting the overdensity signal. Another
plausible explanation includes powerful quasar feedback
heating the intergalactic medium (IGM) on scales up to
a few cMpc (Babul & White 1991; Scannapieco & Oh
2004). This ionizing radiation can prevent star forma-

tion (at least in the lowest mass galaxies) and reduce
the ability to observe Lyα emitters (LAEs) or Lyman
Break Galaxies (LBGs) tracing the dark matter over-

densities near the quasar (e.g., Utsumi et al. 2010). It is
evident that varying sizes of the FoV can severely affect
the detection of an overdensity (Chiang et al. 2013).
Another difficulty with drawing conclusions based on

the results of these studies arises from the fact that var-
ious groups use different selection techniques. Some au-
thors search for submillimeter galaxies (SMGs) (Cham-

pagne et al. 2018; Meyer et al. 2022) or [O III] emitters
(Kashino et al. 2023; Wang et al. 2023), while others
look for LBGs or LAEs (Bañados et al. 2013; Morselli

et al. 2014; Balmaverde et al. 2017; Mignoli et al. 2020;
Champagne et al. 2023). Some fields even show conflict-
ing results depending on which type of galaxy is selected
(e.g., Ota et al. 2018). This occurred also in Utsumi

et al. (2010) and Goto et al. (2017) in which an over-
density of LBGs was initially detected and a follow-up
search for LAEs resulted in no overdensity. It is clear

that the search for dark matter overdensities traced by
biased galaxy populations is heavily reliant on both ob-
servational constraints and the chosen galaxy selection.
With the launch of JWST, there have been a num-

ber of efforts within the past year to search for [O III]
emitters in the fields of massive quasars using JWST’s
deep NIRCam wide-field slitless spectroscopic capabili-
ties. Though the FoV is small (two 2.2′×2.2′ detectors),
the initial findings of these probes into z ∼ 6 quasar en-
vironments have found many instances of galaxy over-
densities. For example, Kashino et al. (2023) surveyed a
6.5′× 3.4′ area around J0100+2802 and found 24 [O III]
emitting systems exactly at the redshift of the quasar,
many more than those at foreground redshifts from the

quasar. Additionally, Wang et al. (2023), discovered a
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filamentary structure consisting of the luminous quasar
J0305–3150 and 10 [O III] emitters at z = 6.6 making
this an overdensity of δ = 12.6 in a FoV of one NIRCam
pointing. The strength of JWST in probing the faint end
of the galaxy overdensity is evident, but ground-based
searches for bright galaxies over much wider fields are
still valuable to detect the full spatial extent of the over-
densities.
In this study, we analyze the ∼ 58 × 58 cMpc2 (or

∼ 8×8 physical Mpc2 at z = 6.33) field around the ultra-
luminous quasar J010013.02+280225.8 (J0100). J0100 is
the most luminous quasar powered by the most massive
black hole identified at z ≳ 6 (Wu et al. 2015). With
a luminosity of Lbol ∼ 1048 erg s−1 (Wu et al. 2015), a
black hole mass of MBH ∼ 1010 M⊙ (Eilers et al. 2023),
and a host galaxy mass of Mdyn ≥ 7 × 1010 M⊙ (Wang
et al. 2019a), it is an ideal candidate to reside in a mas-
sive dark matter halo capable of hosting a galaxy over-
density. Our analysis uses data from the Large Binoc-

ular Camera (LBC) on the Large Binocular Telescope
(LBT) and the Wide-field Infrared Camera (WIRCam)
on the Canada-France-Hawaii Telescope (CFHT). These
instruments provide a simultaneously wide and deep op-

tical and near-infrared (NIR) imaging of the quasar field
with a FoV of ∼ 25′ × 23′ in the r-, i-, z-, Y -, and J-
filters.

As mentioned, an overdensity of [O III] emitters has
been detected within an area of 6.5′ × 3.4′ centered
on J0100 using JWST/NIRCam slitless spectroscopy

(Kashino et al. 2023). While this spatial scale probes
out to roughly 7 cMpc away from the quasar, we al-
ternatively focus on selecting LBGs as tracers of the
large-scale structure of dark matter on scales up to ∼25

cMpc away from the quasar. Our objective is to inves-
tigate the large-scale environment at protocluster scales
using the photometric i-dropout technique discussed in

Section 3.
The structure of this paper is as follows: In sec-

tion 2, we describe the observations, data reduction,
and the photometric catalog used for the subsequent
analysis. Section 3 discusses the selection criteria for
the LBG candidates including filtering out contami-
nants. Section 4 describes the calculation of the ex-
pected number of LBGs in a blank field and the com-
pleteness/contamination of the sample. In section 5,
we present the evidence for the existence of a galaxy

overdensity and examine the spatial distribution of the
high-redshift candidates. Finally, in section 6, we sum-
marize our findings. All magnitudes are reported in the
AB system and we adopt a ΛCDM cosmology in which
H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7 in
which 1′′ = 40.6 ckpc at z = 6.3.

2. OBSERVATIONS AND DATA REDUCTION

2.1. LBT and CFHT Observations

For this analysis, observations were taken using the
Large Binocular Cameras (LBCs) on the Large Binocu-
lar Telescope (LBT) along with additional data from the
Wide-field Infrared Camera (WIRCam) on the Canada-
France-Hawaii Telescope (CFHT). The observation de-
signs are described below.
The LBCs are two wide-field imagers mounted on the

prime focus of the LBT. The LBC Blue is optimized for
observations from 3500 Å to 6500 Å, while the LBC Red
is optimized for observations from 5500 Å to 1 micron.
Both cameras have field of view (FoV) of ∼ 25′×23′ (Gi-
allongo et al. 2008; Speziali et al. 2008). The LBC obser-
vations were obtained on 2015 November 22 (UT) under
clear conditions (PI: X. Fan). To enable the i-dropout

selection, we observed the J0100 field with iSDSS and
zSDSS filters on the red channel of LBC. Additionally, we
obtained rSDSS imaging on the blue side of LBC simul-
taneously. The individual exposures for all images were

set to 100 seconds to minimize the effects from cosmic
rays and the saturation of bright stars in the field. The
total on-source exposure in r-band, i-band, and z-band

are 3.7 hours, 1.5 hours, and 2.1 hours, respectively.
Furthermore, we performed NIR imaging with

WIRCam on CFHT for J0100 (PI: J. Yang, RunID:

17BS03). The WIRCam is a wide field imager and has
a FoV of ∼ 21.5′ × 21.5′ (Puget et al. 2004). Taking
advantage of the large FoV, the WIRCam observations
could fully cover the FoV of LBC with a carefully de-

signed dithering pattern. Following Balmaverde et al.
(2017), we selected the Y and J broad band filters for
this program. The data have been obtained in Queue

mode through the Telescope Access Program of NAOC1

during the 2017B semester. The individual exposures
for the Y -band and J-band were 120 seconds and 60 sec-
onds, respectively. In total, we integrated 6.0 hours and
6.9 hours for Y -band and J-band, respectively. To im-
prove the sampling, we used both the standard dithering
and micro-dithering2 (with a 2×2 micro-stepping pat-

tern) for our observations.

2.2. Photometric Data Reduction

We process the data using a custom data reduction
pipeline named PyPhot3. PyPhot includes the standard

1 https://tap.china-vo.org
2 https://www.cfht.hawaii.edu/Instruments/Imaging/WIRCam/
specsinformation.html

3 https://github.com/PyPhot/PyPhot

https://tap.china-vo.org
https://www.cfht.hawaii.edu/Instruments/Imaging/WIRCam/specsinformation.html
https://www.cfht.hawaii.edu/Instruments/Imaging/WIRCam/specsinformation.html
https://github.com/PyPhot/PyPhot
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imaging data reduction processes including bias subtrac-
tion, flat fielding, and sky background subtraction.
For the LBC images, the master bias and flat are

generated by performing the sigma-clipped median on
a series of bias and sky flats, respectively. For i-
and z-bands, we further correct fringing by subtract-
ing off a master fringe frame constructed from our sci-
ence exposures. The sky background is estimated using
SourceExtractor (Bertin & Arnouts 1996) after mask-
ing out bright stars. The cosmic rays are masked using
the Laplacian edge detection algorithm (van Dokkum
2001).
For WIRCam images, we start with the pre-processed

individual image data delivered by CFHT (dark sub-
tracted, flat field corrected, and with preliminary back-
ground subtraction). A detailed description of the de-
trending of these images can be found on the CFHT
WIRCam image detrending webpage 4. These detrended
images are then processed with PyPhot for further back-

ground subtraction, bad pixel masking, and cosmic ray
rejection as was done for the LBC images.
For each of these data sets, the final mosaic is pro-

duced using SCAMP (Bertin 2006) and Swarp (Bertin

et al. 2002). Additionally, a mask is created in order to
remove saturation spikes and bright foreground stars in
the images. The effective clean area of the coadded and

masked LBC mosaic is 0.153 square degrees and that of
the WIRCam mosaic is 0.181 square degrees. Addition-
ally, the pixel scale of the final mosaics are 0.224′′/pixel

and 0.153′′/pixel for the LBC and WIRCam images, re-
spectively.

2.3. Photometric Calibration and Catalog Creation

We perform object detection on each mosaic with
SourceExtractor by setting DETECT THRESH=1.5 and
DETECT MINAREA=4. To calibrate the photometric mea-
surements, the individual exposures for LBC and
WIRCam are calibrated to the Pan-STARRS (Cham-
bers et al. 2016) and 2MASS (Skrutskie et al. 2006) in-

frared photometric catalogs, respectively. We only use
sources that have been detected in all five Pan-STARRS
bands. We further require that the difference between
the Kron magnitude and PSF magnitude in the Pan-
STARSS catalog are smaller than 0.3 magnitudes in
all five bands and have a signal-to-noise ratio greater
than 10 with no FLAGS from SourceExtractor in our
data. Finally, we restrict these points to be in the mag-
nitude range of 18 < mag < 20 in Pan-STARRS and
15.5 < mag < 17.5 in 2MASS to ensure the strongest

4 https://www.cfht.hawaii.edu/Instruments/Imaging/WIRCam/
IiwiVersion2Doc.html

Table 1. Summary of observational information used
in this study.

Filter Central Wavelength Exposure Time 3σ Depth

[Å] [hr] [mag]

r 6200 3.7 26.55

i 7670 1.5 26.38

z 9608 2.1 25.79

Y 10240 6.0 25.65

J 12518 6.9 25.26

correlation in magnitudes. This results in ∼ 250 sources
for the Pan-STARRS calibration and ∼ 150 sources for
the 2MASS calibration.

Using these bright point sources, we calibrate the zero-
points for each filter using color terms derived from stan-
dard stars. To check the reliability of our calibrations,
we compare our magnitudes against the reference mag-

nitudes obtained from the Pan-STARRS and 2MASS
photometric catalogs after applying color corrections for
the bright stars. We find that the standard deviations

of the differences between our magnitudes and the ref-
erence magnitudes is 0.05, 0.06, 0.05, 0.15, and 0.09 for
the r-,i-,z-,Y -, and J-bands, respectively. This photo-
metric accuracy is highly adequate for high-redshift Ly-

man break selections.
We then merge the catalogs of all sources detected in

the five bands by assuming that objects with distance

greater than 1.′′0 are unique sources as the seeing for
the LBT observations is around 1.′′0 arcsecond. Finally,
we perform forced aperture photometry for all unique

objects with Photutils (Bradley et al. 2021). The ex-
posure times and magnitude limits with a 2.′′0 diameter
aperture of the fully calibrated images are listed in Table
1.

3. LYMAN BREAK GALAXY CANDIDATE
SELECTION

The Lyman break technique is an effective way to
search for star-forming high-redshift galaxies due to the
drastic decrease in flux observed at wavelengths blue-
ward of the Lyα line (λLyα = 1216 Å). This drop in
flux, due to the increasing neutral hydrogen fraction of
the intergalactic medium (IGM) before the end of cos-
mic reionization causing photons with energies higher
than Lyα to be absorbed, is known as a Gunn-Peterson
trough (Gunn & Peterson 1965). At redshifts z ≥ 5,
this break in the spectra, usually seen in the ultraviolet

(UV), is shifted into the near infrared (IR). Specifically,

https://www.cfht.hawaii.edu/Instruments/Imaging/WIRCam/IiwiVersion2Doc.html
https://www.cfht.hawaii.edu/Instruments/Imaging/WIRCam/IiwiVersion2Doc.html
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Figure 1. In black, transmission curves of the LBT/LBC r-,
i-, and z-filters and of the CFHT/WIRCAM Y - and J-filters.
A template of a young star-forming galaxy redshifted to z =
6.3 with IGM absorption taken into account (Inoue et al.
2014) is shown in blue with (i-z, z-Y , z-j) = (3.85, 0.77, 0.82).
An M-type dwarf stellar template is shown in red (Allard
et al. 2012) with (i-z, z-Y , z-j) = (2.37, 1.50, 2.67). The
grey, filled curves show the filter curves of the corresponding
COSMOS data described in section 4.

at the redshift of J0100, Fig. 1 shows the Lyman break
of a galaxy template shown in blue at a wavelength of
λobs = 8877Å which falls in the SDSS z filter on the
LBT.

We use the Lyman break technique to select high-
redshift galaxy candidates because it provides an effec-
tive selection criterion on photometric color rather than

relying on many hours of spectroscopic observations.
However, as shown in Fig. 1 in red, this can be con-
taminated significantly by late-type M, L, and T dwarfs

that have such red colors that they can appear to be
dropouts. Below, we explain the color criteria used to
select these dropouts along with the color requirements
and visual inspection procedure used to remove stellar
and other contaminants.

3.1. Color-Color Diagram

The following criteria are used as a preliminary selec-
tion of LBG candidates at z ∼ 6:

zAPER ≤ 25.23 and (S/N)z > 5 (1)

(S/N)r < 2 (2)

i− z > 1.5 (3)

The first two criteria, Eq. (1), require that the source
must be detected in the z -band to 5σ and have a signal-
to-noise ratio of greater than 5 in this band. We use the
2.′′0 diameter aperture photometry for this cut, however,

after further inspection, using the MAG AUTO mag-
nitudes as other searches have done (e.g., Balmaverde
et al. 2017; Morselli et al. 2014), does not change the re-
sults of this selection significantly. The third criterion,
Eq. (2), constrains the selection to sources not detected
significantly in the r-band as the IGM absorption should
be fully saturated at these wavelengths.
Finally, as can be seen by the vertical line in Fig. 2, the

color selection in Eq. (3) favors sources whose Lyman
Break falls at redshifts above z ∼ 5.6. It has been shown
that this is an efficient color cut for selecting starburst
galaxies near redshift six (Stanway et al. 2003; Bowler
et al. 2015). For context, Fig. 2 also shows color tracks of
a star-forming galaxy template simulated by the Flexible
Stellar Population Synthesis (Conroy et al. 2009; Con-
roy & Gunn 2010) and retrieved from the EAZY code
(Brammer et al. 2008; Brammer 2021). These tracks are
shown for redshifts between 5.5 to 6.4 as grey lines.
It is evident that we expect a non-detection in the i -

band filter. To account for this non-detection, for any
source that has less than a 2σ detection in this filter, we
use the 2σ magnitude limit of mi = 26.82 as an upper
limit to the corresponding sources in the i -band. This

upper limit is used in calculating the i − z colors and
results in a lower limit in the i − z colors (i.e. the true
color is more red). Even with the upper limit on the i-

band magnitude, combining the first and fourth criteria
means that it will still be eligible for color selection.
One caveat to consider is that extremely deep i-band

imaging is needed to rule out z = 5.7 galaxies from the
overdensity. We cannot definitively conclude that the
overdensity is at the quasar’s redshift or a redshift of
5.7, therefore, we aim to attain spectroscopic followup

of these galaxy candidates in the future.
After these four selection criteria are applied, 149

sources remain. Many of which are low-redshift con-

taminants or spurious artifacts (e.g., bright star halos,
saturation spikes, and cosmic rays). We also acknowl-
edge that this color selection can result in a large red-
shift range (5.7-6.5) possibly probing galaxies that are
not actually part of the same structure. This is due
to the use of broad-band photometric filters. However,
Overzier et al. (2009) showed that galaxy protoclusters
can span up to 100 cMpc which corresponds to a window
of roughly ∆z ∼ 0.3 centered on the quasar’s redshift.
Thus, it is still possible that galaxies with a slight red-

shift offset are still within the same overdense structure.
Additionally, a positive angular correlation of LBGs,
even in a wide redshift window, can be used as evidence
for being part of the same structure as is described in
Section 5.
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Figure 2. Color-color diagrams with LBG candidates (filled magenta points), low-confidence candidates (open blue circles),
and stellar sources (green points) in the field. These show the z-Y (left) and z-J (right) colors versus the i-z color. The vertical
line shows the color cut at i-z < 1.5 while the diagonal dotted line shows the cut to remove stellar contaminants. The grey
tracks in each plot show the theoretical colors of a young star-forming galaxy at redshifts ranging from z = 5.5 to z = 6.4 at
redshift intervals of ∆z = 0.1. The black contours show the region where all sources detected in the J0100 field reside. The
green track shows theoretical colors of solar metallicity MLT dwarfs calculated using the Sonora Model grid (Marley et al. 2021).
Arrows on the pink and blue points show lower(upper) limits on the i-z(z-Y/J) colors due to nondetections in the i, Y , or J
bands. Note, many of these candidates have true i-z colors that are more red than portrayed.

3.2. Removal of Contaminants

As mentioned above, low-mass stars, brown dwarfs,
and Balmer Break galaxies at z ∼ 1.5 can contaminate

this selection due to their extremely red colors (Bowler
et al. 2015). Fig. 1 shows the comparison between a
galaxy template at a redshift of z = 6.3 in blue and an
M-dwarf star in red. It can be seen that this cool star

has minimal flux in the r- and i-filters with some flux in
the z-band similar to i-dropouts.
With the additional data given by the Y - and J-bands

from the CFHT, it is possible to remove most of these
targets as they should appear much redder in the z −
Y and z − J colors. Fig. 2 shows stars in the J0100

observations as green dots. These are selected with the
SourceExtractor parameter CLASS STAR>0.98 and
a magnitude limit of zAUTO < 23. As expected, these
points generally populate a different color space than
the color tracks of galaxies.
This separation can also be seen as the green track in

Fig. 2 which shows the typical colors of MLT dwarfs
based on the Sonora model atmosphere grid (Marley
et al. 2021). The diagonal lines in Fig. 2 show the rel-
ative color cut utilized to remove stellar contamination.

These cuts are optimized with the COSMOS data set
(Weaver et al. 2022) which provides a much larger set
of stars determined with a higher confidence due to the
many filters included in the COSMOS survey. To be
conservative while determining these cuts, we prioritize
the purity of the sample over the completeness consider-

ing a high contamination fraction could result in a false
overdensity signal. To parameterize this cut, we first fit
a line to the COSMOS stellar sources in the color-color

plane. Then the y-intercept is shifted far enough below
the stellar locus to remove the majority of COSMOS
stellar sources from the selection. With this in mind,
these diagonal cuts on the z − Y and z − J colors re-

moved 99.8% of the sources that are flagged as stars in
the COSMOS catalog. The following diagonal cuts are
applied to the remaining 149 candidates from Section

3.1:

z − J < 1.10(i− z)− 1.1 (4)

z − Y < 0.46(i− z)− 0.6 (5)

After eliminating stellar-like objects with the intersec-
tion of these two cuts (i.e. both z-Y and z-J below the
cut), 68 candidates are ready for visual inspection. Due
to the depth of the i-band filter, there are some sources
that do not meet this color criteria but could be pushed
out of the disallowed region due to the lower limit on
the i-z color. Thus, we provide a low-confidence sample
of possible LBG candidates that have a lower limit in

the i-z color, and have z-Y or z-Y below the cut, and
J > 23.5. This results in an additional 9 low-confidence
sources to be visually inspected.
Visual inspection is required due to spurious sources

and other image artifacts such as bright star halos and
saturation spikes being incorrectly identified as sources
by SourceExtractor. An example of the result of this

visual inspection can be seen in Fig. 3 where the top row
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Figure 3. Examples of the visual inspection process using 10′′ × 10′′ cutouts of each source in the r, i, z, Y , and J bands.
Each cutout is independently normalized to a stretched Z-scale interval. The top row displays a promising LBG candidate that
passes visual inspection, the middle row shows a stellar source, and the bottom row shows an image artifact that is not a true
source.

shows a valid LBG candidate, the middle row shows a
stellar source (that was removed through the cuts of the

z-Y/J colors), and the bottom row shows a saturation
spike erroneously extracted by SourceExtractor.
After visual inspection to remove extended sources

and other defect/noise sources, 23 galaxies remain with
an additional 8 low-confidence sources. Thus, we dis-
cover 23 LBG candidates around J0100 in an area of
∼ 500 square arcminutes, all of which can be seen in
Fig. 4. Their coordinates and magnitudes are tabulated
in Appendix A and the cutouts in each filter are shown
in Appendix B at the end of this paper. The additional
low-confidence sources can be found at the bottom of
the same table. These low-confidence sources are not
included in the calculations of overdensity or clustering

that follow.
Of the 23 main candidates and 8 low-confidence

candidates, none of them overlap with the Kashino
et al. (2023) [O III] emitters in the same field. In
Matthee et al. (2023), in which these [O III] emit-

ters are characterized, the representative UV magni-
tude is MUV = −19.6± 0.1 for the full sample and

MUV = −19.5± 0.1 for the [O III] emitters at z > 6.25.
At the assumed redshift, this corresponds to an apparent
magnitude of MUV ∼ 27.2 which is below the detection
thresholds for our study. Therefore, we do not expect to
detect these as LBG candidates from our data. Further-
more, the LBG candidates found here fall outside of the
smaller FoV of the JWST observations at larger spatial
scales.

3.3. Spectral Energy Distribution Fitting

We calculate the photometric redshifts with two codes
- LePhare5 (Arnouts et al. 1999; Ilbert et al. 2006) and
EAZY6 (Brammer et al. 2008; Brammer 2021) - in or-
der to compare the χ2 values between galaxy and stel-

5 https://www.cfht.hawaii.edu/∼arnouts/LEPHARE/lephare.
html

6 https://github.com/gbrammer/eazy-py

https://www.cfht.hawaii.edu/~arnouts/LEPHARE/lephare.html
https://www.cfht.hawaii.edu/~arnouts/LEPHARE/lephare.html
https://github.com/gbrammer/eazy-py
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Figure 4. Spatial distribution of candidate LBGs as white circles superimposed on a composite color image of the quasar field.
The quasar location is marked with a green cross. The field spans a ∼ 23′ × 25′ area with the majority of the candidate LBGs
located in the northwest region of the environment. The grey dashed circle shows a region with a radius of 9 cMpc (1.2 pMpc)
in which no LBG candidates are found.

lar templates. Both programs fit spectral templates to
the observed 2.′′0 aperture fluxes of each source. For
EAZY, we use the 17 templates adopted by Weaver et al.
(2022) with a uniform redshift prior. LePhare uses both
31 galaxy templates (Ilbert et al. 2009) and 254 stellar

SEDs (Pickles 1998; Chabrier et al. 2000). The redshifts
have large uncertainty due to the broad filters and small
number of filters used. However, the stellar fit χ2 val-
ues are indeed all larger than those for the galaxy fits
indicating that these are likely high redshift galaxies as
opposed to low-mass stars within the Galaxy.
It is worth noting that Kashino et al. (2023) found

several overdensities of [O III] emitters with slight red-
shift offsets from J0100. It is necessary for spectroscopic
follow-up to determine if these candidate LBGs reside in

the environment of the quasar or in foreground overden-
sities. Mignoli et al. (2020) has done this type of spec-

troscopic follow-up with LBGs found around another

z = 6.3 quasar J1030+0524 in Balmaverde et al. (2017)
using similar selection criteria as this paper. Spectra
were taken of 12 of the candidate LBGs confirming
9 high-redshift galaxies with 3 undetermined redshifts
due to low spectral resolution and the lack of emission
lines. Thus, this selection has been proven to be robust
and can be confidently used to find high redshift LBGs.

Overall, all candidate galaxies are unlikely to be low-
redshift contaminants based on the stellar χ2 values.

4. BLANK FIELD COMPARISON WITH COSMOS

The number of selected LBG candidates in the 0.153-

square degree LBT field around J0100 is 23. In order
to put this number into context, we calculate the num-
ber of dropout galaxies in a large blank field using the
same selection techniques. We take advantage of the
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Table 2. Selected COSMOS Catalog Information The
source telescope, central wavelength, and 3σ depths for each filter
of the COSMOS data used as a comparison to the LBT data.

Filter Source Central Wavelength 3σ Depth

... ... [Å] [mag]

r Subaru/SC 6305 27.1

i Subaru/SC 7693 26.7

z Subaru/SC 8978 25.7

Y VISTA/VIRCAM 10216 25.3

J VISTA/VIRCAM 12525 25.9

Note—Y and J depths are for the Deep observations (not
UltraDeep) stripes in the COSMOS field.

COSMOS field from Weaver et al. (2022) which pro-
vides a large amount of photometric data. We apply
the COMBINED flag ensuring that the sources in this area

are covered by UltraVISTA, Suprime-Cam, and Hyper
Suprime-Cam along with being free of edges and bright
stars. This results in a total area of 1.27 square degrees
which is large enough to represent a field governed by

cosmic variance rather than any single overdensity at
redshift 6. Not only does this choice benefit from the
large area of the COSMOS field, but it is also covered

by a large selection of filters.

4.1. Blank Field LBG Surface Density

In order to make a comparable selection of i-dropout
galaxies in the COSMOS field, it is necessary to choose

filters that are the most similar to the LBT and CFHT
filters used in this paper with depths that are similar to
or deeper than our data. We choose the r-, i-, and z-

filters from Subaru’s Suprime-Cam (SC) and the Y - and
J-filters from VIRCAM on the VISTA telescope. These
filters and their respective 3σ depths are shown in Fig. 1
and Table 2. The SC z-band has a similar depth to our
data and therefore is ready to be used in the analysis.
However, the SC r- and i- bands are about a half mag-
nitude deeper than this study. Thus, it is necessary to
degrade the COSMOS data in order to match the data
quality of this paper.
To fulfill this requirement, we match the background

flux limits of the COSMOS data with that of the LBT
data in each filter. We convert the SC 3σ magnitude
limit to a flux limit for each filter and subtract this value
in quadrature from the original flux errors of the SC
sources. Next we add in quadrature the 3σ flux limit of
the LBT filters to the errors. With this done, the distri-
butions of errors in the relevant flux range (0.1− 1µJy)

are the same between the COSMOS and LBT data. To

degrade the flux values, we add a Gaussian distributed
noise term to the fluxes with mean zero and standard
deviation of σ =

√
σ2
LBT,sky − σ2

COS,sky, where σ∗,sky

are the 3σ flux depths of the images. From here, we
convert back to magnitudes in order to proceed with
the same candidate selection as described in section 3.
Fig. 5 shows the distribution of z magnitudes, the de-
tection filter, for each field. After following the same
selection analysis – which involves the color selections
for redshift (i-z) and contaminants (z-Y /z-J), visual
inspection, and photometric redshift calculations – we
detect 34 i-dropout galaxy candidates in the whole COS-
MOS field. That is, we expect 0.007 LBGs per square
arcminute.

4.2. Completeness and Purity

One benefit of using the COSMOS field is the ability

to check the completeness and contamination fraction of
our selection using the published photometric redshifts
in the catalog. COSMOS uses over 20 filters ranging

from the UV to NIR to fit to galaxy templates using
EAZY and Lephare. This abundance of filters allows
for a more accurate photometric redshift to be deter-
mined. We use the photometric redshifts from the full

COSMOS dataset as a proxy of the true spectroscopic
redshifts, and compare the results to the selection using
data degraded to match the LBT/WIRCam dataset.

Using the full COSMOS dataset, we find 48 galaxies
with photometric z > 5.5 to a flux limit of zAB = 25.23.
Of these 48 high-redshift galaxies, we select 17 objects

using degraded data following the same selection crite-
ria. Thus, the completeness of our selection technique is
35.4% meaning there could be up to 60 more LBGs in
the environment of the quasar at this flux limit.

Promisingly, of the 34 LBG candidates selected by the
degraded COSMOS data using only five filters, 50% of
them (17) are designated true high-redshift galaxies with

the COSMOS redshifts, while others are low-redshift in-
terlopers due to the degraded data quality. This 50%
contamination rate indicates that at least 13 candidates
in the J0100 field are true high-redshift galaxies in the
environment of the quasar.

5. OVERDENSITY AND STRUCTURE OF LBGS
AROUND J0100

5.1. Overdensity Measurement

The overdensity of galaxies in a portion of the sky is
determined by the equation

δ =
n

n̄
− 1. (6)

In this equation, n̄ is the average number of galaxies in

a blank field where no overdensity is expected, and n is
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Figure 5. Surface density per square arcminute of the total
number of sources detected in the z-band in the LBT field
(blue) and the COSMOS field (red). The shaded grey region
shows the magnitude range of interest within which there is
excellent agreement in completeness between the two fields
showing that it is appropriate to use the COSMOS field as
a comparison for the overdensity calculation.

the number of galaxies actually detected in the area of
the quasar.
To calculate the number of candidates from the COS-

MOS field expected in a field size of the LBT FoV, we
randomly point a box with the same dimensions of the
LBT FoV at the COSMOS field 10,000 times. For each

pointing, the number of the 34 selected LBG candidates
from the COSMOS field within the area is recorded.
We fit a Gaussian function to the distribution of these
counts and recover a mean galaxy count of 4.6 with

a standard deviation of 2.2. The distribution of these
pointings is shown in Fig. 6 where the red vertical line
shows the number of candidate galaxies in the J0100

field.
It is evident that there is a significant overdensity in

the field around J0100. The contamination rate does not
affect this calculation, because the expected number of
LBGs, n̄, is calculated from degraded COSMOS data
with the same effect. Specifically, with the expected
counts, we calculate an overdensity of δ = (23/4.6)−1 =
4 at 8.4σ significance in the field of J0100.

5.2. Spatial Distribution and Angular Correlation

As the photometric redshifts derived using the EAZY
code with only 5 filters have large uncertainty, it is not
reliable to map this protocluster in 3D space using our
data. Rather, the calculation of the 2D two-point an-
gular auto-correlation function (ACF) can indicate clus-
tering on an angular scale. If the overdensity is due to a
chance alignment of galaxies along the line of sight, one

would expect to see no angular clustering above that of
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Figure 6. Frequency histogram of the number of LBGs
counted in an LBT FoV-sized box after 10,000 Poisson point-
ings within the COSMOS field. The thick black line is a
Gaussian fit to the data with µ = 4.6 and σ = 2.2. The red
vertical line shows the number of LBG candidates counted in
the J0100 field while the red shaded region shows the Poisson
error on this count.

a blank field. However, if the galaxies within the proto-
cluster are truly associated with one another, one would
expect them to be strongly clustered.

Fig. 4 shows the distribution of the LBG candidates in
the field and highlights the need for large FoVs as there
are no LBG candidates within 9 cMpc (diameter of 7.4′)

from the quasar. Using single pointings from Hubble’s
Advanced Camera for Surveys (∼ 3.4′×3.4′) or JWST’s
NIRCam (∼ 2.2′×5.1′), one would: at best, not capture

the full extent of the galaxy overdensity, and at worst,
not detect it at all.
Additionally, it is evident from Fig. 4 that many of

the galaxy candidates reside in the northwest portion of

the imaging field. To ensure that this is not due to sen-
sitivity variations in the different chips on the detector
or other sky variations, we calculate the number counts
from the original catalog with quality cuts in each quad-
rant of the image. The results show that while the total
catalog and clean catalog show the same distribution of
sources in each quadrant (roughly 25% as expected), the
candidate distribution does not. Running a two-sample
Z-test between the percent of sources in the northwest
quadrant from the catalog and that of the candidates
shows that there is only a 1.1% chance that there would
be this large of a fraction of candidates in this quadrant
compared to the original distribution of sources in the

image. This indicates that the asymmetry of the candi-
date distribution is not likely due to the distribution of
the original catalog.
To evaluate this structure in a more quantitative way,

we use the two-point angular ACF, which calculates the
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likelihood of finding a galaxy within a goven angular
distance of another galaxy compared to what would be
expected from a randomly distributed population. To
measure this, we use the Landy & Szalay (1993) corre-
lation function estimator which is used in many galaxy
correlation studies (Overzier et al. 2006; Lee et al. 2006;
McLure et al. 2009; Wang et al. 2013). This takes the
form of

ω(θ) =
D̂D − 2D̂R+ R̂R

R̂R
. (7)

D̂D, D̂R, and R̂R are the normalized pair counts be-
tween real galaxies, real galaxies and random points, and
random points residing within separations of θ + ∆θ.
These are calculated with the raw number of galaxy-
galaxy, galaxy-random, and random-random pairs (DD,
DR, RR, respectively), the number of data sources (nd),
and the number of random points (nr) as follows:

D̂D = DD
nd(nd−1)/2 (8)

D̂R = DR
ndnr

(9)

R̂R= RR
nr(nr−1)/2 . (10)

We use a random distribution made up of 10,000 mock
sources that fit within the same geometry of the LBT

field. This takes into account the mask used to remove
areas around saturated stars and other noisy regions
used during the selection process. We investigate the
span of separations between 1′ − 30′. These angular

separations correspond to ∼ 2−75 cMpc at the redshift
of the quasar, thus probing the protocluster to its out-
ermost regions (Overzier et al. 2009). We use logarith-

mic binning of these separations in order to sufficiently
sample the pairs at small separations while avoiding un-
necessarily fine binning at large angular separations as
seen in Fig. 7.

The ACFs for both the 23 LBG candidates and for
stellar sources in the LBT field are shown in Fig. 7 in
black and red, respectively. Errors were determined us-
ing the Poisson estimator

∆ω(θ) =
1 + ω(θ)

min(Npair, Ndata)1/2
(11)

as described in Croom et al. (2005) and da Ângela et al.
(2005). The galaxy candidates show a positive clustering
signal at separations of less than 10′. The stellar sources
in the field, determined by CLASS STAR≥ 0.98, show
essentially no clustering signal as expected for a random
distribution of stars in the FoV.
We assume a power-law ACF in the form ωobs(θ) =

ωtrue(θ)− IC = Aωθ
−β − IC in which the observed ACF

signal is skewed downward due to the finite geometry
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Figure 7. Angular auto-correlation function of the 23 LBG
candidates in the J0100 field (black points) along with the
same for the stellar contaminants shown as red points. Solid
lines represent the power law (β = 0.6) fits to the data with
Aω,LBG = 15 and Aω,stellar = 1.1.

of the field (Roche & Eales 1999). The integral con-

straint, IC, is used to fit for this underestimation of the
clustering signal and is calculated using

IC =

∑
RR(θ)θ−β∑
RR(θ)

. (12)

The resulting correction used is IC = 0.018. We fit the
data using this formula and taking β = 0.6 as is used in

many clustering analyses (Overzier et al. 2006; Lee et al.
2006). The resulting amplitude for the galaxy candidate
distribution is Aω = 15± 2 arcsec.0.6 and for the stellar

distribution Aω = 1.1 ± 0.2 arcsec.0.6. Overzier et al.
(2006), Lee et al. (2006), and Harikane et al. (2016) de-
termined the clustering of i-dropout galaxies at z ∼ 6

in the GOODS fields and found clustering amplitudes
of 2.71± 2.05, 1.12+0.34

−0.25, and 2.7± 1.3, respectively, for
the bright galaxies in their samples. These are an or-
der of magnitude smaller than that of the galaxies in
this study. This strengthens the evidence that these
candidate LBGs in the J0100 field come from the same
overdense structure.

5.3. Results in Context

Similar searches for LBGs on ∼ 10 Mpc scales around
z ∼ 6 quasars have been conducted with similar results
(see for e.g. Utsumi et al. 2010; Morselli et al. 2014;
Balmaverde et al. 2017; Ota et al. 2018). Each study re-
ports at least slightly overdense quasar fields revealing

that searches on these large scales may provide a less bi-
ased view into the large-scale structure around quasars.
Additionally, those studies that applied extra photomet-
ric constrains (e.g. Utsumi et al. (2010) uses the zR
filter and Balmaverde et al. (2017) uses the Y− and J-
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bands) report slightly higher overdensities. For example,
Morselli et al. (2014) looked at the J1030+0524 field only
using the r-, i-, and z-bands and found an overdensity
of δ = 2.0; however, Balmaverde et al. (2017) expanded
upon this search with the Y - and J-bands and calcu-
lated an overdensity of δ = 2.4 with more confidence
of contamination removal. J0100, having a black hole
mass roughly 10 times that of J1030 (De Rosa et al.
2011), has a slightly higher overdensity using extremely
similar selection techniques. This could indicate a pos-
sible correlation with black hole mass, though, a much
larger sample with spectroscopic confirmation is needed
for this assertion.
The LBG candidates in each study are also distributed

asymmetrically in the quasar fields. The quasars are not
necessarily found at the centers of these overdensities
nor are they in the most dense regions. Additionally, all
of the observed quasar fields show a lack of LBG candi-
dates in the direct vicinity of the quasar itself. Utsumi

et al. (2010); Morselli et al. (2014) and Balmaverde et al.
(2017) all report either no or very few LBGs within 1−3
pMpc (7−21 cMpc at z ∼ 6). Similarly, we find no LBG
candidates within 1.2 pMpc (9 cMpc) from J0100. These

values are on the order of the sizes of proximity zones
around quasars: the point where the Lyα transmission
drops below 10% (Fan et al. 2006). This indicates pos-

sible suppression of star formation in galaxies near the
quasar due to UV radiation from the quasar heating the
IGM causing faint galaxies to dominate at regions clos-

est to the quasar.
It is evident from these results, and those prior, that

quasars are likely to live in overdense regions traced by
LBGs. While their properties are similar, their exact

values (such as overdensity estimate, clustering signal,
and proximity to the quasar) fill a range of parameter
space that is still unconstrained.

6. SUMMARY AND CONCLUSION

We utilize the wide-field (∼ 23′×25′) imaging in the r-,
i-, and z-bands from the Large Binocular Camera on the
Large Binocular Telescope along with complementary
Y - and J-band imaging from the Wide-field Infrared
Camera on the Canada-France-Hawaii Telescope to in-
spect the large-scale environment around the ultralumi-
nous quasar, SDSS J010013.02+280225.8 (J0100). This
quasar is the most massive known quasar at z ≥ 6, mak-
ing it an ideal region of space to search for large-scale

structure traced by galaxies. The spatial scales probed
by this wide field of view correspond to a ∼ 50 × 50
cMpc2 region, the expected extent of large protoclus-
ters from simulations.

We construct a catalog of sources in this field and uti-
lize magnitude-, signal-to-noise ratio-, and color-based
selection thresholds to identify i-dropout LBGs. We find
23 high-confidence LBGs in the field while only 4.6 LBGs
are expected in a region the size of the LBT FoV accord-
ing to the COSMOS field matched to the data charac-
teristics of our survey. This gives rise to a measured
overdensity of δ = 4 at 8.4σ significance. The candidate
LBGs show clustering (Aω = 15 ± 2 arcsec.0.6) an or-
der of magnitude larger than foreground stellar sources
furthering the evidence of large-scale structure around
J0100.
Spectroscopic follow-up will be required on these can-

didate LBGs to determine their true redshifts and cer-
tify whether or not they are truly forming a large-scale
structure around J0100.
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APPENDIX

A. ALL LBG CANDIDATE PROPERTIES

The following table reports the information of the 23 LBG candidates along with the information for the additional
8 low-confidence LBG candidates.

Table A1. LBG Candidate Photometry The coordinates and 2.′′0 aperture magnitudes of each of
the 23 LBG candidates in our sample. Entries containing a ‘>’ symbol represent nondetections of the
source and are depicted as the 2σ upper limit for the corresponding filter. The bottom 8 sources are the
low-confidence candidates described in section 3.2.

ID RA DEC r i z Y J

14812 00:59:22.05 +27:58:40.42 >26.99 >26.82 24.81±0.17 25.85±0.57 24.64±0.26

25390 00:59:29.68 +28:06:20.60 >26.99 >26.82 25.00±0.17 24.87±0.18 24.23±0.14

13026 00:59:29.77 +27:57:32.16 >26.99 25.76±0.20 24.18±0.08 24.39±0.10 23.74±0.09

26465 00:59:30.20 +28:07:13.51 >26.99 26.57±0.43 24.83±0.15 24.89±0.17 24.29±0.14

28643 00:59:38.69 +28:08:54.29 >26.99 >26.82 25.14±0.21 25.20±0.19 25.31±0.30

19190 00:59:45.43 +28:01:35.11 >26.99 >26.82 25.13±0.20 25.52±0.27 >25.69

19112 00:59:56.38 +28:01:31.74 >26.99 >26.82 24.87±0.17 25.45±0.25 24.63±0.17

26129 00:59:56.91 +28:06:57.30 >26.99 >26.82 25.04±0.21 25.44±0.24 25.01±0.24

36179 00:59:59.89 +28:14:53.37 >26.99 >26.82 24.67±0.13 24.82±0.17 23.69±0.10

24874 01:00:07.84 +28:05:56.37 >26.99 >26.82 24.46±0.11 24.82±0.15 23.82±0.08

14197 01:00:08.76 +27:58:17.56 >26.99 >26.82 24.74±0.13 >26.08 25.61±0.42

33271 01:00:13.61 +28:12:03.02 >26.99 26.43±0.37 24.92±0.16 24.99±0.17 24.81±0.20

27691 01:00:16.86 +28:08:11.82 >26.99 >26.82 25.05±0.19 >26.08 24.22±0.11

13448 01:00:23.58 +27:57:48.18 >26.99 26.68±0.47 24.52±0.11 24.44±0.10 23.44±0.06

27635 01:00:25.29 +28:08:09.21 >26.99 >26.82 24.91±0.17 25.59±0.26 24.34±0.12

35552 01:00:25.88 +28:14:16.47 >26.99 >26.82 24.92±0.16 25.17±0.22 24.46±0.17

27638 01:00:29.96 +28:08:07.76 >26.99 25.62±0.21 24.10±0.09 24.34±0.08 24.39±0.13

12974 01:00:33.08 +27:57:31.84 >26.99 26.38±0.39 24.42±0.12 25.85±0.36 24.98±0.23

25887 01:00:34.28 +28:06:47.10 >26.99 >26.82 24.90±0.18 25.30±0.20 23.95±0.09

27460 01:00:34.79 +28:08:00.80 >26.99 26.63±0.50 24.39±0.11 24.38±0.09 23.72±0.07

37982 01:00:44.07 +28:16:23.24 >26.99 26.45±0.49 24.52±0.13 24.54±0.17 23.51±0.10

32277 01:00:46.73 +28:11:02.16 >26.99 >26.82 25.21±0.21 25.75±0.31 25.02±0.23

38109 01:00:46.88 +28:16:30.54 >26.99 26.15±0.42 24.35±0.12 24.32±0.15 23.95±0.16

Low-Confidence Sources

7456 00:59:35.55 +27:53:49.84 >26.99 >26.82 24.99±0.17 24.77±0.19 24.08±0.14

32924 01:00:09.07 +28:11:42.97 >26.99 >26.82 25.22±0.21 25.98±0.41 24.11±0.11

35445 01:00:11.73 +28:14:09.58 >26.99 >26.82 25.18±0.21 24.69±0.15 24.49±0.17

34296 01:00:16.06 +28:13:03.00 >26.99 >26.82 25.03±0.18 25.33±0.24 23.84±0.09

10255 01:00:23.97 +27:55:38.41 >26.99 >26.82 25.13±0.20 24.94±0.18 23.8±0.09

33372 01:00:37.53 +28:12:09.23 >26.99 >26.82 25.15±0.20 24.71±0.12 >25.69

25884 01:01:04.20 +28:06:45.70 >26.99 >26.82 24.77±0.15 24.10±0.12 23.94±0.14

23393 01:01:05.40 +28:04:47.87 >26.99 >26.82 25.04±0.20 >26.08 23.82±0.113
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B. ALL LBG CANDIDATE CUTOUTS

r i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y J

Figure B1. Postage stamp cutouts of each high-confidence candidate LBG listed in Appendix A. These show a 8×8 square
arcsecond cutout centered on each target. The green circles are to aid the eye and have diameters of 3 arcseconds.
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r i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y J

Figure B2. A continuation of Fig. B1.
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r i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y J

Figure B3. A continuation of Fig. B1.
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r i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y Jr i z Y J

Figure B4. Continuation of Fig. B1, but showing the low-confidence targets listed in Table A1.
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et al. 2018, AJ, 156, 123, doi: 10.3847/1538-3881/aabc4f
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