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ABSTRACT

We present 16 new ultrabright HAB . 25 galaxy candidates at z ∼ 8 identified over the COS-

MOS/UltraVISTA field. The new search takes advantage of the deepest-available ground-based optical

and near-infrared observations, including the DR3 release of UltraVISTA and full-depth Spitzer/IRAC

observations from the SMUVS and SPLASH programs. Candidates are selected using Lyman-break
color criteria, combined with strict optical non-detection and SED-fitting criteria, designed to mini-

mize contamination by low-redshift galaxies and low-mass stars. HST/WFC3 coverage from the DASH

program reveals that one source evident in our ground-based near-IR data has significant substructure

and may actually correspond to 3 separate z ∼ 8 objects, resulting in a total sample of 18 galaxies.

The UV-continuum slope β for the bright z ∼ 8 sample is β = −2.2 ± 0.6, bluer but still consistent
with that of similarly bright galaxies at z ∼ 6 (β = −1.55 ± 0.17) and z ∼ 7 (β = −1.75 ± 0.18).

Their typical stellar masses are 109.1
+0.5

−0.4 M⊙, with the SFRs of 32+44
−32M⊙/year, specific SFR of 4+8

−4

Gyr−1, stellar ages of ∼ 22+69
−22 Myr, and low dust content AV = 0.15+0.30

−0.15 mag. Using this sample
we constrain the bright end of the z ∼ 8 UV luminosity function (LF). When combined with recent

empty field LF estimates at similar redshifts, the resulting z ∼ 8 LF can be equally well represented

by either a Schechter or a double power-law (DPL) form. Assuming a Schechter parameterization,

the best-fit characteristic magnitude is M∗ = −20.95+0.30
−0.35 mag with a very steep faint end slope

α = −2.15+0.20
−0.19. These new candidates include amongst the brightest yet found at these redshifts,

0.5− 1.0 magnitude brighter than found over CANDELS, providing excellent targets for spectroscopic

and longer-wavelength follow-up studies.

Keywords: galaxies: formation, galaxies: evolution, galaxies: high-redshift

1. INTRODUCTION

The confirmation and characterization of galaxy can-

didates within the cosmic reionization epoch has been

Email: stefanon@strw.leidenuniv.nl

a major challenge for observational extragalactic as-

tronomy for the last few years. The exceptional sen-
sitivity offered by the Wide Field Camera 3 Infrared

(WFC3/IR) instrument onboard the Hubble Space Tele-

scope (HST), combined with efficient photometric selec-

tion techniques have enabled the identification of & 700

faint galaxy candidates at z = 7−11 (e.g., Bouwens et al.

http://arxiv.org/abs/1902.10713v1
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2011, 2015; Schenker et al. 2013; McLure et al. 2013;

Oesch et al. 2012, 2014, 2016, 2018; Schmidt et al. 2014;

Finkelstein et al. 2015). These high-redshift galaxy sam-

ples have provided a powerful way to investigate the
build-up and evolution of galaxies, by imposing new con-

straints on the evolution of their rest-frame ultra-violet

(UV) luminosity functions (LFs) and integrated star for-

mation rate density (SFRD - but see also e.g., Tanvir

et al. 2012; McGuire et al. 2016 for a complementary
approach using gamma-ray bursts).

The redshift range of z ∼ 8 − 10 is of particular in-

terest: a number of works suggest a rapid decline of the

star-formation rate density (SFRD) from z∼8 to z∼10
(see e.g., Oesch et al. 2012, 2014, 2015a, 2018; Ellis et al.

2013; Bouwens et al. 2015 - but see e.g., McLeod et al.

2015, 2016). A key question is therefore whether the

faint galaxies emit enough ionizing photons to reionize

the universe at z & 7 (e.g., Bolton & Haehnelt 2007;
Oesch et al. 2009; Robertson et al. 2010; Shull et al.

2012; Bouwens et al. 2011, 2015; Finkelstein et al. 2015;

Tanvir et al. 2019).

Answering the above question requires estimating the
faint-end slope of the UV LF during the reionization

epoch. For a Schechter (1976) parameterization of the

LF, because of the correlation between the characteris-

tic luminosity and the faint-end slope, constraining the

bright end of the LF (e.g., through searches in shal-
low wide-field surveys) will also improve the estimates

at the faint end (e.g., Bouwens et al. 2008). Further-

more, identifying bright Lyman-break galaxies (LBGs)

will help determine whether the LF has an exponen-
tial cut-off (with relatively few luminous galaxies, as has

been established at z < 7) or is featureless like a power-

law (as suggested by a recent works - e.g., Bowler et al.

2015, 2017; Ono et al. 2018). Finally, measurements of

the bright end encode crucial information about early
galaxies, including the effects of dust, star formation

feedback, and the duty cycle of galaxies. The evolution

of the bright end therefore provides strong tests for mod-

els of galaxy evolution at these redshifts (e.g., Finlator
et al. 2011; Jaacks et al. 2012; Mason et al. 2015; Trac

et al. 2015; Mashian et al. 2016; Waters et al. 2016).

Bright z & 8 candidate LBGs are also important tar-

gets for spectroscopic follow-up and in preparation for

the James Webb Space Telescope. Spectroscopic con-
firmation is vital to test the validity of the photomet-

ric selection techniques and to identify potential con-

taminant populations at lower redshift, given the phys-

ical conditions at such early times are potentially very
different than at present increasing the uncertainty in

photometric redshift determinations. When galaxies are

confirmed, spectroscopy enables the study of UV spec-

tral features (e.g., Stark et al. 2015a,b, 2017) and im-

prove estimates of stellar mass and star formation rate.

However, spectroscopic confirmation has been very chal-

lenging so far, with fewer than expected (e.g., Stark
et al. 2011) normal galaxies with robust redshift mea-

surements at z > 7 (e.g., Vanzella et al. 2011; Pentericci

et al. 2011; Ono et al. 2012; Schenker et al. 2012; Shibuya

et al. 2012; Finkelstein et al. 2013; Tilvi et al. 2014;

Song et al. 2016; Schmidt et al. 2016; Huang et al. 2016;
Hoag et al. 2017, 2018; Larson et al. 2018; Pentericci

et al. 2018). The likely reason for this is the increased

neutral fraction at z & 6 combined with the faintness

of the sources (e.g., Treu et al. 2013; Schenker et al.
2014; Pentericci et al. 2014; Tilvi et al. 2014). Interest-

ingly, a number of recent works have reported spectro-

scopic confirmation for bright (H ∼ 25 mag) LBGs at

the epoch of the reionization from Lyα detection (Oesch

et al. 2015b; Roberts-Borsani et al. 2016; Stark 2016;
Zitrin et al. 2015). These observations further suggested

that reionization could have happened in a patchy form,

rather than homogeneously, and inspired confidence in

our ability to reliably select bright sources to the highest
possible redshifts.

Perhaps surprisingly, observational progress on the

very bright end has been relatively slow. Covering wide

areas with HST is very inefficient due to the extremely

low surface densities of the brightest z > 8 galaxies.
Some progress has come from pure parallel imaging

surveys such as BORG/HIPPIES (Trenti et al. 2011;

Yan et al. 2011), from targeted follow up over the full

CANDELS area (Oesch et al. 2015b; Roberts-Borsani
et al. 2016; Zitrin et al. 2015; Stark 2016) and from the

RELICS program (Salmon et al. 2017), which builds

on the strong-lensing strategy of the Hubble Frontier

Field (HFF) and CLASH surveys. Combined together,

these wider-area, shallow surveys still only cover < 1300
arcmin2 and provided only . 5 candidates at z & 8

brighter than MUV . −22.0 (Bernard et al. 2016; Calvi

et al. 2016; Livermore et al. 2018; Morishita et al. 2018).

An alternative approach consists in leveraging the
on-going wide-field ground-based surveys such as COS-

MOS/UltraVISTA and UKIDSS/UDS, which benefit

from deep (∼ 26 mag) wide wavelength coverage (0.3−

5µm - e.g., Bowler et al. 2012, 2014, 2015, 2017; Stefanon

et al. 2017b).
In Stefanon et al. (2017b) we presented five can-

didate bright z & 8 LBGs identified over the COS-

MOS/UltraVISTA field; in that work we used our

HST/WFC3 imaging to confirm three of them to be
at z & 8. Here we report the full analysis and the

results of the search for ultrabright H ∼ 24-26 galaxy

candidates at z & 8 from the COSMOS/UltraVISTA
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program from which the Stefanon et al. (2017b) can-

didates were extracted. This search takes advantage

of the deepest-available ground-based optical+near-

infrared observations, in particular the DR3 release of
UltraVISTA which provides ∼ 1.4 mag deeper data in

Y, J,H,Ks compared to DR1 (McCracken et al. 2012).

Our study also takes advantage of deep Spitzer/IRAC

(Fazio et al. 2004) observations from the Spitzer Large

Area Survey with Hyper-Suprime-Cam (SPLASH, PI:
Capak) and the Spitzer Matching survey of the UltraV-

ISTA ultra-deep Stripes (SMUVS, PI: Caputi - Caputi

et al. 2017; Ashby et al. 2018) programs. The increased

depth and the inclusion of Spitzer/IRAC data, probing
the rest-frame optical, now makes it possible to access

the galaxy population at z & 8 through reliable sample

selections.

This paper is organized as follows. The observations

are summarized in Sect. 2, while in Sect. 3 we describe
how we performed the photometry. The source selection

is detailed in Sect. 4. The sample is presented in Sect.

5 and it is characterized in Sect. 6. We present our

conclusions in Sect. 7. Throughout, we adopt ΩM =
0.3,ΩΛ = 0.7, H0 = 70 km s−1Mpc−1. Magnitudes are

given in the AB system Oke & Gunn (1983) and we

adopt a Chabrier (2003) initial mass function (IMF).

2. OBSERVATIONAL DATA

Our analysis is based on ultradeep near-infrared imag-

ing over the COSMOS field (Scoville et al. 2007) from

the third data release (DR3) of UltraVISTA (McCracken
et al., in prep). UltraVISTA provides imaging which

covers 1.6 square degrees (McCracken et al. 2012) in

the Y , J , H and Ks filters to ∼ 24 − 25 mag (AB,

5σ), with DR3 achieving fainter limits over 0.8 square

degrees in 4 ultradeep stripes. The DR3 contains all
data taken between December 2009 and July 2014 and

reaches Y = 25.4, J = 25.4, H = 25.1,K = 24.8 mag

(AB, 5σ in 1.′′2-diameter apertures). The nominal depth

we measure in the Y , J , H , and Ks bands for the Ultra-
VISTA DR3 release is ∼0.2 mag, ∼0.6 mag, ∼0.8 mag,

and ∼0.2 mag, respectively, deeper than in the UltraV-

ISTA DR2 release.

The optical data consists of CFHT/Megacam in g, r, i,

y and z (Erben et al. 2009; Hildebrandt et al. 2009 from
the Canada-France-Hawaii Legacy Survey (CFHTLS),

Subaru/Suprime-CamBj ,Vj , g
+, r+, i+ and z+-imaging

(Taniguchi et al. 2007), and Subaru HyperSuprimeCam

g, r, i, z and y (Aihara et al. 2017a,b).
For this work, we used full-depth Spitzer/IRAC 3.6µm

and 4.5µm mosaics we built combining observations

from all available programs: S-COSMOS (Sanders et al.

2007), the Spitzer Extended Deep Survey (Ashby et al.

Table 1. Photometric depths of the adopted
ground-based and Spitzer/IRAC data sets, and
corresponding average aperture corrections.

Filter Aperture Depth

name correctiona 5σb

CFHTLS u∗ 2.2 26.7

SSC B 1.7 27.4

HSC gc 2.1 26.7

CFHTLS g 2.1 26.8

SSC V 2.1 26.4

HSC rc 1.7 26.8

CFHTLS r 2.0 26.4

SSC r+ 2.0 26.6

SSC i+ 1.9 26.2

CFHTLS y 1.9 26.1

CFHTLS i 1.9 26.0

HSC ic 1.8 26.3

CFHTLS z 2.0 25.2

HSC zc 1.7 25.9

SSC z+ 2.2 25.0

HSC yc 2.1 24.9

UVISTA Y 2.5 25.4/24.5

UVISTA J 2.3 25.4/24.4

UVISTA H 2.2 25.1/24.1

UVISTA KS 2.1 24.8/23.7

IRAC 3.6µm 2.7d 25.4/24.9/24.5

IRAC 4.5µm 2.7d 25.3/24.7/24.3

IRAC 5.8µm 3.4d 20.8

IRAC 8.0µm 4.1d 20.6

aAverage multiplicative factors applied to es-
timate total fluxes.

bAverage depth over the full field correspond-
ing to 5σ flux dispersions in empty aper-
tures of 1.′′2 diameter corrected to total us-
ing the average aperture correction. The two
depths for UltraVISTA correspond to the ul-
tradeep and deep stripes, respectively; the
three depths for the Spitzer/ IRAC 3.6µm
and 4.5µm bands correspond to the regions
with SMUVS+SCOSMOS+SPLASH cover-
age (approximately overlapping with the ul-
tradeep stripes) and SPLASH+SCOSMOS
only (≈ deep stripes).

cThe HyperSuprimeCam data were not avail-
able during the initial selection of the sample;
we included them in our subsequent analy-
sis applying the same methods adopted for
the rest of the ground and Spitzer/ IRAC mo-
saics.

dAperture corrections for IRAC bands refer to
the 1.′′8 diameter.
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Figure 1. Depth and layout of observations relevant to
our current search for z ∼ 8-9 galaxies over the UltraV-
ISTA field. The gray shaded image represents the UltraV-
ISTA DR3 exposure time map (deeper exposure for darker
regions). The colored curves mark the coverage from CFHT
Legacy Survey (magenta), ultradeep HSC (green) and the
deep Spitzer/IRAC observations from the SPLASH program
(red). Even deeper Spitzer/IRAC observations are available
over the deep stripes from the SMUVS program. The yellow
rectangle in the center demarcates the region with observa-
tions from the CANDELS program. The blue-shaded image
corresponds to the COSMOS/DASH coverage map (darker
regions indicate deeper coverage). The orange stars mark
the position of bright candidate z ∼ 8 galaxies we have dis-
covered in our search.

2013), the Spitzer-Cosmic Assembly Near-Infrared Deep

Extragalactic Survey (S-CANDELS, Ashby et al. 2015),
the Spitzer Large Area Survey with Hyper-Suprime-Cam

(SPLASH, PI: Capak), the Spitzer Matching survey of

the UltraVISTA ultra-deep Stripes (SMUVS, Caputi

et al. 2017; Ashby et al. 2018). Compared to the original
S-COSMOS IRAC data, SPLASH provides a large im-

provement in depth over nearly the whole UltraVISTA

area, covering the central 1.2 square degree COSMOS

field to 25.5 mag (AB) at 3.6 and 4.5µm. SEDS and

S-CANDELS cover smaller areas to even deeper limits,
while SMUVS pushes deeper over the ultradeep Ultra-

VISTA stripes.

Finally, we also included measurements in the IRAC

5.8µm and 8.0µm bands from the S-COSMOS program.
Even though the coverage in these bands is rather shal-

low (∼ 20.7mag, 5σ in 1.′′8-diameter aperture), detec-

tions in these two bands can be useful to discriminate

high-redshift sources from lower-redshift interlopers. We

discuss this for our sample at the end of Sect. 5.2.

A summary of all the deep, wide-area data sets along

with 5σ depths is provided in Table 1, while in Figure 1

we present the coverage of the different data sets.

3. PHOTOMETRY

Source catalogs were constructed using SExtractor

v2.19.5 (Bertin & Arnouts 1996), run in dual image

mode, with source detection performed on the square
root of a χ2 image (Szalay et al. 1999) built from the

combination of the UltraVISTA J , H and Ks images.

The first selection was performed adopting ground-

based observations only. Images were first convolved
to the J-band point-spread function and carefully regis-

tered against the detection image (mean RMS ∼ 0.′′05).

Initial color measurements were made in small Kron

(1980)-like apertures (SExtractor AUTO and Kron fac-

tor 1.2) with typical radius rcolor ∼ 0.′′35− 0.′′50.
Successively, we refined our selection of z ∼ 8-10

candidate galaxies using color measurements made in

fixed 1.2′′-diameter apertures. For this step, fluxes from

sources and their nearby neighbors (12.′′0 × 12.′′0 re-
gion) are carefully modelled; aperture photometry is

then performed after subtracting the neighbours using

mophongo (Labbé et al. 2006, 2010a,b, 2013, 2015).

Our careful modeling of the light from neighboring

sources improves the overall robustness of our final can-
didate list to source confusion. Total magnitudes are de-

rived by correcting the fluxes measured in 1.2′′-diameter

apertures for the light lying outside this aperture. The

relevant correction factor is estimated on a source-by-
source basis based on the spatial profile of each source

and the relevant PSF-correction kernel. Average PSF

corrections for each band are listed in Table 1.

Photometry on the Spitzer/IRAC observations is more

involved due to the much lower resolution FWHM = 1.′′7
compared to the ground-based data (FWHM = 0.′′7).

The lower resolution results in source blending where

light from foreground sources contaminates measure-

ments of the sources of interest. Photometry of the
IRAC bands was therefore performed with mophongo,

adopting 1.′′8 apertures. Similarly to the optical bands,

IRAC fluxes were corrected to total for missing light

outside the aperture using the model profile for the in-

dividual sources. The procedure for IRAC photometry
employed here is very similar to those of other studies

(e.g., Galametz et al. 2013; Guo et al. 2013; Skelton et al.

2014; Stefanon et al. 2017a; Nayyeri et al. 2017).

Following Stefanon et al. (2017b), the uncertainties
associated to the flux densities were estimated from the

standard deviation of the flux density measurements in

1.′′2-diameter empty apertures, multiplied by the corre-

sponding aperture correction.
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4. SAMPLE SELECTION

We require sources to be detected at > 5σ significance

in the J , H , Ks, [3.6], and [4.5] images after coadding

their S/N’s in quadrature and in those bands with a

positive flux density estimate, and we limit our selection
to sources brighter than H ∼ 25.8 mag. The combined

UltraVISTA and IRAC detection and S/N requirements

exclude spurious sources due to noise, detector artifacts,

and diffraction features.

We identified candidate z ∼ 8− 9 LBGs using a com-
bination of Lyman-break criteria and photometric red-

shift selections. While photometric redshifts are a great

tool in a number of cases, their quality is a direct con-

sequence of the adopted set of template models. It is
not uncommon, for instance, when running photometric

redshift codes to obtain solutions at z & 6 represented

by red, dusty SEDs. Given our current limited knowl-

edge on the physical properties of high redshift galaxies,

the existence of such objects, although unlikely, is still
possible. However, their red colors would make the as-

sessment of their nature very difficult with the available

data, being unable to effectively exclude (more likely)

low redshift solutions. The LBG cuts we applied are
strict enough to exclude sources with red, power-law

like SEDs, therefore aiming at selecting the most ro-

bust sample of star-forming galaxies consistent with at

most a small amount of dust attenuation. Furthermore,

because the process we applied to measure flux densities
heavily relies on mophongo, it would have required an

unfeasible amount of time running it on 24 bands for

the full set of sources detected on the χ2 image (∼ 1

million sources). For these reasons, we started from a
sub-sample selected with Lyman break cuts, and con-

solidated the selection applying a photometric redshift

analysis. The full procedure is detailed below.

We construct a preliminary catalog of candidate z ∼ 8

and z ∼ 9 galaxies using those sources that show an ap-
parent Lyman break due to absorption of UV photons

by neutral hydrogen in the IGM blue-ward of the red-

shifted Lyα line. At z > 7.1, the break results in a

significantly lower Y -band flux density for candidates,
while at z > 8.7 it reduces the J-band flux densities.

Because of this we applied two distinct criteria to select

either z ∼ 8 or z ∼ 9 candidte LBGs. Specifically, for

the z ∼ 8 sample we applied the following criterion:

Y − (J +H)/2 > 0.75 (1)

while for the z ∼ 9 sample we required that:

J −H > 0.8 (2)

In case of a non-detection, the Y or J-band flux in these

relations was replaced by the equivalent 1σ upper limit.

These cuts do not exclusively select z > 7 galaxies, but

also accept some dust-reddened low redshift galaxies.

However, such sources would show a very red continuum

and red colors red-ward of the J−band or H−bands.
Therefore, to reject this class of galaxies we also imposed

to each one of the sample selected with Equations 1 and

2 the requirement of a blue continuuum redward of the

break:

(H−K < 0.7) ∧ ((K−[3.6] < 1.75) ∨ (H−[3.6] < 1.75))

(3)

where ∧ denotes the logical AND operator, and ∨ de-
notes the logicalOR operator. These limits are valuable

for excluding a small number of very red sources from

our selection. Nevertheless, it is worth emphasizing that

our final sample of z > 7 bright galaxies shows little de-

pendence on the specific limits chosen here.
Subsequently, we determined the redshift probability

distribution P (z). For this we used the EAzY pro-

gram (Brammer et al. 2008), which fits non-negative

linear combination of galaxy spectral templates to the
observed spectral energy distribution (SED), assuming

a flat prior on redshifts. We complemented the stan-

dard EAzY v1.0 template set with templates extracted

from the Binary Population and Spectral Synthesis code

(BPASS - Eldridge et al. 2017) v1.1 for sub-solar metal-
licity (Z = 0.2Z⊙), which include nebular emission

from cloudy. Specifically, we adopted templates with

equivalent widths EW(Hα)∼ 1000− 5000Å as these ex-

treme EW reproduce the observed [3.6] − [4.5] colors
for many spectroscopically confirmed z ∼ 7-9 galaxies

(Ono et al. 2012; Finkelstein et al. 2013; Oesch et al.

2015b; Roberts-Borsani et al. 2016; Zitrin et al. 2015;

Stark 2016). Driven by current observational results

(e.g., Roberts-Borsani et al. 2016; Oesch et al. 2015b;
Zitrin et al. 2015), we blanketed the Lyα line from

those templates with EW(Lyα)& 40Å. Finally, we added

templates of 2Gyr-old, passively evolving systems from

Bruzual & Charlot (2003), with Calzetti et al. (2000)
extinction in the range AV = 0 − 8 mag to test the ro-

bustness of our selected candidates against being lower-

redshift interlopers highly attenuated by dust.

We imposed an additional constraint, that the inte-

grated probability beyond z = 6 to be > 50%. The use
of a redshift likelihood distribution P (z) is very effec-

tive in rejecting faint low-redshift galaxies with a strong

Balmer/4000Å break and fairly blue colors redward of

the break.
We further cleaned our sample from low-redshift

sources and Galactic stars by imposing χ2
opt < 4. The

χ2
opt is defined as χ2

opt = ΣiSGN(fi)(fi/σi)
2 (Bouwens

et al. 2011), where fi is the flux in any optical band i
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with uncertainty σi, and SGN(fi) is +1 if fi > 0 and −1

if fi < 0. The χ2
opt is calculated in both 1.′′2-diameter

apertures and in the scaled elliptical apertures. χ2
opt is

effective in excluding z = 1−3 low-redshift star-forming
galaxies where the Lyman break color selection is sat-

isfied by strong line emission contributing to one of the

broad bands (e.g., van der Wel et al. 2011; Atek et al.

2011). We also constructed full depth pseudo r-, i- and

z-band mosaics, combining the relevant observations
from the CFHTLS, HSC and SSC data sets and ex-

cluded sources with a 2σ detection in either individual

ground-based imaging bands or in one of the three full

depth optical mosaics, as potentially corresponding to
lower-redshift contaminants. After this step, the sample

resulted composed of 49 candidates.

Finally, to further exclude contamination by the

coolest low-mass stars we used EAzY to fit all can-

didates with stellar templates from the SpecX prism
library (Burgasser 2014) and exclude any which are sig-

nificantly better fit (∆χ2 > 1) by stellar SED models.

The approach we utilized is identical to the SED-fitting

approach recently employed by Bouwens et al. (2015)
for excluding low-mass stars from the CANDELS fields.

Through this step we excluded 30 sources as likely

brown-dwarf candidates.

The IRAC flux densities are particularly crucial for

our work, because of the dependence of the [3.6]− [4.5]
color on redshift, and because for z & 8 the 3.6µm and

4.5µm bands probe the rest-frame optical red-ward of

the Balmer break, thus providing information of the age

and stellar mass of the sources. For these reasons, we
visually inspected the image stamps containing the orig-

inal IRAC science frame subtracted of the model sources

(hereafter residual images). Residual images showed

generally clean subtractions, with the exception of two

sources (UVISTA-Y7 and UVISTA-Y9). Because the
photometric redshifts for these two sources obtained af-

ter excluding the IRAC bands still indicated a z ∼ 8

solution, we opted for including the two sources when

estimating the luminosity function (see Sect. 6.4), but
we excluded them from physical parameter considera-

tions as likely suffering from systematics (Sect. 6.1, 6.2

and 6.3).

Finally, we excluded one source which, even though

satisfied all the previous criteria, showed a 2.2σ detec-
tion on the image built stacking all the optical data.

When considered together, our selection criteria re-

sulted in very low expected contamination rates. The

nominal contamination rate just summing over the red-
shift likelihood distribution for the z ∼ 8 sample is

∼ 5%, based on the assumption our SED templates span

the range of colors for the low-z interlopers. This per-

centage should just be considered indicative; it does not

account for z < 6 sources scattering into our selection

due to the impact of noise. We will conduct such a

quantification in Sect. 5.4.
In addition to minimizing the impact of contamination

in our z ∼ 8 selection, the present selection criteria also

likely exclude some bona-fide z ∼ 8 galaxies and thus

introduce some incompleteness into our z & 8 samples.

We cope with this incompleteness using selection volume
simulations in Sect. 6.4.

5. RESULTS

The above selection criteria resulted in a total of 18

z ∼ 8 − 9 LBGs candidates over the UltraVISTA field.

Specifically, we identified 16 Y−band dropouts and 2
J−band dropouts. These candidates span a range of

H ∼ 24.0− 26.0mag and constitute the most luminous

z ∼ 8 galaxy candidates known to date, 0.5 − 1.0 mag

brighter than the galaxies recently confirmed through

spectroscopy (Oesch et al. 2015b; Zitrin et al. 2015;
Roberts-Borsani et al. 2016).

Stefanon et al. (2017b) already presented five of them:

three Y -band dropouts (namely UVISTA-Y1, UVISTA-

Y5 and UVISTA-Y6) and the two J−band dropouts
(UVISTA-J1 and UVISTA-J2), that we had followed-

up with HST/WFC3 imaging in the F098W, F125W

and F160W bands. That analysis further supported the

conclusion that the three Y−band dropouts are z & 8

LBGs, and showed that the two J−band dropout candi-
dates were low-redshift interlopers. In the next sections

we present the full sample from which those five sources

were extracted. For completeness, we also re-examined

the three sources analyzed in Stefanon et al. (2017b)
(UVISTA-Y1, UVISTA-Y5 and UVISTA-Y6), exclud-

ing the flux density measurements in the HST/WFC3

bands, and conclude that they are probable z & 8 candi-

dates. We refer the reader to Stefanon et al. (2017b) for

full details on their analysis including the HST flux den-
sities. Nonetheless, high-resolution imaging from HST

is key in ascertaining the nature of these sources, as we

discuss in the next section.

5.1. High-resolution imaging from HST

In an effort to further ascertain the nature of the z ∼ 8

LBG sample considered in this work, we also inspected
the recent Drift And SHift mosaic (DASH - Momcheva

et al. 2016; Mowla et al. 2018) at the nominal loca-

tions of the selected candidate bright LBGs. This mo-

saic covers ∼ 0.7 sq. deg of sky in the WFC3/F160W
band to a depth of ∼ 25.1mag (0.′′3 diameter aperture

- Mowla et al. 2018), and overlaps approximately with

three of the four UltraVISTA ultradeep stripes (see Fig-

ure 1). As a bonus, the mosaic also incorporates all
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Figure 2. Image stamps (5.′′0 side) of those sources with
coverage in the WFC3/F160W DASH mosaic (Momcheva
et al. 2016; Mowla et al. 2018), centered at the nominal lo-
cation of each object. To improve contrast, each cutout has
been smoothed with a 0.′′2 Gaussian filter.

Table 2. Candidate z ∼ 8 LBGs with HST/WFC3
F160W coverage

ID PID PI Depth

[mag]

UVISTA-Y1 14895 R. Bouwens 24.7

UVISTA-Y2 14114 P. van Dokkum 24.9

UVISTA-Y3a 13868 D. Kocevski 26.5

UVISTA-Y4 14114 P. van Dokkum 24.9

UVISTA-Y5 14895 R. Bouwens 24.9

UVISTA-Y6 14895 R. Bouwens 25.0

UVISTA-Y7 14114 P. van Dokkum 24.9

UVISTA-Y8 13641 P. Capak 25.7

UVISTA-Y9 14114 P. van Dokkum 24.8

UVISTA-Y10 14114 P. van Dokkum 24.7

UVISTA-Y11 12440 S. Faber 26.6

UVISTA-Y13 14114 P. van Dokkum 24.9

UVISTA-Y14 14114 P. van Dokkum 24.8

UVISTA-Y16 14114 P. van Dokkum 24.7

Note—The limiting magnitudes refer to 5σ fluxes in
apertures of 0.′′6 diameter corrected to total using
the growth curve of point sources.

aHST/WFC3 imaging suggests this source is poten-
tially multiple. See Sect. 5.1 for details.

the publicly available imaging in the F160W band over

the COSMOS/UltraVISTA field. Given the detection
of the candidate LBGs was performed on ground-based

data (seeing FWHM∼ 0.′′7), the finer spacial resolution

of HST/WFC3 (PSF FWHM∼ 0.′′2) is key to test poten-

tial multiple components of the candidate bright LBGs,

0.83

UVISTA-Y3a

UVISTA-Y3bUVISTA-Y3c

1"

Figure 3. Image stamp (5.′′0× 5.′′0, smoothed with a Gaus-
sian of 0.′′1 FWHM) in the WFC3/F160W band extracted
from the DASH mosaic (Momcheva et al. 2016; Mowla et al.
2018) centered at the position of UVISTA-Y3. Individual
components are indicated by the blue labels. The red curve
corresponds to the contour of the stacked J,H and Ks data.

V606 I814 J125 H160

Figure 4. Image stamps (5.′′0 × 5.′′0) for UVISTA-Y11 in
HST bands from the CANDELS program, as labeled at the
top-left corner of each panel. No evidence for flux at the
nominal location of the source is seen blueward of the 1.2µm
band, consistent with what is seen in the ground-based ob-
servations.

whose blending could artificially increase their measured

luminosity (e.g., Bowler et al. 2017; Marsan et al. 2019)

or systematically affect their redshift estimates.

We found that 14 of the 16 candidate LBGs are cov-

ered by the DASH mosaic. Their image stamps are
presented in Figure 2, while in Table 2 we summarize

the coverage details for each source. We note that two

sources (UVISTA-Y4 and UVISTA-Y8) fall on or very

close to the border between the DASH coverage and
deeper WFC3 coverage, resulting in unreliable measure-

ments.

Inspection of the DASH mosaic at the locations of the

candidate LBGs discussed in this work resulted in single,
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Table 3. Sample of candidate z ∼ 8 LBGs

ID R.A. Dec. mH
a Y − Jb [3.6] − [4.5]b zphot

c

[J2000] [J2000] [mag] [mag] [mag]

UVISTA-Y1d 09 : 57 : 47.900 +02 : 20 : 43.66 24.8 ± 0.1 > 2.1 0.4 ± 0.2 8.53+0.53
−0.62

UVISTA-Y2 10 : 02 : 12.558 +02 : 30 : 45.71 24.8 ± 0.2 > 2.2 0.5 ± 0.1 8.21+0.50
−0.49

UVISTA-Y3ae 10 : 00 : 32.324 +01 : 44 : 30.86 25.5 ± 0.3 > 0.9 0.6 ± 0.5 8.68+0.93
−1.21

UVISTA-Y3be 10 : 00 : 32.317 +01 : 44 : 31.48 26.1 ± 0.5 > 0.9 < 0.8f,g 8.90+1.24
−1.18

UVISTA-Y3ce 10 : 00 : 32.350 +01 : 44 : 31.73 26.0 ± 0.5 > −0.5 0.7 ± 0.5 9.29+1.58
−2.10

UVISTA-Y4 10 : 00 : 58.485 +01 : 49 : 55.96 24.9 ± 0.2 1.0± 0.4 0.1 ± 0.2 7.42+0.19
−0.20

UVISTA-Y5d 10 : 00 : 31.886 +01 : 57 : 50.23 24.9 ± 0.2 > 1.3 0.8 ± 0.3 8.60+0.58
−0.65

UVISTA-Y6d 10 : 00 : 12.506 +02 : 03 : 00.50 25.3 ± 0.3 > 1.5 0.3 ± 0.4 8.32+0.66
−0.92

UVISTA-Y7 09 : 59 : 02.566 +02 : 38 : 06.05 25.5 ± 0.4 > 1.3 · · · † 8.47+0.72
−0.73

UVISTA-Y8 10 : 00 : 47.544 +02 : 34 : 04.84 25.4 ± 0.3 > 1.4 1.0 ± 0.8 8.34+0.60
−0.58

UVISTA-Y9 09 : 59 : 09.621 +02 : 45 : 09.68 25.4 ± 0.3 0.8± 0.7 · · · † 7.69+0.99
−0.71

UVISTA-Y10 10 : 01 : 47.495 +02 : 10 : 15.37 25.3 ± 0.3 > 1.6 0.9 ± 0.7 8.25+0.61
−0.60

UVISTA-Y11 10 : 00 : 19.607 +02 : 14 : 13.15 25.2 ± 0.3 > 1.4 0.8 ± 0.4 8.64+0.66
−0.72

UVISTA-Y12 10 : 00 : 15.975 +02 : 43 : 32.96 25.6 ± 0.4 > 1.2 0.2± 0.8f 8.70+0.61
−0.74

UVISTA-Y13 09 : 58 : 45.561 +01 : 53 : 41.79 25.8 ± 0.4 > 1.1 0.8 ± 0.7 8.54+0.79
−1.18

UVISTA-Y14 10 : 00 : 12.568 +01 : 54 : 28.50 25.6 ± 0.4 > 1.1 0.1 ± 0.6 7.55+1.71
−2.68

UVISTA-Y15 09 : 57 : 35.795 +02 : 11 : 57.81 25.6 ± 0.4 1.1± 0.9 < −0.5f,g 7.64+1.13
−1.13

UVISTA-Y16 10 : 01 : 56.333 +02 : 34 : 16.25 25.3 ± 0.3 1.2± 0.7 0.6 ± 0.4 7.90+0.74
−0.57

Note—Measurements for the ground-based bands are 1.′′2 aperture flux densities from mophongo
corrected to total using the PSF and luminosity profile information; measurements for Spitzer/ IRAC
bands are based on 1.′′8 aperture flux densities from mophongo corrected to total using the PSF and
luminosity profile information.

aH-band magnitude and associated 1σ uncertainty estimated from the UltraVISTA DR3 mosaic.

bUpper/lower limits to be intended as 1σ

cPhotometric redshift and 68% confidence interval of the best-fitting template from EAzY.

dThese sources were already presented in Stefanon et al. (2017b). We propose them here again for
completeness, noting that their associated parameters in the present work were computed excluding
the information from the HST bands. We refer the reader to Stefanon et al. (2017b) for a more
complete analysis.

eThese candidate LBGs were initially identified as a single source on the UltraVISTA NIR bands.
Successive analysis including COSMOS/DASH suggests these are three distinct objects. The cor-
responding observables when a single object is assumed are: R.A.= 10:00:32.322; Dec=1:44:31.26,
mH = 25.0 ± 0.1mag; Y − J = 1.1± 0.4mag; [3.6] − [4.5] = 0.3± 0.1mag and zphot = 7.62+0.14

−0.28

fThis IRAC color is based on < 2σ flux density estimate in both bands.

gA blue [3.6] − [4.5] < 0mag color might be indicative of a redshift z . 7

†After visual inspection, the neighbour-clean image stamps in the IRAC 3.6µm and 4.5µm bands, which
constitute the base for our flux density estimates, showed non-negligible residuals that likely system-
atically affect our estimates. We therefore opted for excluding from our analysis the measurements
involving IRAC for these sources.
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isolated sources (for the five sources that are detected at

& 4σ) with the important exception of one candidate,

UVISTA-Y3. In Figure 3 we present an image stamp ex-

tracted from DASH with overplotted the contour of the
combined J , H and Ks imaging data. A SExtractor run

identified three individual objects (with S/N∼ 4.5, 2.9

and 2.2) overlapping with the UltraVISTA footprint of

UVISTA-Y3, that we label as UVISTA-Y3a, UVISTA-

Y3b and UVISTA-Y3c, for the three components in or-
der of increasing declination, respectively (see Figure 3).

The three sources are found to have relative distances

of ∼ 0.′′5. To further ascertain the multiple nature of

this source, we run a Monte Carlo simulation, presented
in Appendix A, consisting in adding to the DASH foot-

print synthetic sources whose morphologies are similar

to those measured for bright z & 6 LBGs. None out

of the twenty synthetic sources were split into multi-

ple components by the background noise, increasing our
confidence in the multi-component nature of this source.

The high resolution provided by the DASH imaging en-

abled re-running the photometry with mophongo this

time adopting the DASH image itself as positional and
morphological prior. As we will show in the next sec-

tion, the single z ∼ 8 source initially identified on the

UltraVISTA images resulted in the three objects being

at z & 8. At z ∼ 8, 0.′′5 correspond to ∼ 2.5kpc, i.e.,

& 2.5× the typical size of bright LBGs at these redshifts
(e.g., Holwerda et al. 2015; Oesch et al. 2016; Bowler

et al. 2017; Stefanon et al. 2017b; Bridge et al. 2019 -

submitted); for this reason, in all the following analysis,

we considered the three sources as individual objects.
Given that there are 17 z ∼ 8 candidates over the ∼0.8

deg2 of the UltraVISTA ultradeep stripes, we would ex-

pect to find only ∼1 candidate over the ∼190 arcmin2

CANDELS COSMOS field. Indeed, only one z ∼ 8 can-

didate from our selection is located over the CANDELS
COSMOS field (UVISTA-Y11). In Figure 4 we present

the image stamps in the V606 I814, J125, JH140 and

H160. The V606 mosaic shows a close low-z neighbour

just ∼ 0.′′7 west of UVISTA-Y11, which is not detected
in any NIR image (see Figure 4 and Figure 5). There-

fore, we manually included this low-z neighbour when

performing the photometry1. We do not detect flux at

> 1σ in the V606 and I814 bands increasing our confi-

dence on its high-z nature.
Finally, we inspected the ACS I814-band mosaic of

the COSMOS program (Scoville et al. 2007, ∼ 26.5mag

in 0.′′6 aperture diameter, 5σ). We found coverage

for all sources with the exception of UVISTA-Y1 and

1 Omitting the neighbouring source leads to flux densities sys-
tematically over-estimated by ∼ 30%.

UVISTA-Y15. No significant detections exist for any

of the sources. We identified a potential low-z galaxy

∼ 1.′′0 north-west of the nominal location of UVISTA-

Y4, which however does not affect our flux density esti-
mates.

The above analysis based on serendipitous deep HST

coverage for two among the brightest z ∼ 8 LBGs

stresses the importance of deep (& 1 orbit) high-

resolution multi-band follow-up to further assess the
nature of the remarkable LBG candidates identified in

the present work.

5.2. Sample of z ∼ 8 Candidates

Figure 5 presents the image stamps of all the candi-

date z ∼ 8 LBGs. Their positions and main photometry

are listed in Table 3, while in Appendix B we list the

flux densities for all objects in all bands. As it is evi-
dent from Figure 5, all sources are clearly detected in

the near-infrared, and most of them are also detected

in at least one of the Spitzer/IRAC bands. The bright-

est source has an H-band magnitude of 24.8mag and it
is detected at 12σ, adding in quadrature the detection

significance in the J , H , and Ks bands.

The observed SEDs of the galaxy candidates are pre-

sented in Figure 6, along with the EAzY best-fit tem-

plates at z ∼ 8 and, to provide contrast, forced fits to
model z < 6 galaxies. The inset in each panel presents

the redshift likelihood distribution based on the avail-

able optical, infrared and Spitzer/IRAC photometry. Fi-

nally, in Figure 7 we show the SED of UVISTA-Y3 when
we do not deblend its photometry using the information

from the DASH imaging. This SED is best-fitted by a

z ∼ 8 solution, consistent with our initial selection.

Four of our 16 z ∼ 8 candidates (or ∼ 23% of our

sample) are located outside the region with the deepest
optical observations from the CFHT legacy deep survey.

Because the HSC imaging was not available at the time

of the initial sample selection, and given shallower opti-

cal observations available in some of the bands to con-
trol for contamination (e.g., in the z band), we can ask

whether we find an excess of sources over these regions

compared to what we would expect from simple Poisso-

nian statistics. As the outer region contains∼37% of the

area, we find no evidence for a higher surface density of
z ∼ 8 candidate galaxies outside those regions providing

the best photometric constraints. This suggests that we

can plausibly include the full UltraVISTA search area in

quantifying the volume density of bright z ∼ 8 galaxies.
Furthermore, the subsequent addition of flux densities

from the HSC mosaics did not substantially affect the

redshift distributions for these sources, increasing our

confidence on their being at z & 8.
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Although most of our sample sources are robust z > 8

candidates, a few have relatively unconstrained redshift

probability distributions. Those tend to have the red-

dest J−H colors and hence the least certain breaks. En-
couragingly enough, the most uncertain sources are dis-

tributed fairly uniformly across the UltraVISTA search

area and are not located exclusively over those regions

with the poorest observational constraints.

While 14 out of the 16 candidates do not present any
significant detection in the 5.8µm and 8.0µm bands,

two sources in our z ∼ 8 selection (UVISTA-Y3 and

UVISTA-Y13) are formally detected at >1σ in the

combined 5.8µm and 8.0µm observations, with nomi-
nal brightnesses of ∼ 23 − 23.5 mag at > 5µm. This

could be interpreted as indication of contamination from

intrinsically-red z < 3 galaxies; however, assuming an

intrinsic flux density of 350 nJy (∼ 25 mag, i.e., an ap-

proximately flat fν SED) at ∼ 7µm, simple noise statis-
tics predict 4±2 sources to be detected at > 1σ. We

therefore conclude that the >1σ formal detection of two

z ∼ 8 candidates in our selection is not a concern.

5.3. Sample of z ∼ 9-10 Candidates

The selection criteria expressed by Eq. 2 and Eq. 3 are
designed to select z & 9 LBG candidates. Indeed our ini-

tial analysis identified two exceptionally bright (mH ∼

22.5mag) J-dropouts (UVISTA-J1 and UVISTA-J2).

However, followup analysis including our HST/WFC3
data and presented in Stefanon et al. (2017b) revealed

that these two sources are likely z ∼ 2 interlopers. For

this reason, we omit them from the present sample and

refer the reader to Stefanon et al. (2017b) for full details.

5.4. Expected Contamination in our Bright z & 8
Samples

One potentially important source of contamination for

our current z ∼ 8 and z ∼ 9−10 samples occurs through

the impact of noise on the photometry of foreground

sources in our search fields. While noise typically only
has a minor impact on the apparent redshift of vari-

ous foreground sources, the rarity of bright z ∼ 8-10

galaxies makes it possible for noise to cause some lower-

redshift galaxies to resemble high-redshift galaxies sim-

ilar to those we are trying to select. This issue tends
to be most important for very wide-area surveys where

there exist large numbers of sources which could scatter

into our input catalog.

To determine the impact that noise can have on
our samples, we started with an input catalog of

z ≤ 6 sources (13000 in total) extracted from the

CANDELS/3D-HST catalogs (Skelton et al. 2014; Mom-

cheva et al. 2016) over the deep regions in the GOODS

North and GOODS South fields, and with apparent

magnitudes ranging from H160 = 23 to 26mag. The

procedure was replicated 25 times randomly varying the

flux densities according to the measured uncertainties
to increase the statistical confidence and to simulate the

expected number of sources in the 3000 arcmin2 of the

UltraVISTA field.

Fitting the photometry of each source to a redshift

and the SED template set described in Sect. 4, we de-
rived an SED model for each source in the catalog based

on the available photometry and the EAzY SED tem-

plates. We then used that to estimate the equivalent

flux for each source in the ground-based imaging bands
available over UltraVISTA and perturbed those model

fluxes according to the measured noise over the shal-

low and deep regions over UltraVISTA and according to

the depth available over SPLASH, SEDS, and SMUVS.

Finally, we reselected sources using the same selection
criteria as we applied to the actual observations. In

perturbing the fluxes of individual sources, we consid-

ered both Gaussian and non-Gaussian noise (the latter

of which we implemented by increasing the size of noise
perturbations by a factor of ∼1.3).

Our simulations suggested a very low contamination

fraction for our z ∼ 8 samples. Over the ultradeep

stripes where 95% of the sources in our z ∼ 8 sample

were found, these simulations predicted just one z < 6
contaminant for the entire ∼0.8 sq. deg. area, equiv-

alent to a contamination fraction of 5% for our z ∼ 8

samples. The typicalH-band magnitude of the expected

contaminants ranged from H∼25 to 25.5mag.

5.5. Possible Lensing Magnification

A number of recent works has shown that gravita-

tional lensing from foreground galaxies could have a par-
ticularly significant effect in enhancing the surface den-

sity of bright z ≥ 6 galaxies (e.g., Wyithe et al. 2011;

Barone-Nugent et al. 2015; Mason et al. 2015; Fialkov

& Loeb 2015). This is especially true for the bright-
est sources due to the intrinsic rarity and the large path

length available for lensing by foreground sources. It has

thus become increasingly common to look for possible

evidence of lensing amplification in samples of z ∼ 6−10

LBGs (e.g., Oesch et al. 2014; Bowler et al. 2014, 2015;
Zitrin et al. 2015; Bouwens et al. 2016; Roberts-Borsani

et al. 2016; Bernard et al. 2016; Ono et al. 2018; Mor-

ishita et al. 2018).

Even though the fraction of lensed sources among
bright samples does not seem to be particularly high

(Bowler et al. 2014, 2015), we explicitly considered

whether individual sources in our bright z ∼ 8-10

galaxy compilation showed evidence for being gravita-
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Figure 5. Stacked ground-based optical, near-infrared, and Spitzer/IRAC image stamps for our bright candidate z ∼ 8
galaxies selected over COSMOS/UltraVISTA. Each image stamp is 10.′′0 × 10.′′0 in size and it is shown in inverted grayscale.
Neighbor-subtraction was applied to the IRAC data.
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Figure 5. – Continued.



Brightest z ∼ 8 LBGs in COSMOS/UltraVISTA 13

30

28

26

24

22

20

m
ag

 [A
B

]

UVISTA-Y1

zphot=8.5  (χ2= 3.5)

zphot(<6)=1.8  (χ2=15.0)

2 4 6 8 10
Redshift

0.0
0.5

1.0

1.5

p(
z)

p(z>7)=1.00 UVISTA-Y2

zphot=8.2  (χ2= 7.9)

zphot(<6)=1.8  (χ2=38.3)

2 4 6 8 10
Redshift

0.0

0.5

1.0

p(
z)

p(z>7)=1.00

30

28

26

24

22

20

m
ag

 [A
B

]

UVISTA-Y3a

zphot=8.7  (χ2= 6.3)

zphot(<6)=2.0  (χ2=11.5)

2 4 6 8 10
Redshift

0.0

0.5

p(
z)

p(z>7)=0.95 UVISTA-Y3b

zphot=8.9  (χ2=12.2)

zphot(<6)=2.8  (χ2=17.1)

2 4 6 8 10
Redshift

0.0

0.5

p(
z)

p(z>7)=0.93

30

28

26

24

22

20

m
ag

 [A
B

]

UVISTA-Y3c

zphot=9.3  (χ2=10.7)

zphot(<6)=3.1  (χ2=12.5)

2 4 6 8 10
Redshift

0.0

0.5

p(
z)

p(z>7)=0.75 UVISTA-Y4

zphot=7.4  (χ2= 8.4)

zphot(<6)=1.8  (χ2=29.4)

2 4 6 8 10
Redshift

0
1
2
3
4

p(
z)

p(z>7)=0.99

30

28

26

24

22

20

m
ag

 [A
B

]

UVISTA-Y5

zphot=8.6  (χ2= 7.5)

zphot(<6)=1.9  (χ2=26.1)

2 4 6 8 10
Redshift

0.0
0.5

1.0

1.5

p(
z)

p(z>7)=1.00 UVISTA-Y6

zphot=8.3  (χ2= 6.6)

zphot(<6)=1.9  (χ2= 7.1)

2 4 6 8 10
Redshift

0.0

0.5

p(
z)

p(z>7)=0.73

1 10
Wavelength [µm]

30

28

26

24

22

20

m
ag

 [A
B

]

UVISTA-Y7

zphot=8.5  (χ2=11.2)

zphot(<6)=1.7  (χ2=17.7)

2 4 6 8 10
Redshift

0.0

0.5

1.0

p(
z)

p(z>7)=0.97

1 10
Wavelength [µm]

UVISTA-Y8

zphot=8.3  (χ2= 7.2)

zphot(<6)=2.3  (χ2=18.0)

2 4 6 8 10
Redshift

0.0

0.5

1.0

p(
z)

p(z>7)=1.00

Figure 6. Spectral energy distributions from the observed ground-based optical, infrared and Spitzer/IRAC photometry (filled
red squares with error bars and black 2σ upperlimits). The red arrows mark 2σ upper limits in the combined HSC, CFHTLS
and SSP g, r and i bands. The solid blue curve corresponds to the best-fit SED provided by EAzY, while the grey line shows
the best-fit SED when the fit is forced to a z < 6 solution. The corresponding redshifts are labeled in matching color, together
with the total χ2. The inset plot on the upper-left corner of each panel presents the redshift probability distributions P (z) for
each candidate z ∼ 8 galaxy.
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Figure 6. – Continued.
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Figure 7. Spectral energy distribution of UVISTA-Y3 when
we do not deblend its photometry using the higher spatial
resolution provided by COSMOS/DASH, but instead con-
sider it as a single source. Same plotting conventions as in
Figure 6. The solution is still a z ∼ 8 LBG, consistent with
our initial selection.

tional lensed. For convenience, we used the Muzzin

et al. (2013) catalogs providing stellar mass estimates for

all sources over the UltraVISTA area we have searched.

These catalogs use the diverse multi-wavelength data
over Ultra-VISTA, including GALEX near and far ultra-

violet, HST optical, near-infrared, Spitzer/IRAC, and

ground-based observations, to provide flux measure-

ments of a wide wavelength range and then use these
flux measurements to estimate the redshifts and stellar

masses. We also verified that the values obtained did not

differ substantially (. 15%) from those obtained adopt-

ing the stellar mass estimates of Laigle et al. (2016).

As in Roberts-Borsani et al. (2016), we model galax-
ies in our bright z ∼ 8 sample as singular isother-

mal spheres, and we use the measured half-light radius

(Leauthaud et al. 2007) and inferred stellar mass to de-

rive a velocity dispersion estimates for individual galax-
ies in these samples. For cases where size measurements

were not available from HST I814-band imaging over

the COSMOS field, we estimated the half-light radius

relying on the mean relation derived by van der Wel

et al. (2014). Of the 17 z ∼ 8 in our primary sample,
only four appear likely to have their flux boosted (>0.1

mag) by lensing amplification:

UVISTA-Y-6: This source is estimated to be amplified
by ∼1.4×, ∼1.16× and ∼1.14× from a 1010.7 M⊙, z =

1.76 galaxy (10:00:12.51, 02:02:57.3), 1010.6 M⊙, z = 1.6

galaxy (10:00:12.15, 02:02:59.6) and a 1010.3 M⊙, z =

1.65 galaxy (10:00:12.18, 02:03:00.7), respectively, that

lie within 3.′′2, 5.′′4, and 4.′′9 of this source. Their velocity
dispersions are estimated to be 259 km/s, 225 km/s, and
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Figure 8. Distribution of UV-continuum slopes and rest-
frame u − g colors for the bright z ∼ 8 sample. The vector
at the bottom-right corner shows the impact of adding a
Calzetti et al. (2000) extinction of AV = 0.5mag. The scat-
ter of points likely reflects a mixture of intrinsic variation
and measurement uncertainties. There is no apparent corre-
lation between β and rest-frame u− g as might be expected
if dust were primarily responsible for the variation in both
colors.

206 km/s, respectively.

UVISTA-Y-8: This source is estimated to be ampli-

fied by 1.39× from a 1010.8 M⊙ (264 km/s), z = 1.33
galaxy (10:00:47.68, 02:34:08.4) that lies within 4.′′1 of

this source.

UVISTA-Y-9: This source is estimated to be amplified
by 1.37× and 1.43× by a 1011.0 M⊙ (265 km/s), z =

0.91 galaxy (09:59:09.35, 02:45:11.8) and 1011.0 M⊙ (268

km/s), z = 0.93 galaxy, respectively, that lie within 5.′′0

and 4.′′6 of the source.

UVISTA-Y-13: This source is estimated to be ampli-

fied by 1.6× by a 1011.15 M⊙ (330 km/s), z = 1.63

galaxy (09:58:45.83,01:53:40.6) that lies within 4.′′2 of
the source.

We discuss the potential impact of lensing on our in-
ferred value for the characteristic magnitude of the UV

luminosity function, M∗, at the end of Sect. 6.6.

6. DISCUSSION

6.1. Rest-frame Colors of Bright z ∼ 8 Galaxies

In this section we present our measurements of two
among the most fundamental observables that the deep

near-IR and IRAC observations allow us to investigate,

i.e. the spectral slope of the UV -continuum light and

the rest-frame u− g color.
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The spectral slope of the UV -continuum light is typ-

ically parameterized using the so-called UV -continuum

slope β (where β is defined such that fλ ∝ λβ , Meurer

et al. 1999). A common way of deriving the UV -
continuum slope is by considering power-law fits to all

photometric constraints in the UV continuum (Bouwens

et al. 2012; Castellano et al. 2012). Here we take a

slightly different approach. First we derive β’s for a grid

of redshifted Bruzual & Charlot (2003, hereafter BC03)
stellar population models with an age of 10 Myr and a

range of visual attenuation AV = 0 − 2 mag. Then for

each individual galaxy we fit the predicted J , H and

Ks−band fluxes to the observations. Uncertainties are
derived by randomly scattering the observed fluxes and

photometric redshifts by their errors and refitting. This

procedure allows us to make full use of the near-IR data

and to naturally take into account redshift uncertainties

and the Lyman-break entering the J−band at z > 8.5.
We caution that, for a small fraction of sources with

z > 8.5, β’s derived in this way could still be affected

by the Lyα emission line shifting into the J-band. We

note, however, that observed Lyα equivalent widths of
bright z ∼ 8-9 galaxies are modest, 10− 30 Å (Roberts-

Borsani et al. 2016; Oesch et al. 2015b; Zitrin et al.

2015). As an exercise, we also computed the UV slopes

by directly fitting the power law to the flux densities in

those bands whose effective wavelength was redder than
the redshifted 1300Å of each object (typically J,H and

Ks). These new estimates (βphot) resulted in values es-

sentially equal to those from the method we initially ap-

plied (median βphot−βBC03 ∼ 0.1), although with large
scatter for ∼ 30% of the sources (∆β & 1). Nonetheless,

the large associated uncertainties make the two measure-

ments consistent with each other. However, we believe

that the UV slope measurements recovered with the ini-

tial method are more robust as they better model the
effects of redshift on the observed flux density of each

source.

Figure 8 shows the distribution of UV slopes β and

rest-frame u− g colors for the bright z ∼ 8 sample. The
z ∼ 8 galaxies span a substantial range in UV spectral

slope and color. The large uncertainties however, sug-

gest that the observed scatter is likely the combination of

intrinsic variation and measurement uncertainties. The

average slope of the UV continuum is β = −2.2± 0.6, is
bluer but still consistent with the UV−continuum slopes

found for bright −22 < MUV < 21 galaxies at z = 6

(β = −1.55 ± 0.17) and z ∼ 7 (β = −1.75 ± 0.18) by

Bouwens et al. (2014) and suggests a continuing trend
towards bluer β’s at higher redshifts.

Recently, Oesch et al. (2013) analyzed the rest-frame

UV and optical properties of a sample of z ∼ 4 LBGs

selected from the GOODS-N/S and HUDF fields and

spanning a wide range of UV luminosities, MUV ∼ −18

to ∼ −22 AB. Their J125 − [4.5] color (corresponding

to approximately rest-frame u − z at z ∼ 4) shows a
correlation with the UV slope β (see e.g., their Figure

4), likely driven by dust extinction. The uniform scatter

observed at z ∼ 8 then may suggest rapidly evolving

physical mechanisms responsible for the production of

dust during the ∼ 800Myr between the two epochs.

6.2. Constraints on the EWs of the [OIII]+Hβ lines

Recent observational studies have found that the
[3.6] − [4.5] color of galaxies depends dramatically on

the redshift of the source (Shim et al. 2011; Stark et al.

2013; Labbé et al. 2013; Smit et al. 2014, 2015; Bowler

et al. 2014; Faisst et al. 2016; Harikane et al. 2018),

with some sources showing extreme colors (Ono et al.
2012; Finkelstein et al. 2013; Laporte et al. 2014, 2015;

Roberts-Borsani et al. 2016; Faisst et al. 2016). A num-

ber of works have suggested that these extreme colors

are likely due to very strong line emission (Labbé et al.
2013; Smit et al. 2014) whereas the intrinsic color of

the stellar continua in the absence of emission lines is

[3.6]− [4.5] ∼ 0mag (Labbé et al. 2013; Smit et al. 2014;

Rasappu et al. 2016).

At redshift z = 7.0−9.1, the [O III]+Hβ line emission
contributes to the Spitzer/IRAC 4.5µm band in galax-

ies, producing red [3.6] − [4.5] colors. Figure 9 shows

examples of model colors as a function of redshift for

lines with very high equivalent width. Using a small
sample of z ∼ 8 galaxies selected from the CANDELS

survey, Roberts-Borsani et al. (2016) reported a very red

median [3.6] − [4.5] ∼ 0.8mag color at bright H < 26

magnitudes. Using a simple spectral model, consisting

of a flat rest-frame 0.3− 0.6µm continuum in fν (i.e., a
continuum [3.6] − [4.5] = 0mag or fλ ∝ λ−2), with the

strongest emission lines ([O II]3727, Hβ, [O III]4959,5007,

Hα, [N II]6548,6583, [S II]6716,6730), empirical emission

lines ratios from Anders & Fritze-v. Alvensleben (2003)
for 0.2 Z⊙ metallicity, they inferred a median [O III]+Hβ

EW of ∼ 2000 Å. However, the sample of Roberts-

Borsani et al. (2016) was very small, and possibly biased

as it was compiled from IRAC-selected [3.6]− [4.5] > 0.5

galaxies and galaxies with confirmed Lyα emission. So
it is unclear if those results were representative of the

general bright z ∼ 8 population.

With the UltraVISTA sample and the deep IRAC

observations from SPLASH, SEDS, and SMUVS, we
have an opportunity to revisit the analysis of Roberts-

Borsani et al. (2016) with a larger sample. In Figure 9,

we present the [3.6] − [4.5] color distribution for bright

z ∼ 8 galaxies from both our study and that of Roberts-
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Figure 9. (left) Observed [3.6] − [4.5] colors vs. photometric redshift for our z ∼ 8 sample (blue circles) and those from
Roberts-Borsani et al. (2016, yellow squares). The predicted dependence of the [3.6] − [4.5] color on redshift is also shown for
Hα EWs of 200 Å (red), 1000 Å (purple), and 2000 Å (blue). (right) Number of sources in our z ∼ 8 sample (blue histogram)
and that of Roberts-Borsani et al. (2016, yellow histogram) with a given [3.6]− [4.5] color. The median [3.6]− [4.5] color is 0.62
mag. On the upper horizontal axis, we present the EW([O III+Hβ]) corresponding to a given [3.6] − [4.5] color, assuming an
intrisic stellar continuum color of 0mag.

Borsani et al. (2016). The [3.6]− [4.5] color distribution
spans a range of more 1 mag, with the UltraVISTA

sample showing a median [3.6]− [4.5] = 0.62 mag; this

color remains unchanged when also combining it with

the CANDELS sample.
Adopting the same model of Roberts-Borsani et al.

(2016) (see also Smit et al. 2014) and supposing that

the 3.6µm band receives only a negligible contribution

from line emission, a [3.6]−[4.5] color of∼ 0.6 mag corre-

sponds to an [O III]+Hβ EW of ∼ 1500 Å. Such a result
is consistent with Labbé et al. (2013) and Smit et al.

(2014, 2015), and with the recent estimates of Stefanon

et al. (2019 - in prep.) and de Barros et al. (2018 - sub-

mitted) based on samples of z ∼ 8 L < L∗ LBGs selected
over the GOODS-N/S fields, which benefit from among

the deepest IRAC 3.6µm and 4.5µm observations of the

GREATS program (PI: I. Labbé; Labbé et al. 2018, in

preparation).

Under the assumption that the extreme IRAC colors
are due to nebular emission, our results combined with

those from the literature indicate that strong emission

lines might be ubiquitous at these redshifts in galaxies

spanning∼ 3mag range in luminosity. Nevertheless, sig-
nificant systematic uncertainties remain depending on

the assumed continuum shape and line flux ratios. For

example, including the full line list of Anders & Fritze-
v. Alvensleben (2003), contribution from the higher or-

der Balmer lines, and assuming a more realistic spec-

tral continuum (e.g., BC03 and scaling emission lines by

the flux in hydrogen ionising photons NLyC), and allow-
ing for Calzetti et al. (2000) dust, produces a different

[3.6]−[4.5] color versus redshift relation by up to 0.2−0.4

mag. Also, emission line ratios, in particular [O III]5007,

depend strongly on metallicity (e.g., Inoue 2011). Con-

sidering this, we estimate that simple approximations
are probably uncertain by factors of 2− 3.

6.3. Stellar Populations of Bright z ∼ 8 Galaxies

In this section we present our estimates of stellar pop-

ulation parameters for the bright z ∼ 8 galaxies. Mea-

surements were performed with the FAST code (Kriek

et al. 2009), adopting Bruzual & Charlot (2003) models

for sub-solar 0.2Z⊙ metallicity, a Chabrier (2003) IMF,
constant star formation, and the Calzetti et al. (2000)

dust law. As discussed above, gaseous emission lines

contribute significantly to the integrated broadband

fluxes. Given standard BC03 models do not include neb-
ular emission, line and continuum nebular emission were

added following the procedure of Salmon et al. (2015)

and assuming line flux ratios relative to Hβ from the

models calculated by Inoue (2011). The luminosity in
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Table 4. Main physical parameters for the sample of candidate z ∼ 8 LBGs

ID MUV UV slope β u− g log(M⋆) log(SFR) log(sSFR) log(age) AV

[mag] [mag] [M⊙] [M⊙yr−1] [yr−1] [yr] [mag]

UVISTA-Y1 −22.48 ± 0.15 −1.5+0.4
−0.7 0.45 ± 0.18 10.0+0.9

−0.4 1.59+1.02
−9.55 −8.4+1.8

−9.8 7.30+1.42
−0.61 0.9+0.0

−0.9

UVISTA-Y2 −22.37 ± 0.20 −2.6+0.5
−0.5 0.66 ± 0.21 9.0+0.3

−1.2 1.98+0.65
−7.57 −7.0+0.8

−8.6 7.00+1.80
−0.50 0.4+0.3

−0.4

UVISTA-Y3aa −21.77 ± 0.32 −1.5+0.7
−0.9 0.57 ± 0.39 9.8+1.3

−0.3 −1.34+4.06
−7.01 −11.1+4.9

−7.0 8.00+0.80
−1.50 0.0+1.1

−0.0

UVISTA-Y3ba −21.23 ± 0.54 −3.2+2.2
−0.0 −0.22 ± 1.82 8.7+0.1

−0.0 −0.28+0.00
−0.07 −9.0+0.0

−0.0 7.40+0.00
−0.02 0.0+0.0

−0.0

UVISTA-Y3ca −21.37 ± 0.53 −2.0+1.7
−0.0 0.81 ± 0.57 10.2+1.6

−0.5 1.69+1.86
−28.23 −8.5+2.3

−28.1 8.70+0.10
−2.20 0.8+1.1

−0.8

UVISTA-Y4 −22.11 ± 0.24 −2.7+0.7
−0.4 0.47 ± 0.26 9.9+0.5

−0.2 1.23+0.61
−6.97 −8.6+0.9

−7.0 8.50+0.30
−1.31 0.0+0.7

−0.0

UVISTA-Y5 −22.34 ± 0.24 −1.7+0.8
−0.9 0.63 ± 0.27 9.0+0.4

−1.1 1.99+0.55
−7.68 −7.0+0.8

−8.6 7.30+1.40
−0.80 0.4+0.2

−0.4

UVISTA-Y6 −21.92 ± 0.26 −1.7+0.7
−0.8 0.49 ± 0.32 9.7+1.1

−0.5 1.36+1.33
−12.70 −8.4+2.2

−12.9 7.30+1.50
−0.80 0.9+0.3

−0.9

UVISTA-Y7 −21.74 ± 0.36 −2.0+0.7
−0.5 · · · † · · · † · · · † · · · † · · · † · · · †

UVISTA-Y8 −21.76 ± 0.35 −2.8+0.9
−0.4 0.91 ± 0.45 8.3+0.1

−1.4 1.90+0.35
−1.41 −6.4+0.2

−2.6 6.50+2.29
−0.00 0.0+0.5

−0.0

UVISTA-Y9 −21.66 ± 0.34 −2.6+0.9
−0.6 · · · † · · · † · · · † · · · † · · · † · · · †

UVISTA-Y10 −21.89 ± 0.31 −2.2+1.1
−0.7 0.56 ± 0.39 8.3+0.0

−1.4 1.80+0.47
−4.34 −6.5+0.3

−5.6 6.70+2.10
−0.20 0.0+0.5

−0.0

UVISTA-Y11 −22.04 ± 0.26 −1.8+0.5
−1.3 0.67 ± 0.30 8.7+0.4

−1.2 1.76+0.60
−7.62 −7.0+0.8

−8.6 7.30+1.44
−0.80 0.3+0.2

−0.3

UVISTA-Y12 −21.66 ± 0.40 −2.1+1.3
−0.8 0.22 ± 0.64 9.1+0.9

−0.4 0.17+2.22
−2.88 −9.0+2.8

−3.1 7.40+1.30
−0.90 0.2+0.3

−0.2

UVISTA-Y13 −21.39 ± 0.42 −1.0+0.7
−0.7 0.50 ± 0.51 9.8+1.3

−0.3 0.70+1.82
−9.08 −9.1+2.8

−9.1 7.50+1.28
−0.96 0.8+0.3

−0.8

UVISTA-Y14 −21.44 ± 0.40 −3.0+1.7
−0.1 0.63 ± 0.54 9.3+1.2

−0.4 0.52+2.03
−9.14 −8.8+2.6

−9.3 8.20+0.63
−1.70 0.0+0.8

−0.0

UVISTA-Y15 −21.50 ± 0.37 −2.7+0.9
−0.4 −0.04 ± 0.68 8.8+0.2

−0.0 −0.16+0.41
−0.02 −9.0+0.6

−0.0 7.40+0.01
−0.10 0.0+0.0

−0.0

UVISTA-Y16 −21.80 ± 0.33 −2.2+0.8
−0.8 0.39 ± 0.40 8.6+0.3

−0.9 1.62+0.56
−0.98 −7.0+0.8

−1.8 7.30+1.50
−0.80 0.1+0.4

−0.1

aThese three candidate LBGs were originally identified as a single source, successively de-blended using data from the
COSMOS/DASH program (see Sect. 5.1 and Figure 7). When we do not deblend the source, we obtain MUV =
−22.00 ± 0.16mag, β = −1.8 ± 0.7, u− g = 0.58 ± 0.16mag, log(M⋆/M⊙) = 9.9+0.6

−0.3, log(SFR/M⊙/yr
−1) = 1.63+0.38

−3.77 ,

log(sSFR/yr−1) = −8.2+0.9
−3.8, log(age/yr) = 8.20+0.60

−1.16 and AV = 0.5+0.5
−0.5 mag.

†After visual inspection, the neighbour-cleaned image stamps in the IRAC 3.6µm and 4.5µm bands showed non-negligible
residuals that likely systematically affected our estimates. Photometric redshifts resulted to be robust against the
exclusion of the flux densities in these two bands, but stellar population parameters heavily rely on the IRAC colors.
Because of the unreliability of the IRAC flux density estimates for these objects, we discard their physical parameters.

Hβ is taken to be proportional to the luminosity in
hydrogen ionising photons NLyC, assuming ionization-

recombination equilibrium (case B). The emission line

ratios of Inoue (2011) agree well with the empirical com-

pilations of Anders & Fritze-v. Alvensleben (2003), with

observations of the local galaxy I Zw 18 (Izotov et al.
1999), and the z = 2.3 galaxy from Erb et al. (2010),

in particular for the strongest metal line [O III]5007. In

Table 4 we present the results of our stellar population

modeling, specifically the stellar mass, star formation
rate, specific star formation rate, age and extinction to-

gether with the UV1600 absolute magnitude, the UV con-

tinuum slope β and the rest-frame u − g color for each

individual candidate bright z ∼ 8 LBG. A summary of

the physical properties is presented in Table 5.
As we already introduced in Sect. 4, the neighbour-

cleaned IRAC 3.6µm- and 4.5µm-band image sections

for two sources (UVISTA-Y7 and UVISTA-Y9) pre-

sented residuals that might be systematically affecting
our estimates of stellar population parameters (see Fig-

ure 5). We therefore recomputed the redshift likelihood

distributions for these two sources after excluding the

IRAC flux densities. The photometric redshifts we de-

rived were consistent with the estimates obtained adopt-
ing the full set of measurements. However, the stellar

population parameters heavily rely on the the IRAC col-

ors because at z ∼ 8 these probe the rest-frame opti-

cal red-ward of the Balmer break and the emission line
properties, both affecting their age and the stellar mass

measurements. As a result, the physical parameters for

the two sources have not been included in Table 4 or

Figures presenting these parameters (i.e., Figures 8, 9,

10 and 11)
In Sect. 6.2 we showed that our sample is charac-

terized by extreme [3.6] − [4.5] ∼ 0.6mag colors, likely

the result of strong [O III]+Hβ emission entering the
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Table 5. Observed and rest-frame properties for candidate z ∼ 8 galaxies identified in the UltraVISTA DR3
observations

Quantity 25% Median 75% 25% uncertainties Median uncertainties 75% uncertainties

zphot 8.05 8.40 8.62 +0.60/−0.61 +0.69/−0.73 +0.96/−1.15

MUV [mag] −22.0 −21.8 −21.6 ±0.3 ±0.3 ±0.4

UV β −2.68 −2.17 −1.73 +0.70/−0.40 +0.77/−0.65 +1.01/−0.79

(u− g)rest [mag] 0.42 0.53 0.65 ±0.29 ±0.39 ±0.55

log(M⋆/M⊙) 8.71 9.07 9.76 +0.32/−0.24 +0.46/−0.44 +1.14/−1.15

M⋆/LUV[M⊙/L⊙] 0.005 0.010 0.044 +0.008/−0.004 +0.015/−0.014 +0.034/−0.098

M⋆/Lu[M⊙/L⊙] 0.013 0.048 0.101 +0.026/−0.010 +0.038/−0.056 +0.098/−0.244

M⋆/Lg[M⊙/L⊙] 0.017 0.064 0.133 +0.026/−0.007 +0.043/−0.089 +0.078/−0.188

log(SFR/M⋆/yr
−1) 0.3 1.5 1.8 +0.5/−2.1 +0.6/−7.3 +1.8/−9.1

log(sSFR/yr−1) −9.0 −8.4 −7.0 +0.7/−2.9 +0.9/−7.8 +2.5/−9.2

log(age/yr) 7.30 7.35 7.75 +0.47/−0.35 +1.35/−0.80 +1.50/−1.13

AV [mag] 0.00 0.15 0.60 +0.22/−0.00 +0.32/−0.15 +0.56/−0.60

Note—Estimates of zphot, MUV and LX were obtained from EAzY (see Sect. 4); M⋆, SFR, sSFR, age and AV

were measured with FAST (see Sect. 6.3); the UV continuum slope β were measured following the procedure
described in Sect. 6.1. The last two columns present the first and third quartiles of uncertainties, respectively.

4.5µm band. A number of studies have shown that neb-

ular emission can systematically bias stellar mass esti-

mates (e.g., Stark et al. 2013). Figure 10 compares the
best-fit stellar masses to those derived with the stan-

dard BC03 models without emission lines for our sample.

Those masses are higher by ∼ 0.4 dex on average (scat-

ter ∼ 0.6 dex), with individual galaxies differing by up to
1 dex. This is consistent with Labbé et al. (2013), who

estimate that z ∼ 7− 8 galaxies’ average stellar masses

decrease by ∼ 0.5 dex if the contributions of emission

lines to their broadband fluxes are accounted for. How-

ever, the discrepancy appears to be related not only
to the strong contribution of [O III]5007 to the 4.5µm

band. Indeed, if we refit the galaxies with the stan-

dard BC03 models (without emission lines) while omit-

ting the flux in the 4.5µm band, the offset is marginally
reduced to 0.23dex (scatter 0.43 dex) compared to the

BC03 and emission lines fit to all bands. This resid-

ual offset is likely due to the effect of nebular emission

(mainly [O II]3727) characteristic of young stellar popu-

lations which still substantially contaminates the 3.6µm
band. This result stresses once more the importance of

accounting for nebular emission in estimating the phys-

ical parameters of z & 8 galaxies.

The typical estimated stellar masses for bright sources

in our z ∼ 8 selection (see Table 5) are 109.1
+0.5

−0.4 M⊙,

with the SFRs of 32+44
−32M⊙/year, specific SFR of 4+8

−4

Gyr−1, stellar ages of ∼ 22+69
−22Myr, and low dust con-

tent AV = 0.15+0.30
−0.15 mag. As evident from Table 5,

individual galaxies shows a broad range in each of these

properties, with interquartile masses, ages, and specific

star formation rates spanning ∼ 1 dex.

In Figure 11 we compare the rest-frame properties
with the best-fit stellar mass-to-light ratios for luminosi-

ties in the rest-frame UV1600 and rest-frame g band.

These quantities are not completely independent, as

both are derived from the same photometry, but provide
useful insights in how color relates to stellar mass. Over-

all, the mass-to-light ratios are very low, as expected for

very young stellar ages (< 100Myr), but span quite a

wide range, between 0.1 and 0.01M⊙/L⊙.

We find a positive although marginal correlation of the
M⋆/LUV,1600 with the UV slope for our z ∼ 8 sample

as it could be expected from older and/or dustier stel-

lar populations characterized by redder UV slope (e.g.,

Bouwens et al. 2014).
A number of works have shown that at low redshift

there exists a tight relation between rest-frame optical

colors and M⋆/L ratios, such that redder galaxies ex-

hibit higher M⋆/L, and that this empirical relation is

not sensitive to details of the stellar population model-
ing (e.g., Bell & de Jong 2001). This relation appears to

hold even at intermediate redshifts z ∼ 2 (e.g., Szomoru

et al. 2013). Remarkably, in contrast to the situation at

low-redshift, redder rest-frame u− g colors of the z ∼ 8
sample do not correspond to higher M⋆/L. Instead, the

optically reddest galaxies tend to have the lowest M⋆/L.

This likely reflects the effect of strong emission lines in

the g−band. The fact that age and dust have very dif-

ferent effects on the colors of the high redshift galaxies
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Figure 10. The best-fit stellar masses with emission lines
included compared to those derived with the standard BC03
models without emission lines. The latter masses (where the
models ignore line emisison) are higher by ∼ 0.43 dex on av-
erage, consistent with the results of Labbé et al. (2013), with
individual galaxies differing by up to 1 dex. One might ex-
pect more accurate masses from standard BC03 models if one
excludes the 4.5µm band (contaminated by [O III]+Hβ emis-
sion) when performing the fitting, but the estimated stellar
masses are still found to be 0.23 dex higher on average. This
mismatch between the BC03 model fit results (without the
emission lines) and the fit results with emission lines included
may be due to the contribution of the [O II] line to the 3.6µm
band flux measurements. From the present exercise, we can
see how important it is to fully consider nebular emission
when estimating stellar population parameters.

studied here probably also explains the lack of correla-

tion between β and u− g in Figure 8.

6.4. Volume Density of Bright z ∼ 8 and z ∼ 9

Galaxies

In this section we present our measurements of the
UV LF based on the sample presented in this work. Our

main result is the UV LF at z ∼ 8 obtained considering

the 18 objects presented in Sect. 5.2. However, be-

cause some objects have a nominal photometric redshift

zphot ∼ 9, we also computed the UV LF at z ∼ 9 from
the five sources with zphot ≥ 8.6.

To infer the number densities of the galaxies we first

estimate the detection completeness and selection func-

tion through simulations. Following Bouwens et al.
(2015), we generated catalogs of mock sources with re-

alistic sizes and morphologies by randomly selecting im-

ages of z ∼ 4 galaxies from the Hubble Ultra Deep Field

(Beckwith et al. 2006; Illingworth et al. 2013) as tem-

Table 6. Vmax determinations of
the UV LF

MUV φ

[mag] [×10−3mag−1Mpc−3]

z ∼ 8

−22.55 0.0008+0.0007
−0.0004

−22.05 0.0014+0.0011
−0.0007

−21.55a 0.0049+0.0020
−0.0014

z ∼ 9

−22.00 0.0004+0.0010
−0.0004

−21.60 0.0011+0.0015
−0.0007

−21.20a 0.0016+0.0022
−0.0011

aThis luminosity bin includes
sources from the deblending of
UVISTA-Y3, which fall below our
nominal detection threshold. The
sample in this luminosity bin is
therefore likely incomplete.

plates. The images were scaled to account for the change
in angular diameter distance with redshift and for evolu-

tion of galaxy sizes at fixed luminosity ∝ (1+z)−1 (e.g.,

Oesch et al. 2010; Ono et al. 2013; Holwerda et al. 2015;

Shibuya et al. 2015). The template images are then

inserted into the observed images, assigning colors ex-
pected for star forming galaxies in the range 6 < z < 11.

The colors were based on a UV continuum slope distri-

bution of β = −1.8 ± 0.3 to match the measurements

for luminous 6 < z < 8 galaxies (Bouwens et al. 2012,
2014; Finkelstein et al. 2012; Rogers et al. 2014). The

simulations include the full suite of HST, ground-based,

and Spitzer/IRAC images. For the ground-based and

Spitzer/IRAC data the mock sources were convolved
with appropriate kernels to match the lower resolution

PSF. To simulate IRAC colors we assume a continuum

flat in fν and strong emission lines with fixed rest-

frame EW(Hα+[N II]+[S II]) = 300Å and rest-frame

EW([O III]+Hβ) = 500Å consistent with the results of
Labbé et al. (2013); Stark et al. (2013); Smit et al. (2014,

2015) and Rasappu et al. (2016). The same detection

and selection criteria as described in Sect. 4 were then

applied to the simulated images to calculate the com-
pleteness as a function of recovered magnitude and the

selection as a function of magnitude and redshift (see

Figure 8 of Stefanon et al. 2017b for the selection func-

tions over the UltraVISTA deep and ultradeep stripes).
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Figure 11. The rest-frame UV continuum slope β and the rest-frame u− g color versus the best-fit stellar mass-to-light ratios.
At low to intermediate redshift z ∼ 2 a tight relation exists between rest-frame u− g colors and M⋆/Lg ratios with unity slope,
such that redder galaxies exhibit higher M⋆/L. The grey dashed line shows the relation derived by Szomoru et al. (2013) at
z ∼ 2. The orange dashed curve shows the relation for our BC03 models including emission lines. The orange triangles mark the
age of the stellar population, starting from log(age/yr) = 6 to log(age/yr) = 8.5, in steps of 0.5 dex. While we find a tentative
positive correlation with UV slope for our z ∼ 8 sample, there is no clear relation between u − g colors and M⋆/L. Instead,
the optically reddest galaxies tend to have the lowest M⋆/L ratios. This likely reflects the effect of strong emission lines on the
g−band.

The total selection volume over our UltraVISTA area

for galaxies with H ∼ 24.0− 24.5 mag and 24.5− 25.0

is 5.3× 106 Mpc3 and 2.6× 106 Mpc3, respectively.

We estimate constraints on the bright end of the UV
LF adopting the Vmax formalism of Avni & Bahcall

(1980) in 0.5mag bins, optimizing the range in UV lu-

minosities of the sample. Following Moster et al. (2011)

we increase by 24% the Poisson uncertainties to account
for cosmic variance. The resulting z ∼ 8 LF is shown in

the top panel of Figure 12 and the corresponding num-

ber densities are listed in Tab. 6. Considering that

five sources in our sample are characterized by redshifts

z & 8.6, we considered these galaxies to belong to the
z ∼ 9 redshift bin and computed the associated number

densities accordingly. The resulting z ∼ 9 LF is pre-

sented in the bottom panel of Figure 12 and in Table

6.
In Figure 12 we also compare our LF estimates with

other recent estimates of the bright end of the LF

from empty field searches at z ∼ 8 (Bradley et al.

2012; McLure et al. 2013; Schenker et al. 2013; Schmidt

et al. 2014; Bouwens et al. 2015; Finkelstein et al.
2015; Roberts-Borsani et al. 2016; Stefanon et al. 2017b;

Bridge et al. 2019 - submitted) and z ∼ 9 (Oesch et al.

2013; Bouwens et al. 2016; Calvi et al. 2016; McLeod

et al. 2016; Ishigaki et al. 2018; Livermore et al. 2018;

Morishita et al. 2018). The volume density of z ∼ 8

LBGs probed here corresponds to a luminosity range

which exhibits only a modest overlap with earlier LF
studies (i.e. Bouwens et al. 2010, 2011; Schenker et al.

2013; McLure et al. 2013; Schmidt et al. 2014; Finkel-

stein et al. 2015), where essentially all z ∼ 8 candidates

have apparent magnitudes fainter than H ∼ 25.5 mag.
Nonetheless, our luminosity regime overlaps with the

widest-area searches available to date from the CAN-

DELS fields (Bouwens et al. 2015 and Roberts-Borsani

et al. 2016 which includes the spectroscopically con-

firmed z ∼ 8 LBGs of Oesch et al. 2015b and Zitrin
et al. 2015) and from the BoRG program (Trenti et al.

2011; Calvi et al. 2016; Bridge et al. 2019 - submitted;

Livermore et al. 2018; Morishita et al. 2018).

Perhaps quite unsurprisingly, the new estimate of the
z ∼ 8 LF is consistent with the previous measurement

of Stefanon et al. (2017b) based on a similar sample.

The availability of HST/WFC3 DASH data allowed us

to ascertain that UVISTA-Y3 is likely a triple system

of fainter (∼ L∗) LBGs. However, the revised analysis
performed for the current work showed that one of the

sources previously considered to be at zphot ∼ 7.5 is
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Figure 12. Top panel: The blue points with errorbars mark
our estimates of volume density associated to the sample of
candidate luminous z ∼ 8 galaxies considered in this work.
For comparison, we also present recent UV LF determina-
tions at z ∼ 8 from empty field studies, as indicated by the
legend. Bottom panel: Here we compare our z ∼ 9 vol-
ume density estimate from the five sources with zphot ≥ 8.6
(blue points) to measurements of the UV LF at z ∼ 9. The
blue open circle marks the volume density measurement for
the faintest luminosity bin, where our sample is likely incom-
plete. The magenta curve presents the bright end of the dual
power law from Bowler et al. (2017) evolved to z ∼ 9 follow-
ing Bouwens et al. (2016) and whose characteristic density
has been adjusted to match that of the Schechter function
at the characteristic luminosity.

actually at zphot & 8, thus increasing its luminosity and

balancing the final volume density.
For MUV & −22 mag our new estimates are ∼ 2×

lower than the volume densities of bright LBGs over

the CANDELS fields reported by Roberts-Borsani et al.

(2016), even though the large uncertainties make the

two measurements consistent at ∼ 1σ. Recently, Bridge
et al. (2019 - submitted) presented the z ∼ 8 LF from

eight MUV & −22mag sources identified over BoRG

fields for which Spitzer/IRAC data were collected in

the 3.6µm and 4.5µm bands. The associated volume

density is ∼ 5× higher than what we estimate for our

sample and their measurements consistent at∼ 3σ. This
discrepancy could in part be explained by the different

median cosmic times probed by the two samples, consid-

ering that the median redshift of the Bridge et al. (2019

- submitted) sample, zphot,med = 7.76 is lower than the

median redshift of our sample (zphot ∼ 8.4).
For MUV . −22 mag sources, our new results are

slightly in excess of what expected extrapolating the

Bouwens et al. (2015) results to brighter magnitudes,

but nevertheless consistent within 2σ.
In the lower panel of Figure 12 we present our esti-

mates of the z ∼ 9 LF. Here we mark with an open

symbol the point corresponding to the faintest bin of lu-

minosity because our selection in that luminosity range

is likely very incomplete.
Our new bright z ∼ 9 results clearly fall below the re-

cent results of Calvi et al. (2016); Bernard et al. (2016)

and Livermore et al. (2018), based on searches over the

pure-parallel BoRG fields and suggests that a modest
fraction of the candidates in those fields are likely con-

taminants. This is not surprising, as none of those fields

had Spitzer/IRAC imaging available to aid in source se-

lection. Indeed, our z ∼ 9 LF is consistent at ∼ 1σ

with the recent measurements of Morishita et al. (2018),
whose sample is partly supported by IRAC 3.6µm and

4.5µm data.

In the same panel we also plot a double power law that

we evolved to z ∼ 9 applying the relations of Bouwens
et al. (2016) to the double power law found at z ∼ 7

by Bowler et al. (2017, see also Stefanon et al. 2017b).

Indeed, the excess in number density we observe for

MUV < −22mag at z ∼ 9 seems to be better described

by the double power-law. We remark, however, that the
still large uncertainties do not allow us to fully remove

the degeneracy on the shape of the LF at z ∼ 9, which

instead needs larger samples. We will discuss the shape

of the z ∼ 8 LF in more detail in Sect. 6.6.

6.5. Combination of Present Constraints with Faint

z ∼ 8 LF Results

The bright candidates found over UltraVISTA alone
are not sufficient to constrain the overall shape of the

UV LF due to lack of dynamic range. In the case of

a Schechter (1976) function where the shape is deter-

mined by the faint-end slope α and turn over magni-
tude M∗, both bright and faint objects are needed to

constrain α and M∗. The similar redshift distributions

expected for bright galaxies selected by our z ∼ 8 − 9

criteria and those selected in the fainter Bouwens et al.
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Figure 13. Expected redshift distributions for sources iden-
tified to lie in the z ∼ 8 − 9 sample from our UltraVISTA
search(solid line). For comparison, we also show the ex-
pected redshift distributions for the z ∼ 8 LBGs samples
from Bouwens et al. (2015). The two distributions largely
overlap, supporting the combination of the UltraVISTA with
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Figure 14. Step-wise LF at z ∼ 8 obtained combining
the Vmax estimates at the bright end combined to those of
Bouwens et al. (2015) at MUV > −22mag. The discrete
LF measurements can be represented by either a Schechter
(1976, blue solid curve) or double power law (red solid curve)
form, with a marginal preference for this latter model. We
also show the halo mass function at z ∼ 8 (orange dashed
line) scaled by a fixed Mhalo/LUV to match the knee of our
derived UV LF at z ∼ 8. The high-mass-end slope of the
halo mass function is similar to the effective slope of the UV
LF at the bright end. The difference between the low-mass-
end slope of the halo mass function and the faint-end slope
of the LF is ∆α ∼ 0.3.

(2015) samples (see Figure 13) make it possible to com-

bine our z ∼ 8 LF with the corresponding estimates

of Bouwens et al. (2015), based on the CANDELS,

HUDF09, HUDF12, ERS, and BoRG/HIPPIES pro-
grams.

The combined step-wise determination of the UV LF

at z ∼ 8 is presented in Figure 14. We determined

the Schechter function parameters M∗, α, and φ∗ min-

imizing the χ2, and obtaining log(φ∗) = −3.99+0.29
−0.37,

M∗
1600 = −20.95+0.30

−0.35 mag, and α = −2.15+0.20
−0.19. The

68% and 95% confidence level contours are presented in

Figure 15.

Our sample of bright z ∼ 8 LBGs make the character-
istic luminosity M∗ is brighter by ∼ 0.5 mag compared

to the most recent estimates of Bouwens et al. (2015),

even though this result is significant only at ∼ 1.2σ,

while the faint-end slope α is consistent at 1σ.

In Figure 15 we also compare our estimated Schechter
parameters to their evolution over a wide range of red-

shift, 4 . z . 10 from Bouwens et al. (2015). Our

result confirm the picture of marginal evolution of M∗

for z & 3−4, but significant evolution of α and φ∗. This
conclusion was first drawn by Bouwens et al. (2015) us-

ing LF results from z ∼ 7 to z ∼ 4 (see also Finkelstein

et al. 2015), although they are in modest tension with

the results of Bowler et al. (2015) who suggest an evo-

lution of dM∗/dz ∼ 0.2 from z ∼ 7 to z ∼ 5.

6.6. The shape of the LF at z ∼ 8− 9

One significant area of exploration over the last few
years has regarded the form on the UV LF at the bright

end. In particular, there has been interest in deter-

mining whether the UV LF shows more of an exponen-

tial cut-off at the bright end or a power-law-like cut-off.

The higher number densities implied by a power-law-like
form might indicate that the impact of either feedback

or dust is less important at high redshifts than it is at

later cosmic times. Successfully distinguishing a power-

law-like form for the bright end of the LF from a sharper
exponential-like cut-off is challenging, as it requires very

tight constraints on the bright end of the LF and hence

substantial volumes for progress.

The simplest functional form to use in fitting the UV

LF is a power law and can be useful when very wide-area
constraints are not available for fitting the bright end.

One of the earliest considerations of a power-law form

in fitting the UV LF at z > 6 was by Bouwens et al.

(2011), and it was shown that such a functional form
satisfactorily fit all constraints on the z ∼ 8 LF from

HST available at the time (Figure 9 from that work).

Here we consider three functional forms that can po-

tentially be adopted to describe the number density of
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Figure 15. 68% and 95% likelihood contours on the Schechter parameters at z ∼ 8 (red) derived in the present work shown
relative to the Schechter parameter estimates found for the LF results at z ∼ 4-to-10 by Bouwens et al. (2015), as specified by
the legend. The observations seem to point towards a clear increase in φ∗ and flattening of α with cosmic time.

galaxies at z ∼ 8: a single power law, a double power

law and the Schechter (1976) form. The parameteriza-

tion for a double power-law is as follows (see also Bowler
et al. 2012; Ono et al. 2018):

φ(M) =
φ∗

100.4(α+1)(M−M∗) + 100.4(β+1)(M−M∗)

where α and β are the faint-end and bright-end slopes,

respectively, M∗ is the transition luminosity between

the two power-law regimes, and φ∗ is the normalization.
A quick inspection of Figure 14 suggests already that

the UV LF at z ∼ 8 cannot be well represented by a

power-law form. Indeed, a χ2 test, as previously adopted

by e.g., Bowler et al. (2012, 2015, 2017) at z ∼ 7, results
in reduced χ2, χ2

ν = 3.5, 1.04 and 1.05 for the single

power law, double power law and Schechter functional

form, respectively. The double power-law parameters

are α = −1.92±0.50, β = −3.78±0.48, M∗ = −20.04±

1.00mag and φ∗ = 3.88+5.80
−3.88 × 10−4Mpc−3 mag−1.

The above results suggest that we can not yet properly

distinguish between a Schechter and a double power-law

form, a result which might be driven by the higher vol-

ume density we measured in the brightest absolute mag-
nitude bin. Nevertheless, this result is in line with recent

UV LF estimates at z . 7 from large area surveys (Ul-

traVISTA DR2 - Bowler et al. 2014, 2015, HSC Survey

- Ono et al. 2018), who found an excess in the volume

densities of z ∼ 4 − 7 galaxies for L > L∗ compared to
the Schechter exponential decline.

Even though our favoured interpretation consists in

considering UVISTA-Y3 composed by three indepen-

dent sources, in Appendix C for completeness we also
present the Vmax estimates obtained from the blended

UVISTA-Y3. We note however that these new estimates

do not change significantly from those presented in this

section.

In Sect. 5.5 we identified four sources whose flux

was likely amplified by massive foreground galaxies. In-

deed, recent studies have found that gravitational lens-
ing magnification could explain, at least in part, the

excess in number density observed at the bright end of

z ∼ 4 − 7 UV LF (see e.g., Ono et al. 2018). Cor-

recting the apparent magnitude of the four impacted

sources for the estimated magnitude and re-deriving
the Schechter parameters from the z ∼ 8 constraints,

we find M∗ = −20.81mag, ∼ 0.14 mag fainter than

with no correction, possibly indicating that lensing is

likely playing a modest role in shaping the bright end
(MUV . −22.5mag) of the z ∼ 8 LF. As the impact

of lensing amplification is uncertain and also model de-

pendent, we follow Bowler et al. (2015) in ignoring the

impact for our fiducial determinations.

An alternative way of making sense of the overall
shape of the UV LF is to compare it to the halo mass

function. To this aim, we scaled the halo mass func-

tion by a fixed Mhalo/LUV ratio to match the UV LF.

We present the result in Figure 14, adopting the Sheth
et al. (2001) halo mass function generated by HMF-

calc2 (Murray et al. 2013), assuming a Planck Col-

laboration et al. (2016) cosmology, with Ωm = 0.2678,

Ωb = 0.049, H0 = 67.04, ns = 0.962, and σ8 = 0.8347.

The scaled halo-mass function looks similar to the UV
LF at z ∼ 8. We observe only a small ∆α ∼ 0.4 differ-

ence in the faint-end slope. We also observe a slight

difference in the effective slope at the bright end when a

Schechter form is considered (∆β ∼ 0.2− 0.3). Interest-
ingly, the bright end of the double power-law overlaps

with the HMF for MUV . −22mag, and might sug-

gest different feedback efficiencies (see also Bowler et al.

2014; Ono et al. 2018). However, as we concluded earlier

2 http://hmf.icrar.org/hmf finder/form/create/
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Figure 16. The evolution of the UV luminosity density of
galaxies at 4 < z < 9 (filled blue circle) bright-ward of −21.5
mag using the present search over COSMOS/UltraVISTA.
The green squares mark the luminosity density of galaxies
obtained from the Schechter parameterization by Bouwens
et al. (2015) at z ∼ 4 − 10. Also shown are the recent es-
timates at z ∼ 9 of Bouwens et al. (2016) and at z ∼ 10
of Oesch et al. (2018). The shaded region shows a linear fit
to the evolutionary trend to z ∼ 10 in the UV luminosity
density preferred at 68% confidence.

in this section, our results do not allow us to ascertain

whether the cut-off we observe is exponential in form or

has a more power-law-like form.

We will not conduct a similar quantitative assessment

of the shape of the UV LF at z ∼ 9, due to the challenges
in determining the total number of bright z ∼ 9 galaxies

over UltraVISTA. Clearly, if any significant number of

the candidates do prove to be bona-fide z ∼ 9 galax-

ies, they would favour more of a power-law form to the
bright end of the z ∼ 9 LF.

6.7. Evolution of the UV Luminosity Density for
Luminous Galaxies from z ∼ 10 to z ∼ 4

The evolution of the UV luminosity density with cos-

mic time provides an insight into the rate at which galax-

ies are building up and how this rate might depend on

cosmic time or galaxy/halo mass.

In Figure 16, we present the UV luminosity densities
we infer to the effective faint-end limit of our present

search (i.e., ∼ −21.5 mag) at z ∼ 8 obtained assuming

a Schechter form, given a power-law at the bright end

would imply an infinite luminosity density. We note
however, that we obtain identical results if we compute

the luminosity density over MUV = [−23,−21.5]mag

with both the Schechter and double power law parame-

terization.

In Figure 16 we also present the luminosity density

determinations and uncertainties at z ∼ 4, z ∼ 5, z ∼ 6,

z ∼ 7, z ∼ 8, and z ∼ 9 to this magnitude that we derive

from the recent LF results of Bouwens et al. (2015) to-
gether with our best-fit constraints and 1σ uncertainties

on the evolution of the luminosity density with redshift,

assuming that the logarithm of the luminosity density

shows a linear dependence on redshift.

The luminosity density constraint we find at z ∼ 8 is

1023.87
+0.58

−0.68 ergs/s/Hz/Mpc3 (1σ), respectively. We find

some indication for a deficit in the luminosity density

at z & 9, compared to the best-fit extrapolation of the

trend of luminosity densities at z ∼ 4 − 8 (see e.g., the

extensive discussion in Oesch et al. 2018).

7. CONCLUSIONS

Using deep infrared data from the COSMOS/ Ultra-

VISTA program, we have identified 16 new ultrabright

H ∼ 24.8 − 25.6mag galaxy candidates at z ∼ 8. The

new candidates are amongst the brightest yet found at

these redshifts, & 0.5 magnitude brighter than found
over CANDELS, providing improved constraints at the

bright end of the UV luminosity function, and providing

excellent targets for follow up at longer wavelengths and

with spectroscopy.
The spectral slope of the UV -continuum β, parame-

terized as fλ ∝ λβ ; Meurer et al. 1999) for the bright

z ∼ 8 sample is β = −2.2 ± 0.6, which is bluer but

still consistent with the UV−continuum slopes found

for bright −22 < MUV < −21 galaxies at z = 6
(β = −1.55 ± 0.17) and z ∼ 7 (β = −1.75 ± 0.18)

by Bouwens et al. (2014) and suggests a continuing

trend towards bluer β’s at higher redshifts. The typ-

ical estimated stellar masses for bright sources in our

z ∼ 8 selection are 109.1
+0.5

−0.4 M⊙, with the SFRs of
32+44

−32M⊙/year, specific SFR of 4+8
−4 Gyr−1, stellar ages

of ∼ 22+69
−22 Myr, and low dust content AV = 0.15+0.30

−0.15

mag, with the properties of individual galaxies spanning

a large range of values.
Using public catalogs we checked the lensing magnifi-

cation from close, lower redshift sources. We find that

four sources are likely subject to magnifications of ap-

proximately 1.5×. Nevertheless, the effect on the UV

LF is marginal.
We use the candidate galaxies to constrain the bright

end of the z ∼ 8 − 9 UV luminosity function. Combin-

ing our ultrabright sample with candidates found over

CANDELS, HUDF and HFF field data allows us to con-
strain on the z ∼ 8 LF. Assuming a Schechter func-

tion, the best-fit characteristic magnitude is M∗(z =

8) = −20.95+0.30
−0.35mag with a very steep faint end slope

α = −2.15+0.20
−0.19. Our z ∼ 8 LF results can be equally
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well represented adopting a functional form where the

effective slope is steeper at the bright end of the LF than

at the faint end, such as for a double power law. Our

results rule out the use of a single power-law in repre-
senting the z ∼ 8 LF.

We note that, despite much recent progress, the lack

of spectra and deep high-resolution imaging still limit

us in establishing the reliability of high redshift galaxy

selections, in particular for rare luminous galaxies that
constrain the bright end of the UV luminosity and mass

functions where any contamination has a very large im-

pact. While care is taken in estimating the complete-

ness and contamination rates, these still rely on assumed
spectral energy distributions. Ultimately, spectroscopy

is needed to validate these assumptions. While recent

results suggest ALMA as a potentially efficient machine

for the study of emission lines (e.g., Smit et al. 2018),

currently this is still hard in the rest-frame UV and opti-
cal, due to long integration times, low multiplexing, and

the reduced observable emission of Lyα likely caused

by the increasing neutral hydrogen fraction z > 6 (e.g.,

Schenker et al. 2014), but will be possible in the fu-
ture with JWST and next generation of extremely large

ground-based telescopes.
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APPENDIX

A. MONTE CARLO ASSESSMENT OF THE MULTI-COMPONENT NATURE OF UVISTA-Y3

Because the three components of UVISTA-Y3 are characterized by low S/N on the DASH footprint adopted for

their identification (S/N∼ 4.5, 2.9 and ∼ 2.2), one might wonder whether the detected splitting into three components

is instead the result of background noise acting on a single, extended source.
To test this hypothesis we implemented the following Monte Carlo procedure. We generated a table of twenty

random positions on the footprint of the DASH mosaic with similar background noise properties. For each one of these

positions we created an elongated disk, with elongation b/a drawn from a pool of random values 0.05 < b/a < 2.5 with

an exponential luminosity profile with effective radius re = 1kpc, consistent with recent rest-frame UV size estimates

for bright LBGs at z > 6 (e.g., Oesch et al. 2016; Bowler et al. 2017; Stefanon et al. 2017b). The choice of low values
for b/a was guided by the relatively large separation between the three components, which is difficult to obtain when

more compact morphologies are considered. The total flux density of each exponential disk was set to be equal to the

H band flux of UVISTA-Y3 when considered as single source. Each exponential disk was then convolved with the

WFC3 H160-band PSF, randomly rotated and added to the original DASH image.
In Figure 17 we present the twenty random realizations of the exponential disk, before convolution with the WFC3

PSF, while in Figure 18 we present the image stamps of the DASH mosaics after the synthetic exponential disks

have been added. Based on simple visual inspection, we see no indication in these simulated images for a multiple

component structure. Finally we run SExtractor using the same set of parameters adopted for the original deblending
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Figure 17. Each panel presents one of the random realizations of the intrinsic (i.e., before being convolved with the WFC3
H160-band PSF and added to the DASH mosaic) exponential disk created to test the multi-component nature of UVISTA-Y3.
The side of each stamp is 2.′′0.

and found that none of the synthetic sources were split into two or more components. This test therefore increased our

confidence on the multiple nature of UVISTA-Y3. It is worth remarking that as a result of the low S/N of the deblended

photometry for each component there are substantially larger uncertainties in the derived physical parameters for each
component.

B. FLUX DENSITY ESTIMATES

In Table 7, 8 and 9 we list the flux density estimates and associated 1σ uncertainties for the full sample of z ∼ 8− 9

candidate galaxies presented in this work.

C. LF ESTIMATE WHEN UVISTA-Y3 IS
CONSIDERED AS ONE SINGLE SOURCE

In this section we present, for completeness, Vmax mea-

surements of the z ∼ 8 UV LF when UVISTA-Y3 is con-

sidered as a single source. Table 10 lists the number den-
sities, while in Figure 19 we present these measurements

and compare them to the estimates obtained in Sect. 6.4

assuming a multiple component nature of UVISTA-Y3.
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Figure 18. Each image stamp (2.′′0 side) is centered on the corresponding synthetic exponential disk of Figure 17, after
being convolved with the WFC3 PSF and added to the DASH mosaic at locations with noise properties similar to those where
UVISTA-Y3 lies. None of the simulated sources show apparent multi-component structure (as UVISTA-Y3 seems to show) as
a result of noise in the background.

While the impact of removing three sources from the
lowest luminosity bin while adding a source to a higher

luminosity bin should be obvious, our treatment of this

source does not change either of the impacted LF points
by more than 1σ
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bols). Previous LF determinations at z ∼ 8 from Bouwens
et al. (2015) are presented for comparison. The systematic
differences are within the 1σ uncertainties.
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38

Scoville, N., Aussel, H., Brusa, M., et al. 2007, ApJS, 172, 1

Sheth, R. K., Mo, H. J., & Tormen, G. 2001, MNRAS, 323,

1

Shibuya, T., Kashikawa, N., Ota, K., et al. 2012, ApJ, 752,

114

Shibuya, T., Ouchi, M., & Harikane, Y. 2015, ApJS, 219, 15

Shim, H., Chary, R.-R., Dickinson, M., et al. 2011, ApJ,

738, 69

Shull, J. M., Harness, A., Trenti, M., & Smith, B. D. 2012,

ApJ, 747, 100

Skelton, R. E., Whitaker, K. E., Momcheva, I. G., et al.

2014, ApJS, 214, 24

Smit, R., Bouwens, R. J., Labbé, I., et al. 2014, ApJ, 784,
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