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ABSTRACT

This paper presents a new search for z > 7.5 galaxies using the COSMOS2020 photometric catalogues. Finding galaxies at the
reionisation epoch through deep imaging surveys remains observationally challenging. The larger area covered by ground-based
surveys such as COSMOS enables the discovery of the brightest galaxies at these high redshifts. Covering 1.4 deg?, our COSMOS
catalogues were constructed from the latest UltraVISTA data release (DR4) combined with the final Spitzer/IRAC COSMOS images
and the Hyper-Suprime-Cam Subaru Strategic Program DR?2 release. We identified 17 new 7.5 < z < 10 candidate sources, and
confirm 15 previously published candidates. Using deblended photometry extracted by fitting surface brightness models on multi-
band images, we selected four candidates which would be rejected using fixed aperture photometry. We tested the robustness of all
our candidates by comparing six different photometric redshift estimates. Finally, we computed the galaxy UV luminosity function in
three redshift bins centred at z = 8,9, 10. We find no clear evolution of the number density of the brightest galaxies Myy < —21.5, in
agreement with previous works. Rapid changes in the quenching efficiency or attenuation by dust could explain such a lack of evolution
between z ~ 8 and z ~ 9. A spectroscopic confirmation of the redshifts, already planned with JWST and the Keck telescopes, will be
essential to confirm our results.

Key words. galaxies: luminosity function, mass function — galaxies: evolution — galaxies: formation — galaxies: high-redshift —

galaxies: photometry — galaxies: statistics

1. Introduction

Star-forming galaxies are expected to be major contributors
to the reionisation process in the primordial Universe (e.g.
Dayal & Ferrara 2018; Finkelstein et al. 2019). During this time,
when the Universe was less than 1 Gyr old, Lyman continuum
photons emitted by newborn massive stars ionised the inter-
galactic medium around them. The efficiency of this process is
expected to depend on the density of galaxies, their star forma-
tion rate (SFR), and the fraction of ionising photons escaping
from their interstellar medium (e.g. Bouwens et al. 2015a). The
latest results from the Planck survey (Planck Collaboration VI
2020) give the reionisation redshift mid-point z,, = 7.67 + 0.73,
while the reionisation probably ended around redshift z = 6
(e.g. Fan et al. 2006). However, an accurate timeline showing
the interplay between the formation of the first galaxies and
reionisation has not been established yet. At high redshifts, the

* Deceased.

galaxy UV luminosity function (UVLF) is the main observ-
able to establish the cosmic star formation rate density (SFRD).
The number of ionising photons generated by galaxies can be
derived from the SFRD, assuming a number of Lyman contin-
uum photons per second produced per unit SFR, and a frac-
tion of them escaping from galaxies (e.g. Robertson et al. 2015;
Vanzella et al. 2018). Furthermore, because of the fluctuation of
the inter-galactic medium (IGM) opacity on large scales (e.g.
Kulkarni et al. 2019), the observed redshift of the end of the
reionisation may depend on sight lines. Therefore, a census of
star-forming galaxies at z > 6 in deep fields is essential to under-
stand the origin and physics of reionisation, as well as the for-
mation of the first galaxies.

Neutral hydrogen in the IGM, the circumgalactic medium,
and the interstellar medium absorbs the flux blueward of the
Lyman limit at 912 A, with a flux expected to be consistent with
zero below this limit (e.g. Bouwens et al. 2015b). Moreover, the
IGM absorbs the light bluer than the Lyman alpha emission
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line at 1215.67 A. These features have been used to select high-
redshift galaxies in deep imaging surveys (Steidel et al. 1996).
The search for these Lyman-break galaxies (LBGs) is carried
out by using fluxes straddling the Lyman emission wavelength
at any given redshift and detecting the amplitude of this fea-
ture (the height of the Lyman break). The colour redward of the
break constrains the rest-frame UV slope, which is sensitive to
star formation, dust, and metallicity. Photometric redshifts are
also commonly used to select high-redshift candidates, through
spectral energy distribution (SED) fitting (e.g. McLure et al.
2013; Finkelstein et al. 2015; Bowler et al. 2015). This method
presents the advantage of using more than three bands if avail-
able, as well as providing a redshift probability distribution func-
tion (hereafter zPDF) for each candidate.

Recent deep and wide-area surveys have provided the nec-
essary multi-wavelength data to select high-redshift galaxies,
in particular at near-infrared wavelengths (1-2 um). The Wide
Field Camera 3 (WFC3) onboard the Hubble Space Tele-
scope (HST), with its unmatched sensitivity at near-infrared
wavebands, has revolutionised our knowledge of the distant
Universe. One of the major surveys in this context is the Cosmic
Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS; Grogin et al. 2011; Koekemoer et al. 2011), cov-
ering a total of 750arcmin? with deep HST imaging. The
CANDELS fields include the Great Observatories Origins Deep
Survey (GOODS; Giavaliscoetal. 2004) with two fields
(GOODS-South and GOODS-North), COSMOS (Scoville et al.
2007), the Extended Groth Strip (EGS; Davis et al. 2007), and
the UKIDSS Ultra-deep Survey field (UDS; Cirasuolo et al.
2007). Furthermore, the Hubble Ultra-Deep Field (HUDF) cov-
ering 4.7 arcmin® (Illingworth et al. 2013) has allowed for the
deepest ever astronomical images to be taken, reaching depths
of 30mag in the optical and near-infrared. Alternatively, the
Hubble Frontier Fields (HFFs; Lotz et al. 2017) include deep
imaging of six massive galaxy clusters, which are used to study
extremely faint background galaxies magnified through grav-
itational lensing. Using these multi-wavelength surveys, over
a thousand galaxies with z > 6 have been identified, reach-
ing z ~ 10 (e.g. McLeod et al. 2016; Oesch et al. 2014, 2018;
Bouwens et al. 2015b, 2019).

Based on galaxy candidates detected in these HST deep
fields, there is evidence that the Schechter function (Schechter
1976) still provides a reasonable fit to the UVLF at high redshift
(e.g. Schmidt et al. 2014; Bouwens et al. 2015b). The shape of
the UVLF appears to evolve with redshift, with a steepening of
the faint-end slope @ from —1.6 at z = 4 to -23 at z = 10
(e.g. Bouwens et al. 2015b; Finkelstein et al. 2015; Oesch et al.
2018). The observed steep slope for the UVLF at high red-
shifts predicts a high abundance of faint galaxies in the Uni-
verse during the reionisation epoch. However, there is no con-
sensus whether the observed evolution of the UVLF at z > 6
is driven by changes in the characteristic absolute magnitude or
in the normalisation (e.g. McLure et al. 2013; Finkelstein et al.
2015). This may be due to an evolving shape of the LF towards
a non-Schechter form. When converted in SFRD, most of the
studies are consistent with a steady decrease in the SFRD from
its peak at z = 2 — 3 to z = 10 (e.g. Madau & Dickinson 2014;
Finkelstein 2016). Oesch et al. (2018) find that this decrease is
even more rapid between z = 8 and z = 10 by more than a factor
ten, possibly explained by the fast buildup of the underlying dark
matter mass function in the primordial Universe.

While an extremely powerful technique to study the faint
galaxy populations, the current deep pencil-beam surveys do
not cover sufficient cosmological volumes to capture the rare
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and bright sources which would constrain the bright end of the
UVLEF. For instance, Oesch et al. (2018) analysed 800 arcmin? of
archival data, but did not constrain the LF brighter than Myy <
—21.2. Bridge et al. (2019) found eight galaxies brighter than
Myv < —-21.5 at 7 < z < 8 in the Brightest of Reionising Galax-
ies (BoRG) survey, a parallel HST survey specially designed to
observe the brightest galaxies. In this regime, deep ground-based
imaging surveys are invaluable. The combination of deep opti-
cal (27-28 mag) and near-infrared (25—26 mag) imaging over a
degree-scale area has made it possible to isolate the brightest
galaxies in the z > 7—8 Universe (e.g. Bowler et al. 2014). Suf-
ficiently deep Spitzer coverage with the InfraRed Array Cam-
era (IRAC) at 3.6 and 4.5 um complements these observations,
allowing for the efficient removal of the intermediate-redshift
contaminants (e.g. Oesch et al. 2012), as well as the direct detec-
tion of high-redshift sources.

Using the available data from the UltraVISTA survey
(McCracken et al. 2012) in the COSMOS field, multiple sam-
ples of galaxy candidates have already been identified at
z> 6 (Bowler et al. 2014, 2015) and z > 7.5 (Stefanon et al.
2017, 2019, hereafter S19), imposing strong constraints on
the bright end of the galaxy UVLF. Bowler et al. (2020, here-
after B20) found 27 LBGs over a 6 deg® area combining data
from the COSMOS and XMM-LSS fields. The bright end
(—23 < Myy < -21) of the resulting galaxy number density is
in excess compared to the exponential decline predicted from
a Schechter parametrisation, suggesting a double power law
may be more appropriate. Early models have linked the UVLF
evolution with the one of the dark matter halo mass functions
(Cooray & Ouchi 2006; Bouwens et al. 2008; Tacchella et al.
2013). The change of shape at the bright end of the UVLF com-
pared to the halo mass function is interpreted by the combina-
tion of several physical processes, including quenching and dust
extinction (e.g. Harikane et al. 2022). Indeed, for a given mas-
sive galaxy, its host dark matter halo or its own intrinsic stel-
lar content may not be massive enough to trigger internal star-
formation quenching (Peng et al. 2010). Moreover, dust extinc-
tion is known to bend the bright end of the UVLF at intermediate
redshift (Reddy et al. 2010). The formation of dust in the inter-
stellar medium (ISM) of galaxies at z > 6 may still be immature,
thus high SFR galaxies at this epoch may experience less attenu-
ation (Finkelstein et al. 2015). This would result in a UVLF that
is well populated at the bright end, describing a double power
law (Bowler et al. 2014, 2015).

With the COSMOS2020 photometric catalogues
(Weaver et al. 2022), we have the opportunity to improve
the search and identify the brightest star-forming galaxies
at the epoch of reionisation. Candidates are identified using
deep near-infrared imaging from UltraVISTA DR4, comple-
mented with IRAC images from the Cosmic Dawn Survey
(Euclid Collaboration 2022) to detect the galaxy rest-frame
optical emission. While B20 used the latest UltraVISTA release
(DR4), we used, in addition, the latest deep optical images
from the public DR2 of the Hyper Suprime-Cam (HSC) Subaru
Strategic Program (HSC-SSP; Aihara et al. 2018) and the final
Spitzer images in the mid-infrared. We also validated our results
using the recently released DR3 of the HSC-SSP (Aihara et al.
2022). These data are essential to improve the purity of the
high-redshift sample and to extend the area under investigation.
Furthermore, COSMOS2020 photometric extractions have been
made with two different techniques: a traditional approach using
aperture photometry and a surface brightness profile-fitting
technique using multi-band images. In this paper, we com-
bine both photometric catalogues, and multiple photometric
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Table 1. Depth of the deepest optical and infrared broad bands used in
this work.

Band mi? AB M35 AB Source
ultra-deep ®  deep

u 27.8 CFHT/MegaCam

u* 27.7 e .

g 28.1 27.8 Subaru/HSC

r 27.8 27.4 ..

i 27.7 27.2

Z 27.2 26.7

y 26.5 25.8 ..

Y 26.6 253 UltraVISTA

J 26.4 25.2

H 26.1 24.9

K 25.7 253 .

[3.6] 26.5 26.4 Spitzer/IRAC

[4.5] 26.5 26.2 ..

Notes. “Depth at 30 computed on PSF-homogenised images (except
for IRAC images) in empty 2" diameter apertures. ¥’ The deep and ultra-
deep regions are distinct for the HSC and UltraVISTA data.

redshift codes, leading to a more robust final sample of
candidates.

For this study, we searched for galaxies at z > 7.5 in the
COSMOS field using the COSMOS2020 photometric catalogue,
and we estimated the galaxy rest-frame UVLF at 8 < z < 10. The
paper is structured as follows. Section 2 presents the imaging
data used in this work, as well as the estimated source photom-
etry. Section 3 describes the high-redshift galaxy selection. The
sample of candidates is presented in Sect. 4 and compared with
previous studies. The updated constraints on the high-redshift
UVLF resulting from the selected galaxies are presented in
Sect. 5. We discuss these results in Sect. 6 and summarise our
conclusions in Sect. 7.

We adopted the standard A Cold Dark Matter cosmology
with Q,, = 0.3, Qs = 0.7, and Hy = 70kms~! Mpc‘l. We used
the initial mass function (IMF) from Chabrier (2003). Magni-
tudes are given in the AB system (Oke 1974).

2. Data

This work is based on the COSMOS2020 photometric cata-
logues (Weaver et al. 2022), which includes the currently deep-
est optical to mid-infrared imaging in the COSMOS field. The
imaging data, as well as the extracted photometry are briefly
described here. Full details can be found in Weaver et al. (2022).

2.1. Imaging

The COSMOS field is covered by several multi-wavelength deep
imaging surveys. While the photometric catalogue consists of
observations in more than 35 bands, here we only discuss the
deepest and reddest broad-band imaging, which are the most
relevant datasets to search for high-redshift galaxies. The pho-
tometric depths of these broad-band images are given in Table 1.
We stress that the depths are not homogeneous over the full field
and differ by wavelength. We discuss the impact on the selection
of the high-redshift candidates in Sect. 4.

The UltraVISTA survey (McCracken et al. 2012) provides
deep near-infrared imaging over 1.5 deg? of the COSMOS field,
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Fig. 1. Imaging data in COSMOS. The background image shows the
UltraVISTA H-band weight map, where the vertical dark grey stripes
represent the UltraVISTA ultra-deep stripes. The red dashed line indi-
cates the Spitzer/IRAC [3.6] coverage of the SPLASH survey, the blue
dashed line represents the ultra-deep region of the HSC images, and
the green dot-dashed line corresponds to CANDELS. The filled circles
indicate our gold sample (see Sect. 4.1). Open symbols indicate sources
for which we cannot exclude a low redshift or star solution based on
template fitting, or because of a low S/N detection in one HSC band.

as shown in Fig. 1. The exposure time is not homogeneous over
the entire field. Four ultra-deep stripes across the field covering
0.62 deg? have deeper exposure times (vertical dark grey stripes
in Fig. 1). We use the UltraVISTA DR4 data, with a near-infrared
coverage in four broad bands, YJHK;. The additional narrow-
band NB118 covers the ultra-deep stripes.

The mid-infrared data comes from the Cosmic Dawn Sur-
vey (Euclid Collaboration 2022), in which all the Spitzer obser-
vations in the IRAC/[3.6], [4.5] bands are processed (the full
list of included programs is given in their Table C.1). This
notably includes the COSMOS Spitzer survey (S-COSMOS;
Sanders et al. 2007) over 2 deg?, the Spitzer Large Area Survey
with Hyper Suprime-Cam (SPLASH; Steinhardt et al. 2014) over
1.8 deg?, the Spitzer Extended Deep Survey (SEDS; Ashby et al.
2013), the deep Spitzer Matching Survey of the UltraVISTA ultra-
deep Stripes survey (SMUVS; Ashby et al. 2018) and Complet-
ing the Legacy of Spitzer/IRAC over COSMOS (COMPLETE,
COMPLETE2; Labbe etal. 2016; Stefanon et al. 2018). The
IRAC depths reported in Table 1 are separately computed inside
the deep and ultra-deep UltraVISTA stripes. The 30~ depths of S-
COSMOS data outside the SPLASH field (shown in Fig. 1) reach
25.3 mag in [3.6] and 25 mag in [4.5].

The optical data provided by the Hyper Suprime-Cam (HSC)
Subaru Strategic Program (HSC-SSP; Aiharaetal. 2018),
include deep imaging in the ¢, 7, i, z, y broad bands over 2.2 deg?.
We use the HSC-SSP DR2 images (Aihara et al. 2019), stacked
for the COSMOS2020 catalogue. The central region of the COS-
MOS field includes ultra-deep HSC imaging within a 0.75 deg
radius circle (blue circle in Fig. 1), and deep imaging in the
extended COSMOS survey, about 0.5 mag shallower than in the
centre. Since the COSMOS2020 catalogue was created, a third
release of the HSC-SSP became available (Aihara et al. 2022).
While these data are not included in our analysis, we used these
images to insure the robustness of our candidates. In addition,
we include the reprocessed Subaru Suprime-Cam images with
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12 medium and two narrow bands in optical (Taniguchi et al.
2007, 2015), the u and u* bands from the CFHT Large Area U-
band Deep Survey (CLAUDS; Sawicki et al. 2019), and the UV
photometry from GALEX (Zamojski et al. 2007).

2.2. Photometry

Source detection is performed in the combined CHI_MEAN image
constructed with SWarp (Bertin et al. 2002) from the HSC/i, z
and UltraVISTA/Y, J, H, K bands. This stacked detection image
provides an advantage for faint, high-redshift sources compared
to single images. Photometry is extracted following two indepen-
dent approaches, leading to two separate photometric catalogues,
called the CLASSIC catalogue and The Farmer catalogue. In
the CLASSIC approach, the photometry of the high-resolution
images is performed with SExtractor (Bertin & Arnouts 1996)
in dual-image mode. The photometry is extracted in fixed 2"
diameter apertures. To ensure that the apertures include the same
features at all wavelengths, the point-spread functions (PSF) of
the science images are homogenised. Multiple corrections are
applied to the measured magnitudes, including the magnitude
error scaling and the aperture-to-total magnitude corrections.
The photometry of the low-resolution IRAC images is performed
with the software IRACLEAN (Hsieh et al. 2012), using the high-
resolution images as prior to extract the photometry of the con-
fused sources. In this case, the IRAC PSF is iteratively subtracted
from the IRAC images centred within the source boundary, as
defined by the high-resolution prior. In the second approach, all
bands are extracted with The Farmer (Weaver et al., in prep.),
which uses The Tractor software (Lang et al. 2016) to obtain
more accurate photometry by fitting galaxy profiles with para-
metric models. The morphology of the sources is determined
through a decision tree, separating point and extended sources.
In contrast with the CLASSIC approach, this method directly pro-
vides total magnitudes, performs an improved deblending in the
high-resolution images, and extracts all the images consistently.

3. Galaxy selection criteria

Here we describe different steps taken to select a complete sam-
ple of galaxies at high redshifts. The resulting candidates are
discussed in Sect. 4.

We exclusively search for candidates over the UltraVISTA
area, by rejecting sources located in the masked regions near
bright stars in the HSC images. This corresponds to an area of
1.404 deg®>. We require the candidates to be detected in three
bands among the H, K, [3.6] and [4.5] bands. We require at
minimum a 50 detection in one of these bands, one at 30 in
a second band, and at 1o in a third band. This ensures that at
least two colours are reliable to estimate photo-z. Sources only
detected in IRAC images are not included. We apply these selec-
tion criteria separately on both the CLASSIC and The Farmer
catalogues.

We reject candidates detected in any broad band blueward of
the Lyman alpha break based on visual inspection, rather than
explicit magnitude cuts. The measured flux may be inconsistent
with zero in the case of a noise local maximum at the source
coordinates. Moreover, nearby sources likely contaminate aper-
ture fluxes for blended candidates, and generate a significant
flux in the photometric apertures. In these cases, we estimate
whether the observed flux originates from the detected source or
from nearby sources. In the latter case, we flag these sources as
blended. Artefacts are also rejected through the visual inspection
of the science images, as discussed in Appendix A.
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3.1. Photometric redshift selection

Our initial candidate lists are selected taking into account both
the photometric redshifts and the posterior probability redshift
distributions (zPDF) computed for all sources in COSM0OS2020
using LePhare (Arnouts et al. 2002; Ilbert et al. 2006) with
both the CLASSIC and The Farmer catalogues. We first use
the default COSMOS2020 configuration of LePhare, as done
in Ilbertetal. (2013), Laigle etal. (2016) and Weaver et al.
(2022), with the templates, dust attenuation curves and the
recipe to add emission lines from Ilbert et al. (2009). The galaxy
library includes 33 templates, covering various SED types, from
quenched to starbursting galaxies. The most relevant ones for
this work are 12 templates generated with the Bruzual & Charlot
(2003, hereafter BCO03) stellar population synthesis models, with
ages ranging from 30Myr to 3 Gyr, and including sub-solar
metallicities (Z = 0.004, 0.008, 0.02). We add the dust atten-
uation as a free parameter, allowing E(B-V) to vary between
0 and 0.5 for two different attenuation curves: Calzetti et al.
(2000) and Prevot et al. (1984). Several emission lines are added
using an empirical relation between the UV luminosity corrected
for dust attenuation and H, emission line flux. Physically con-
strained ratios are considered between the intrinsic emission
lines. We added [OlI], Hg, [OIIl], and H, emission lines, as
well as Lyman,, despite the large uncertainties that potentially
affect the modelling of this line. Dust attenuation is applied to
the emission line fluxes using the same dust model as for the
stellar continuum. The normalisation of the emission line fluxes
are allowed to vary by a factor of two (using the same ratio for
all lines) during the fitting procedure. IGM absorption is imple-
mented following the analytical correction of Madau (1995).

As in Laigle et al. (2016), we perform the fit using fluxes
(and not magnitudes), even when a source is extremely faint or
non-detected in one band. This type of approach is suitable as
long as uncertainties are measured consistently. Therefore, we
do not have to include upper-limits in the fitting procedure.

LePhare provides the redshift likelihood distribution for
each source, after a marginalisation over the galaxy templates
and the dust attenuation. We use it as the posterior redshift prob-
ability density function (zPDF), assuming a flat prior. The photo-
Z point estimate, Zpno, is defined as the median of the zPDF.
We also consider the photo-z which minimises the y? over the
full template library as an alternate photo-z point estimate, to
strengthen our selection of high-redshift sources. We select any
source with a solution at z > 7.5 with LePhare, in either the
CLASSIC or The Farmer catalogue. This is defined by imposing
that both the median of the zPDF and the redshift which min-
imises the y? are at 7 > 7.5.

3.2. Complementary template-fitting procedures

We produce photometric redshifts with other template-fitting
procedures for the selected candidates. These estimates are not
directly used to select the candidates, but are used in Sect. 4.1 to
assess their robustness.

The photometric redshifts computed for all sources using
EAZY (Brammer et al. 2008) are available in COSMO0S2020.
The adopted strategy is equivalent to LePhare and corresponds
to the technique described in Weaver et al. (2022). The fitted
galaxy library consists of 17 templates derived from the Flex-
ible Stellar Population Synthesis models (Conroy et al. 2009;
Conroy & Gunn 2010). Moreover, EAZY allows the combination
of the templates in the fitting procedure.

Furthermore, we compute new photometric redshifts for the
selected candidates using a different LePhare configuration,
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hereafter noted LePhare BCO03. Such a configuration is opti-
mised to model sources with extreme colours. Since we select a
really specific population with extreme properties, a larger cov-
erage of the parameter space (in terms of dust, ages, star forma-
tion histories) should be explored to reject potential intermedi-
ate redshift contaminants. In this case, we include a set of BC03
templates assuming different star formation histories (exponen-
tially declining and delayed), as described in Ilbert et al. (2015).
Each of these 12 templates is generated at 43 ages from 50 Myr
to 13.5 Gyr. During the fitting procedure, no template with an
age older than the age of the Universe is considered. We assume
two attenuation curves (Calzetti et al. 2000; Arnouts et al. 2013)
with E(B—V) varying from O to 2. The dust attenuation reaches
Ay ~ 8, enabling potentially extremely dusty sources at lower
redshift to be rejected (Dunlop et al. 2007). We add the emis-
sion line fluxes with a recipe described in Saito et al. (2020).
For each template, we derive the number of ionising photons by
integrating the SED blueward of the Lyman break, and convert
it into Hg luminosity following Schaerer & de Barros (2009).
Then, the ratios between Hg and other emission lines are given
by Osterbrock & Ferland (2006) and Anders et al. (2003). Emis-
sion line fluxes are allowed to vary by a factor of two during the
fitting procedure, to reproduce potential variations around the
expected value. We do not use this configuration to compute pho-
tometric redshifts for the full COSMOS2020 catalogue, since the
large parameter space covered by the templates increases the risk
of degeneracy in the colour-redshift space and creates a larger
fraction of catastrophic failures for the general population'.

3.3. Brown dwarf contamination

The selected high-redshift candidates may be contaminated by
cool Milky Way brown dwarfs, because of their similar near-
infrared colours (e.g. Wilkins et al. 2014). Given the predictions
by Ryan & Reid (2016), we could expect 277/deg? brown dwarfs
at J < 25.

To isolate these contaminants, we fit brown dwarf tem-
plates to COSMOS2020 photometry. We include the simulated
high-resolution brown dwarf templates from Baraffe et al. (2015,
BT-Settl/CIFIST2011_2015) and Morley et al. (2012, 2014) in
LePhare. The modelled emission extends to at least 10um
in the mid-infrared. In addition, the nonphysical templates are
rejected following constraints from Saumon & Marley (2008) in
the effective temperature versus surface gravity space, based on
the predicted evolution of cool brown dwarfs. Then, we compare
the minimum y? obtained with the galaxy templates (we use the
standard LePhare configuration described in Sect. 3.1) and the
one obtained with the stellar library including brown dwarf tem-

plates. We compute Ay? = 2, — /\/éal with )(éal being the min-

imum y? obtained with the galaxy templates, and x2,. the one
obtained with the stellar templates. We select candidates with
Ax? > 0.

3.4. The case of ID 720309

The source ID 720309 has the highest photo-z among the candi-
dates extracted from the COSMOS2020 catalogue. However, we
identified a bright star at the coordinates RA =09h59m10.81s,
Dec = +2d11m04.29s which could potentially generate a cross-
talk signal (see Appendix A) at a position 09h59m10.81s
+2d06m42.40s (assuming a native pixel scale of 0.341”

! Reducing the parameter space could be seen as a prior for the general
population.

Fig. 2. Images of the source ID 720309 in the Y, J, H, K, UltraVISTA
broad bands (from left to right), in the full stack (fop) and in the stack
including only the images not contaminated by the potential cross-talk
artefact (bottom). The circles represent the 2" diameter aperture used in
the CLASSIC photometry.

expected for the detector 7 of the VIRCAM camera). Each
ultra-deep stripe is the combination of VIRCAM observations
taken at three different declinations, each called “paw” (see
McCracken et al. 2012). This source presents two components
in one paw (paw 1), and just one component in the other (paw 2).
It suggests that ID 720309 in COSMOS2020 is the superposition
of a cross-talk and a real source separated by 0.7”. It contributes
to the signal in the 2" aperture of the CLASSIC catalogue. As The
Farmer photometry is centred on the real source, the cross-talk
has less impact on the profile-fitting photometry. We also notice
that the [3.6] and [4.5] positions are well aligned with the K;
position of the source in paw 2.

The star responsible for the artefact is not included in 80%
of the images taken in the paw 2. Therefore, we created new
stacksin Y, J, H, K, using only these observations. This impacts
the sensitivity of our dataset, but it ensures that the source is not
affected by the cross-talk. Figure 2 shows the difference between
the images on the full stack (top panels) and the stack not
affected by the cross-talk (bottom). The main difference appears
in H with a change in the shape of the source. We recomputed the
flux using The Farmer on this new stack. The resulting magni-
tudes are given in Table 2, showing fainter magnitude in H and
K, and a non-detection in the Y-band.

4. Resulting galaxy sample

Our final galaxy sample comprises 32 candidates at z > 7.5.
Based on the LePhare/The Farmer photometric redshifts, the
sample includes 15 candidates in the range 7.5 < z < 8.5, 11
candidates at 8.5 < z < 9.5 and 1 candidates at z > 9.5 (some
photo-z are below z < 7.5 in the LePhare/The Farmer con-
figuration). Tables 2 and 3 present the coordinates, photometry,
photometric redshifts and absolute magnitudes of each object.
The identifiers are from the CLASSIC catalogue, and are always
indicated starting with the letters “ID” in the following discus-
sion. We report the magnitudes from The Farmer, corrected
for the Milky Way extinction and systematic zero-point offsets.
Appendix B describes the photometry, the best-fitting templates
and the zPDF estimated with LePhare together with a detailed
discussion for each candidate. Figure 1 illustrates the coordinates
of the identified candidates over the COSMOS field. We empha-
sise an important aspect of our selection: four candidates are
located in the UltraVISTA “deep stripes”. These areas are one
magnitude shallower than the ultra-deep stripes in YJH. This
makes it more difficult to meet selection criteria requiring an
unambiguous three-band detection.
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Table 2. Coordinates and observed photometry of the selected z > 7.5 candidates.

D RA Dec D Y J H K, [3.6] [4.5] Flag @
CLASSIC [J2000] [J2000] Farmer [mag] [mag] [mag] [mag] [mag] [mag]

234500 10:02:12.08  01:38:20.22 153872 >24.8 25.767013  25.6070.19 25.27f8;})8 24.677003  24.22+0 .
241443 09:58:00.45 01:38:46.82 228669  27. 12j8:§‘(1) 25.31f8;8§ 24.87f8:8; 24.41’:8;82 23.971’8:8% 23.83f8;8§ 1
336101 10:00:32.32  01:44:31.22 499535 26.83f8;}§ 25.68f818§ 25.28f8:8§ 25.59f8:(1)8 24,74f8j8§ 24.44j8:g§

403992 10:01:45.04  01:48:28.42 214940 27.87j8j;§ 25.96’:8;83 26.1 lfg::? 25.99’:8}; 25.85701) 25.00fg:g§ ..
441697 09:57:39.01  01:50:40.05 598190 >26.7 26.02f8183 24.96f8:8§ 24.89f8:82 26.1 6f81f‘9‘ 24~30t8ﬁgi 1
428351 10:00:58.48  01:49:55.97 615402 26.79j8:§? 25270907 2551701 25.26%005  25.017093 25.07f8:82 DB
442053 09:58:32.63  01:50:43.59 711973 >25.5 25.95702  24.96*013  25.08700  24.82%09%  24.54%0% DB
485056 10:00:17.89  01:53:14.39 184348 26.99f8;{2 25.99fg:g§ 26.29f8::§ 27.24f8:§§ >25.1 27.03f8f; .
545752 09:57:23.39  01:56:45.93 758856  26.20*000  24.92*303  24.89*004 2509707 25.60701] 25.52f8:8§ 1
564423 10:00:31.87  01:57:50.12 78629 >26.6 25.95f818; 25.40f8:8§ 25.43f8:g§ 26. 18f8;8§ 24.83f818§

631862 09:57:42.84 02:01:39.64 747154 27.27j8§§ 25.89’18183 25.59f8:8§ 25.42’:8:(1)8 25.27:'8:8;1 24.80f8;8§
720309 09:59:10.82  02:06:41.96 859236 27.76f8;‘3‘(2) >26.4 25.1 2f8:8§ 24.88f8:8§ 24.36fg:8§ 24.06fg:g§

720309 ® . . .. >269  27.89%0% 2553701 25170 . .

724872 10:02:52.10  02:06:57.91 729770 26.56f8;g$ 25.O7f8182 24.74f8:8§ 25.45f8:]‘% 25.04f8;83 24.7 lfgzgj D
784810 10:01:47.48  02:10:15.43 749805 >26.5 25.72’:8182 25.697008  25.82*7042  26.0270%  25.16700¢
852845 09:58:50.94  02:13:55.09 371044 27.13f8ﬁ3 26.01f8:8§ 25.25f8:8§ 25.32f8;8§ 25.03f8;8§ 24.30f8:8§ ..
859061 10:00:19.59  02:14:13.28 443686 >26.6 26.29*010 25.957010  26. 14’:8;12 2484003 24.88+003 B
978062 09:57:47.90 02:20:43.55 764263 >26.7 25.07f8:83 24.7 Ifg:gg 24.72f8;8§ 24.60f8;8§ 24.20f8:8§ ..
984164 09:57:18.00  02:21:05.90 774509 >26.4 26.01’:8183 25.53*008  25.46*010  24.53702%  23.48%0.10 2
1055131 09:57:54.25 02:25:08.42 518572 >26.3 25427001 25.577097 25487010 25.10%09%  24.52%09
1103149 09:57:54.69  02:27:54.95 71035 28.39j8:ﬁ 25.81’:8:82 25.91f8:82 25.86’:8;{‘2‘ 25.051’8:8% 24928:82
1151531 10:02:12.54  02:30:45.84 776124 27.99f8:§§ 25.03f818§ 25.15f8:8§ 25.82f8;{‘3‘ 24.91f8;8§ 24.l3fg:8§
1209618 10:00:47.53  02:34:04.50 270250 >26.8 25.85*007 25.66*008  26.48+02¢ 25.65“:8:8; 25.19*004
1212944 10:01:56.33  02:34:16.22 391218 28.09f8:2(5) 25.94f818§ 26.22f8:}§ 25.98f8;{2 26.13f8:}é 25.17j8:83
1274544 09:58:12.23  02:37:52.34 50411 25.69j8:}‘3‘ 25.09’:8:82 25.01“:8:{% 24.87’:8:3; 23.861’8;8} 23.50j8:8}
1297232 09:57:24.53  02:39:13.18 292281 26.77f8:}_§ 25.16f8;8§ 25.08f8:8§ 25.38f8;8§ 25.03f8:}}) 24~59t8ﬁ(1)8 2
1313521 09:57:35.64  02:40:12.09 454321 >26.4 25.86* 08 25.21“:8:82 25.217908  24.03*903 23.66f3;8§ 2B
1346929 10:00:30.65  02:42:09.10 764277 >26.7 25.71f818; 25.36f8:82 26.1 lfgi{g 25.26f8;8§ 26.76j8f§ ..
1352064 09:57:32.07  02:42:25.56 740295  27.11*3% 25.67’:8182 25.41“_’8:82 25.39’:8;83 25.88*022  24.42+007 2
1356755 09:57:25.45  02:42:41.22 9881 >26.4 26.67f8:}§ 24.65f8:§§ 24.53f8:38 23.68f8;8§ 23.87f818§
1371152 10:00:15.97  02:43:32.91 247885 >26.7 26.24*010 25,5098 25.50*01) 26.411’8:}2 2574018
1409328 09:59:17.15  02:45:48.22 666370 26.60f8:{§ 25.90f8;{é 25.50f8:(')8 25.31f8;{(') 25.30ﬁ8;82 24.38j8:8§ ..
1412106 09:57:21.36  02:45:57.47 331814 >26.2 25‘3()):8182 25.47“:8:82 26.124025 25217012 25.2970% 2

Notes. The first columns indicate the ID and coordinates from the CLASSIC catalogue. The other columns give the photometry from The Farmer
catalogue, corrected for Milky Way extinction and systematic zeropoint offsets. The upper-limits correspond to the 30~ depth of the image at the
source coordinates (100 for IRAC), for sources with S/N < 1. @The flags are the following. 1: outside the HSC ultra-deep region, 2: outside the
IRAC SPLASH region, B: blended, D: inside the UltraVISTA deep stripe. ©’UltraVISTA photometry measured on a new stack not affected by the

contribution of a potential cross-talk artefact (see Sect. 3.4).

We identify 17 new unpublished candidates at z > 7.5, many
of which are located within the westernmost UltraVISTA ultra-
deep stripe (at low right ascension), as shown in Fig. 1. This
region is fully covered with the “deep” HSC-SSP DR2 survey,
about 0.5 mag shallower on the outer part of the field compared
to the centre. In contrast, the Suprime-Cam data did not cover
this part of the field, which made impossible the search of z > 7
galaxies in this region in previous works, because of the lack of
a sufficiently deep optical photometry.

We find some differences between the total apparent mag-
nitudes between the CLASSIC and The Farmer photometric
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COSMOS2020 catalogues, as shown in Appendix B. The
Farmer catalogue has the advantage of photometric measure-
ments performed consistently over the full wavelength range.
Moreover, The Farmer measures fluxes more accurately in
crowded fields. Therefore, we adopt this photometry by default
for our UVLF analysis.

4.1. Robustness of the selected candidates

We produce several tests to establish the robustness of our candi-
dates. Based on this step, we define a gold sample of 22 sources
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Table 3. Photometric redshifts estimated with LePhare and EAZY as in Weaver et al. (2022), and with LePhare using BCO3 templates, for the

z > 7.5 candidates.

D Zphot Myy B20/S19  Flag@ Zypec
LePhare EAZY LePhare BCO3
CLASSIC Farmer CLASSIC Farmer CLASSIC Farmer
All criteria satisfied (gold sample)
234500 9.1579%  820%0% 9407035 814708 75372% 8487078 —21.56%039
336101 7457042 751000 7307016 7.4670%  7.6970%  7.97709; -21.40%011 213/Y3 7.306/R25
403992 8.98708% 8527031 898*7)  8.5970%  8724M  BITHM -21.2070% 266
564423 8.82+0¢2  917+015 892+ 89800 871M1%  9.83+012 -22.00*3:12 237/Y5 —/R24 NIRSpec
631862 8.62+0¢7 8517046 8.81*0% 755000 8.68100%  8.38+)% -21.52+93}
724872 8.037330 815703 857HR  7.647007  7.53+180  8.0470S8 -22.12%018 .. D
784810 8377032  8.6870%  836%032 879701 85800 9.0577 -21.63*317 598/Y10
852845 8.507082 916017 8.74*331 8967010 7383+130 929+ —22.08+3%% NIRSpec
978062 8521044 886018 g47:0%  gg7H00e g 5508 ggH06s 90500 7607y 7.675/R18 NIRSpec
1055131 8.6970%  836*028 8867014 840121 872705 8.6770% -21.74*3.19 839
1103149 8507048 7.78*032 872007 7.67:0%% 865082 8257190 -21.317013 879 7.369/R19
1151531 8251046 8327026 779406 g57H00T  g49H0T g 5H02T 23 00NY  gi4yy2 7.677/R36
1212944 8.087072  8.60°0%  8.1270H 876101 82155 889708 21107028 953/Y15
1274544 7.9570% 7361013 8.00%03F  7.34%0%% 799710 7.677000  -21.9470%%
1352064 8.09%1%0  8.88+020  7.65%0% 751700 678240 949403 -21.86*938 . 2
1409328  9.4070%  857+037  9.52+023 893+l 75p:230  777+180 —21.43*0:41
Blended galaxies (gold sample)
428351 LA 759701 1527003 7550008 1S 7810 -21.79%014 301/Y4 DB 7.090/R27
442053 247408 897030 25070%  9.17:016 2227000 8.38*120 —22.13%639 . DB
859061 2017199 7.88+028 338+ 098 7651008 203+}40 8.2l -20.93038 Y11 B
1313521 2.53*5%0 80702 2057030 157100 22728 7.98+032 -21.47+921 . 2B
Potential low-redshift galaxies (based on EAZY photometric redshift, gold sample)
1209618 9.48+072  838*03% 007092 837702  8.16'1%  8.3970SL —21.47+018 Y8
1371152 8.49*110 933+018  872+030  39+001  775+L70 972+021 -21.89*0:1¢ Y12
Potential low-redshift galaxies (based on LePhare photometric redshift)
720309 9.7170%%  10.10%32¢  9.607032  11.20%0%  10.00703; 10407033 2242012
720309 ® 2.89+622 .. . .. 9.46+0.7
1356755 9.11%041 2557010 9.62*03 946006 8.89*097  2.51%0% NIRSpec
Potential z < 6 dusty galaxies
241443 7 09+0.82 7 70+0.63 2 09+5.]0 11 90+0.06 2 23+5.50 8 05+0.85 -21 86+8.77 1
Y7 -5.00 t1Y-0.21 =037 Y430 TU-110 Y025 UY-0.19 Tt
984164 8.15*0%  8.47+038 784+l 83702 451440 837403 -21.54*019
1412106 7.88*110 8107037 834*03%  7.95702% 4374480 8.47+06 -21.81+0:11 . 2
Potential stars
485056 7817088 74501 870N 7341000 74671 7.657010 -21.037014 356
545752 779805 759708 7517000 7.540008 84109 774700 -22.117097 . 1
1346929 7.83*032 8227090 7.67*011 9107003 1237720 9.34+012 -21.37*014 1032
Potential local noise in HSC DR3 images
441697 9.1070%  9.51*01L 9227038 9501098 911707 9.9470% —22.47+010 .. 1 NIRSpec
1297232 7727070 7.607005 75707 7.62700%  7.79°0%  7.8070%6 -21.91+008 .. 2

Notes. The UV absolute magnitudes are derived from a Monte Carlo sampling of the galaxy zPDF, using The Farmer and LePhare. The three
last columns list identifiers from S19 and B20, flags® and spec-z from Bouwens et al. (2022). “The flags are the following. 1: outside the HSC
ultra-deep region, 2: outside the IRAC SPLASH region, B: blended, D: inside the UltraVISTA deep stripes. ’LePhare photo-z computed using
the UltraVISTA photometry uncontaminated by the cross-talk (see Sect. 3.4). ) Absolute magnitudes computed using the ALMA spec-z. We report
the error associated with the H-band apparent magnitude.

satisfying all our criteria as z > 7.5 galaxies (see Table 3).
But we cannot exclude a possible contaminant for the remain-

ing sources, based on these additional criteria.

First, we compare several photo-z estimates to assess the

sensitivity of our selection to the template-fitting approach.
Table 3 presents the six photometric redshift estimates for each
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candidate, computed using the three different template-fitting
procedures (LePhare, EAZY and LePhare BCO03) applied to
both the CLASSIC and The Farmer catalogues, as described in
Sects. 3.1 and 3.2. All template-fitting codes consolidate our
selection for the first 16 candidates listed in Table 3. They rep-
resent the core of our gold sample. We find some discrepancies
for the remaining candidates, separated by categories in Table 3.

Blended galaxies: for four of these candidates, the three
photo-z estimates with the CLASSIC catalogue are at z < 3. These
sources are flagged as blended in the images (flag B in Table 3),
as a bright foreground source is clearly identified and contami-
nates the 2" aperture. Based on the CLASSIC aperture photome-
try, all four of these candidates show a 30~ detection in at least
one HSC optical band. The flux captured in the fixed aperture
present a spatial offset. The CLASSIC redshift probability distri-
butions peak at z ~ 2 for all candidates, although one of them
presents a secondary z > 7 solution. In contrast, the majority of
the zPDF weights are located at z > 7 with The Farmer cata-
logue. It is precisely in these cases that The Farmer photom-
etry is expected to be more reliable than the CLASSIC aperture
photometry, since these candidates are well deblended thanks to
the profile-fitting photometry. Therefore, we consider these esti-
mates with The Farmer as robust and we include these candi-
dates in our gold sample. We note that ID 859061 falls in the
CANDELS region and Stefanon et al. (2019) confirmed the lack
of emission in the visible from HST data (see their Fig. 5).

Low-redshift galaxies based on EAZY photo-z: for two
sources, we find one solution at z < 3 using EAZY. Since EAZY
produces a high-redshift solution in either the CLASSIC or The
Farmer catalogue, we decide to consider these candidates as
robust and keep them in our gold sample.

Low-redshift galaxies based on LePhare photo-z: EAZY
points towards a robust z > 9 solution with a single peak for
ID 1356755. However, all the solutions obtained with LePhare
present a significant peak at z < 3, including more than 30%
of the zPDF. Hence, we do not include this candidate in our
gold sample. The configuration The Farmer/LePhare is our
reference to derive the UVLF, but corresponds to a photo-z
of 2.55*0-1%. Therefore, we do not indicate the corresponding
absolute magnitude in Table 3 and this source is not used to
derive the UVLF. For the source ID 720309, all photo-z indicate
a z > 9 solution with the original COSMOS2020 photometry.
However, our photometry could be contaminated by a cross-talk
artefact (see Sect. 3.4). We recompute the photo-z with LePhare
using the new stack not contaminated by the cross-talk. The red-

shifts which minimise the x? are 9.46fg:gg and 9.47:&?2 for the

: : 6.52
COSMOS and BCO3 templates, respectively. We obtain 2.89*%

and 9.46*%""> using the median of the zPDF. This galaxy remains
a high-redshift candidate in our sample, but with a significant

peak in the zPDF at z ~ 2.8.

Dusty star-forming galaxies at intermediate redshift: we
checked that none of the selected candidates has H — [3.6] > 2
which would indicate a low-redshift galaxy with strong Balmer-
break or high dust obscuration (Oesch et al. 2013). None of
the candidates has coincident Spitzer/MIPS 24 ym emission nor
at longer wavelengths in the COSMOS Super-deblended cata-
logue (Jin et al. 2018), and are thus unlikely to be contaminated
by low-redshift dusty galaxies. We also checked that none of
these sources were detected in SCUBA2 (Simpson et al. 2019)
at less than 6”. Three of the candidates present a lower redshift
Z < 6 solution when fitted using the LePhare BC03 configura-
tion. In this case, we allow for a possible attenuation reaching
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Ay ~ 8, which could reveal a possible solution associated with
a dusty star-forming galaxies. These three candidates have also
secondary peaks in their zPDF using other template-fitting con-
figurations. They are located outside the ultra-deep HSC region,
and outside the SPLASH coverage. Their mid-infrared pho-
tometry relies on S-COSMOS, which is about 1 mag shallower
than in the centre of the field. The use of shallower data may
explain the lower constraint on the zPDF resulting in multiple
peaks. In addition, the width of the zPDF is systematically larger
when using the CLASSIC catalogue compared to The Farmer,
because of larger flux errors for the same objects (as explained
in Weaver et al. 2022). While our fits favour a high-redshift solu-
tion for these sources, we flag them as possible intermediate
redshift contaminants and we do not include them in our gold
sample.

Secondly, we also assess the robustness of the star-galaxy
classification. We already rejected all candidates with a better y?
using the brown dwarf templates than with the galaxy templates.
However, such a sharp cut does not quantify the risk of degen-
eracy in the classification. Therefore, we generate 500 realisa-
tions of the candidates, and for each realisation we add noise to
the observed flux corresponding to the photometric uncertainty
in each band>. We compute Ay? for each realisation. The anal-
ysis of these 500 realisations allows us to quantify the robust-
ness of the star-galaxy classification for a given source. For three
sources ID 485056, ID 545752, ID 1346929, we find that 31%,
28%, 23% (27%, 33%, 43%) of the A)(2 distribution falls at
AXZ < 0 with The Farmer (CLASSIC). Therefore, these sources
present a significant probability to be brown dwarf contaminants,
and we do not include them in our gold sample.

Thirdly, we inspect the HSC-SSP DR3 images in g, r, i and
z for the 32 candidates. The increase in depth for DR3 compared
DR2 is minor in the COSMOS field (Aihara et al. 2022). DR3
correspond to the final images taken on COSMOS and the sky
subtraction has been improved in the SSP pipeline. In the z-band
image at the position of each of the 32 candidates, we measure
the photometric flux in a 2” diameter aperture and the corre-
sponding sky flux in a 2—4” diameter annulus using the python
package photutils. To minimise the impact of objects in the
sky annulus, we compute a sigma-clipped mean value. The noise
per pixel is computed by aggressively detecting and removing
all objects in the postage-stamp around the object and comput-
ing the standard deviation of the remaining pixels. We note that
the precise signal-to-noise ratio (S/N) values reported here are
dependent on the exact details of object thresholding and back-
ground computation. However, we have verified that the conclu-
sions presented below are largely robust to the exact parameter
choice. In addition to the S/N values presented below, we exam-
ine both the pixels present in the measurement aperture and in
the sky annulus around the object. Six candidates have S/N > 1.
One of them is already identified as potential z < 6 dusty galaxy
(ID 241443). Two galaxies (ID 1297232 and ID 441697) have a
z-band S/N of 1.4 and 2.7, respectively, and are listed separately
in Table 3. The three remaining S /N > 1 candidates are not con-
sidered since the bright pixels are shifted by 1" with the expected
source position, or the signal comes from only one pixel.

To summarise, the first 16 candidates satisfy all the cri-
teria to be selected as z > 7.5 galaxies. Six additional
candidates present discrepancies between the different photo-z
procedures, explained by blending in the CLASSIC catalogue and

2 We note that even if the source is undetected in a given image, a
flux is always provided with an associated uncertainty at the position
indicated in the combined CHI_MEAN image.
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one discrepant photo-z in the EAZY run. We still consider them
as robust and include them in our gold sample. For the last 10
candidates in Table 3, there is a significant probability that these
sources are either intermediate redshift galaxies or brown dwarf
contaminants.

4.2. Comparison with z > 7.5 candidates from the literature

We find six candidates with a match in the A3COSMOS ALMA
catalogue® (Liu et al. 2019) from the Reionisation Era Bright
Emission Line Survey (REBELS, Bouwens et al. 2022). Five of
them present [CII];sg,m line detection with a spectroscopic red-
shift from Schouws et al. (in prep.) provided in Table 3. One
of them was independently confirmed using a detection of the
Lyman-a emission line (Valentino et al. 2022). Only one ALMA
source (ID 564423/REBELS-24) does not present a [CII];5g,m
line detection, either because of too weak SFR, or observa-
tions which are still missing for this source (Bouwens et al.
2022). These five spec-z confirm the high-redshift nature z > 7
of our candidates. We find a systematic over-estimate of the
photo-z. For the CLASSIC catalogue, these spec-z are consis-
tent with the zPDF (with a PIT* of 0.3, 0.05, 0.10, 0.13 for
ID 336101, ID 978062, ID 1103149, ID 1151531, respectively).
For The Farmer catalogue, their PIT is below 0.02 and the
uncertainties for these five sources are underestimated. While
this comparison could suggest a systematic over-estimate of the
photo-z, we note that these sources could be really specific,
which could explain their detection of [CII];ss,m with ALMA.
Therefore, we do not extrapolate this trend to the full popula-
tion at this stage. In Sect. 5, we replace the photo-z of these five
sources by their spec-z.

We compare our candidates to those previously identified by
S19 and B20 in the COSMOS field based on ground-based imag-
ing. S19 (see also Stefanon et al. 2017) used the near-infrared
broad and narrow bands from UltraVISTA DR3, all the avail-
able CFHT/MegaCam, Subaru/Suprime-Cam optical bands and
Spitzer/IRAC channels 1 to 4 in the mid-infrared. This study also
benefited from HST/WFC3 coverage from the Drift And SHift
mosaic (DASH; Momcheva et al. 2016; Mowla et al. 2019), with
an improved spatial resolution. The HSC imaging was not avail-
able at the time of their initial sample selection but the authors
used the HSC-SSP DRI1 data to validate their candidate list,
checking that there was no significant detection in the opti-
cal. S19 identified 16 galaxy candidates in the COSMOS field,
including 10 atz ~ 8 and 6 at z ~ 9.

B20 included the UltraVISTA DR4 data and the
Spitzer/IRAC [3.6] and [4.5] images from SPLASH, SEDS,
and SMUVS in the infrared. Optical data consisted of the
CFHT/MegaCam u*, g,r,1i,z broad bands from CFHTLS, and
the HSC-SSP DRI g,r,i,z,y broad bands. The Suprime-Cam
7' band, deeper than the HSC/z band in DR1 release, was also
used. The search was performed in the HSC ultra-deep area.
B20 recovered seven candidates from S19 and selected nine
new candidates for a total of 16 LBG at 7.5 < z < 9.1 in the
COSMOS field, including 14 atz ~ 8 and 2 at z ~ 9.

We select 15 out of the 25 high-redshift candidates from
S19 and B20. The majority of these candidates present single-
peaked redshift probability distributions located at z > 7, and
are classified as galaxies in both COSMOS2020 catalogues. The
identifiers from S19 and B20 are shown in Table 3. The 10

3 https://sites.google.com/view/a3cosmos/data
* Probability Integral Transform (PIT, Dawid 1984) defined as PIT =

Iy P dz.

rejected candidates from S19 and B20 are described in details
in Appendix B.3. Four of those candidates include strong low-
redshift solutions, and six are not detected in the combined
izYJHK image. Since these galaxies are not expected to be visi-
ble in the i and z bands, the signal may be diluted in the combined
izYJHK detection image. To test the impact of such approach,
we matched these six sources with the official release catalogues
from UltraVISTA DR4 (McCracken et al. 2012) with a detec-
tion performed in each VIRCAM band. These sources do not
have any counterpart in the K, catalogue. One source from S19
is detected only in the H selected catalogue (but not identified
in COSMOS2020 or B20 because of the proximity of a bright
source J = 20.7). Another source from S19 is only detected in
the J-band selected catalogue with a magnitude of J = 26.3+0.1.
At best, we could have retrieved one of these six candidates with
a detection performed in each VIRCAM band, rather than our
combined izY JHK detection image.

Finally, we checked the z > 7 galaxy candidates iden-
tified in CANDELS (Bouwens et al. 2015b). None of these
sources are in our sample considering our selection criteria at
z 2 7.5. Although deeper, CANDELS covers a smaller area of
151.9 arcmin?, which is less efficient when selecting the bright-
est sources at z > 7.5.

4.3. Lensing magnification

Any high-redshift galaxy sample may be subject to grav-
itational lensing, and in particular lensing magnification,
from massive, low-redshift galaxies (e.g. Mason et al. 2015;
Barone-Nugent et al. 2015; Roberts-Borsani et al. 2016). While
gravitational lensing preserves surface brightness, the apparent
solid angle of the background source may increase, leading to
an increased apparent flux.

We investigate the possible impact of lensing magnifica-
tion on our selected galaxy candidates. We search the full
COSMOS2020 catalogue for massive low-redshift galaxies
within a 20” radius for each candidate galaxy’. Lens galax-
ies are modelled as singular isothermal spheres (SIS). Stel-
lar velocity dispersions are estimated from photometry through
the Faber-Jackson relation (FJR; Faber & Jackson 1976 of
Barone-Nugent et al. 2015), based on the rest-frame B-band
absolute magnitude and calibrated using early-type galaxies with
redshifts spanning 0 < z < 1.6. Velocity dispersion uncertainties
are dominated by the intrinsic scatter in the FJR, estimated at
46 kms~'. We checked that these velocity dispersion estimates
are consistent with the FJR of Bernardi et al. (2003) using i-band
absolute magnitudes. Photometric redshifts and absolute mag-
nitudes in the rest-frame Suprime-Cam/B are taken from The
Farmer catalogue. We restrict the lens selection to galaxies with
a velocity dispersion of at least o, = 200kms~!, because the
spectroscopic samples used to calibrate the FJR become incom-
plete at lower values (Barone-Nugent et al. 2015). In addition,
we only include lenses with a magnification of y > 1.1.

We find that eight candidates out of 32 are probably mag-
nified with 1.1 < u < 1.2, and 5 galaxies with ¢ > 1.2. This
includes five already identified candidates from S19 and B20.
However, we find no evidence of strongly lensed galaxies with
multiple images. The most magnified candidate is ID 441697,
with a cumulative magnification of u = 2.36 = 0.80 from five
lenses within 14”, representing a boost of 0.9 mag. The main

contribution comes from a z = 0.50*0} galaxy located within

> We identify lenses leading to magnifications p > 1.1 up to a 15”
angular distance.

AG6S5, page 9 of 22


https://sites.google.com/view/a3cosmos/data

A&A 667, A65 (2022)

4.6” and with a o, = 231 kms~! velocity dispersion, leading to a
u = 1.37 £ 0.20 magnification. The second most magnified can-

didate is ID 442053 because of two sources, one z = 1.50f8:8i

galaxy at 6.0” with o, = 218kms™ and u = 1.14 + 0.07,
and one z = 1.74*00} galaxy at 4.0” with o, = 207kms™!
and u = 1.17 £ 0.09. The candidate Y8 (ID 1209618) has a
z= 1.26f8:8% galaxy at a 4.4" distance with a velocity dispersion
of o, = 215kms™!, which gives au = 1.21+0.11 magnification.
This candidate was already identified as magnified by S19, who
found a 40 km s~! higher velocity dispersion and a 0.3 smaller
angular separation®, resulting in a higher magnification u = 1.39.
Three other candidates (Y1, Y10, Y12) from S19 are moderately
magnified, with 1.1 < u < 1.2

Consequently, every object in our z > 7.5 sample is poten-
tially affected by lensing magnification. However, as we shall see
in Sect. 6.2, the impact of this magnification remains limited on
our luminosity function measurements.

The velocity dispersion values quoted above are extracted
from the FIR and their uncertainties reach 46 kms~! due to the
scatter of the relation (Barone-Nugent et al. 2015). Moreover,
the velocity dispersion may be overestimated, because of the cal-
ibration based on early-type galaxies, leading to overestimated
magnifications. Inversely, we note that the velocity dispersion
lower limit of o, = 200km s~ significantly restricts the num-
ber of lens galaxies, so that the reported total magnifications
may be underestimated. This will need to be further investi-
gated with more precise velocity dispersion estimates at fainter
luminosities.

5. The UV luminosity function

In this section, we use our z > 7.5 candidates to make a new
measurement of the bright end of the UVLE. We select objects
brighter than H = 25.6, equivalent to the 5o depth in the ultra-
deep stripes. We use the 0.812 deg? of the HSC-masked Ultra-
VISTA ultra-deep area, so we do not include the 4 candidates
selected in the deep area. This ensures a homogeneous selec-
tion function across the field. We take the physical parameters
estimated with the LePhare/The Farmer configuration. This is
necessary because the blended candidates are not included in the
CLASSIC selection.

We split our galaxy sample into three redshift bins, centred
at z = 8,9, 10 with a Az = 1 width. Since the photometric red-
shift estimates mainly rely on infrared broad-band imaging, the
redshift probability distributions are relatively broad in the inter-
val 7 < z < 10, and so are the photometric redshift uncertain-
ties. As a result, the candidates with photometric redshifts at the
limit between two adjacent bins may be scattered in one bin or
the other. Therefore, we develop a Monte Carlo simulation to
propagate the photometric uncertainties into the absolute magni-
tude estimates. We generate 500 realisations of the high-redshift
candidates. For each realisation, we add noise to the observed
flux, according to the photometric uncertainty measured in the
considered band. We base our estimate of the UVLF on the 500
catalogues for which the photo-z and absolute magnitudes have
been derived.

We adopt the spec-z derived with REBELS, when possible.
As a result, two sources among the five are included in our

6 We find an astrometric shift of 0734 in declination compared to S19
for the candidate Y8 (ID 1209618). This is more than the shift of about
0715 induced by the change of astrometric calibration from UltraVISTA
DR3 to DR4. We note that this candidate remains faint with H > 25.6,
which may have led to uncertain coordinates in S19 who used DR3.
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first redshift range, for which we recompute the FUV absolute
magnitudes.

5.1. Completeness correction

To estimate the completeness of our sample of high-redshift
galaxies, we simulate point-like sources with a Moffat profile
(Moffat 1969) with parameter § = 3 and a FWHM of 0.9”. We
generate these objects with a uniform distribution in magnitude
over 22 < H < 27 and in position over the ultra-deep stripes area
and add them to the J, H, K bands, avoiding placing objects on
masked areas or where object are present in the segmentation
map derived from the CHI_MEAN image (see Sect. 2.2). We then
generate a new CHI_MEAN detection image from these simulated
J, H, K images combined with the original i, z, Y images. Object
detection is repeated using the same parameters as the main cat-
alogue and using this new CHI_MEAN image. The resulting cat-
alogue is cross-correlated with the input simulated catalogue to
the find the fraction of recovered sources as a function of mag-
nitude.

We must assume colours for the simulated galaxies. We
use LePhare and the BCO3 templates to predict the expected
colours. For E(B—-V) = 0.1, we find average colours of J-H =
0.05,0.49,4.94 at z = 8, 9, 10, respectively, and K;—H = 0.00,
—-0.10, —0.09 at z = 8, 9, 10, respectively. The predicted K,—H
colours do not vary by more than 0.25 mag at z > 7, depend-
ing on the assumed attenuation. We simplify the simulation by
assuming J = H = K, for galaxies at z ~ 8, and H = K, for
galaxies at z ~ 9 and 10, with no flux contribution in the other
bands.

We estimate the completeness as a function of the H-band
magnitude, defined as the fraction of recovered sources in the
CHI_MEAN image. At z ~ 8, we find a drop in completeness from
84% to 60% between H = 25 to 25.6, the latter being our selec-
tion limit. Atz ~ 9 and 10, the completeness drops from 72% to
37% in the same magnitude range.

We do not attempt to correct for contamination or incom-
pleteness in our selection method, considering that possible
biases in the redshift estimate (as shown by the comparison with
ALMA) dominate the uncertainty budget and cannot be captured
by a simulation. Moreover, the use of the zPDF to generate mul-
tiple realisations of the UVLF would make such correction diffi-
cult, since a single source is split in several redshift bins.

5.2. Binned luminosity function

Absolute UV magnitudes are computed with LePhare in the
GALEX far-UV filter’, as follows:

MUV = my — DM(Z) - KC(Z, SED), (1)

with m being the observed magnitude in the filter f, DM the dis-
tance modulus. KC is the sum of the k-correction k; and a rest-
frame colour term, all derived from the best-fit SED. The filter
f is chosen among J, H, K, [3.6] to minimise the SED depen-
dency of the KC term (Ilbert et al. 2005). For each source, we
list in Table 3 the median of the Myy distribution, as well as the
associated 0.16 and 0.84 quantiles.

The binned luminosity function is calculated using the Vi«
estimator (Schmidt 1968). This estimator is non-parametric,
although the number of bins and the bin widths are set, and
implicitly assumes a uniform spatial distribution of galaxies.

7 With a central wavelength of 1526 A and a full-width at half maxi-
mum of 224 A.
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The number density in a given magnitude bin depends on the
maximum volume Vi« in which each galaxy could have been
selected. This volume, for a given galaxy i, is computed as:

Zmax,i dV
Vinaxi = f f — dQdz,
e odJ. . dQdz

min,i

@)

where Zmin; and zmax; are the lower and upper redshift limits in
which a galaxy i can be included in the sample, and dV is the dif-
ferential co-moving volume. The co-moving volume is defined
as the shell between the limits of the redshift bins. The max-
imum redshift zy.x; is the redshift at which a galaxy with the
same intrinsic properties would not be selected in our sample,
with a flux limit set to H = 25.6. Thus, the luminosity function
¢ can be expressed as:

N(M)

Wi
DI~
Vmax,i

real =1

P(M)AM = 3

where N(M) is the number of galaxies in the magnitude bin cen-
tred at M and of width AM, considering all the N, = 500 real-
isations of the catalogues. w; is the inverse of the completeness
estimated at the H-band magnitude of the galaxy i. The associ-
ated Poisson uncertainties oy are computed as Marshall (1985):

os(M)AM = “)

The total uncertainties are computed as the quadratic sum of
the Poisson errors and cosmic variance errors, estimated follow-
ing Trenti & Stiavelli (2008). Since the galaxy samples become
incomplete at faint magnitudes, the LFs are computed bright-
ward of Myy = —-21.5.

The galaxy UV luminosity functions at z = 8,9, 10 estimated
from the selected galaxy candidates are represented in Figs. 3-5,
and tabulated in Table 4. In magnitude bins with no galaxies, we
put an upper limit with the number density computed from one
galaxy. Cosmic variance represents about 14% of the Poisson
uncertainties at Myy < —23, 20% at Myy = —22.75, and 30% at
Myy = —-22.25.

We show in Fig. 6 the three UVLFs. Given the magnitude
limit at H < 25.6, we cover the brightest end of the UVLF at
—-23 < Myy < —21.5. There is no clear evolution of the num-
ber densities from z = 8 to z = 9, with an equivalent number of
candidates at —22.5 < Myy < —21.5 in both redshift bins. At
z = 10, the density in the single absolute magnitude bin is lower
than at z = 9, but the median Myy is shifted to brighter magni-
tudes and could follow a simple extrapolation of the LF at lower
redshift. However, the constraint on the UVLF at z ~ 10 remains
weak.

We provide a constraint on the brightest part of the UVLF
and over 1.5 mag range, thus the shape of the UVLF cannot be
constrained from our data alone. Hence, we do not attempt a
fit with a power law or a Schechter function. Nevertheless, we
discuss the consistency with the various fitting forms when com-
paring with the literature in Sect. 5.3.

5.3. Comparison with UVLFs from the literature

The calculated UVLFs are in good agreement with results from
the literature in particular at Myy < —22. This suggests that our
sample is complete for the brighter magnitude bins. The most
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Fig. 3. Galaxy UV luminosity functions at z = 8. The red sym-
bols show number densities from the galaxy sample presented in this
work (uncorrected for incompleteness). The upper limits are at 1o
The orange diamonds correspond to the measurement only based on
the gold sample. The data points from B20; S19; Bouwens et al. (2021,
2015b), Finkelstein et al. (2015), McLure et al. (2013) are represented.
The best-fitting double power-law function from B20 and the Schechter
function from Bouwens et al. (2021) are displayed.
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Fig. 4. Galaxy UV luminosity functions at z = 9 as in Fig. 3. Data points
from B20; S19; Bouwens et al. (2021, 2019), Morishita et al. (2018),
Oesch et al. (2013) are shown. The best-fitting double power-law func-
tion from B20 and the Schechter function from McLeod et al. (2016)
are displayed.

straightforward comparison is with B20 who used the same near-
infrared images as this work (see Sect. 4.2). In the COSMOS
field, we have 12 galaxy candidates in common. However, the
authors analysed about 6deg? of imaging data from both the
COSMOS and the XMM-LSS fields, sampling larger co-moving
volumes than in this work.

All candidates from B20 at z < 8.5 and Myy < —22.5 are
outside the COSMOS field, and this is the reason for their bet-
ter constraint on the bright end of the UVLF. Nonetheless, our
number densities at Myy < —22.5 are in excellent agreement
with B20 and S19.
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Fig. 5. Galaxy UV luminosity functions at z = 10, as in Fig. 3.
Data points from B20; Bouwens et al. (2019), Morishita et al. (2018),
Oesch et al. (2018) are shown. The best-fitting double power-law func-
tion from B20 and the Schechter function from Oesch et al. (2018) are
displayed.

Table 4. Galaxy luminosity functions derived from all the z > 7.5 can-
didates.

z Myv AMyy  Mpedian N ¢
[mag]  [mag]  [mag] [107% mag™" Mpc™]

8 -22.75 0.5 0.0 < 0.35
-22.25 0.5 -22.05 3.312 1.37 £0.76
-21.75 0.5 -21.78 4.02 204 +£1.12

9 -22.50 1.0 -22.12 2.714 0.82 +0.50
-21.75 0.5 -21.86 3.32 3.58+2.55

10 -22.50 1.0 -22.47 0.702 0.21 £0.26

Notes. The columns indicate redshifts, central absolute magnitudes,
magnitude bin widths, median absolute magnitude in the bin, number
of galaxies averaged over the 500 realisations (see Sect. 5.2) and co-
moving number densities.

At redshift z ~ 10, the number densities computed from the
three candidates selected in this work are in agreement with the
double power-law evolution from B20. The candidate XMM3-
3085 from B20, identified in the XMM-LSS field with a pho-
tometric redshift of zphoe = 10.8 £ 1.0, is extremely bright with
an absolute magnitude of Myy = —23.7 and H = 23.9. It is
the brightest z > 7 galaxy candidate ever found in the litera-
ture, although spectroscopic confirmation is still required. The
z ~ 10 candidate 2140+0241-303 from Morishita et al. (2018)
has an HST/F160W flux of 24.4 mag and an absolute magnitude
of Myy = —22.6. The authors used the Brightest of Reionising
Galaxies (BoRG[z9]) survey, including HST optical and near-
infrared imaging in five broad bands over 370 arcmin?, in addi-
tion to IRAC/[3.6] imaging. The resulting number density from
that paper is an order of magnitude higher than our results at
MUV < =22.5.

We compare our results with Bouwens et al. (2021), who
used the most comprehensive compilation of HST data taken on
deep fields. Our results at z ~ 8 and 9 are consistent within the
uncertainties. The faintest of our points at z ~ 8 falls below their
fit by a factor two in density. At z ~ 10, they considered the
results from Oesch et al. (2018) which indicate a sharp decline
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Fig. 6. Galaxy UV luminosity functions from z = 8 to z = 10. Our
results are shown with blue, green, and red squares for z = 8§, 9, 10,
respectively. The dotted and solid lines are results from the literature
using the same colours, for double power-law functions and Schechter
functions, respectively.

of the galaxy density at Myy < —22. Our data probe brighter
absolute magnitudes (our only point is brighter than Myy < —-22
while their brightest point is at Myy = —21.25). However, the
lower density of our fit is unconstrained and consistent with zero.
Therefore, we cannot draw clear conclusions regarding differ-
ences with Oesch et al. (2018).

6. Discussion
6.1. Sources of contamination

The most obvious explanation for the high density of bright
sources at z > 7.5 is the contamination by low-redshift galax-
ies or brown dwarfs wrongly classified as z > 9 candidates.
Even if we combine several photometric redshift codes, and
two different methods to extract the photometry, contamination
of our sample remains a possibility. In Sect. 4.1, we found 10
candidates with a significant probability of being either dusty
star-forming galaxies at intermediate redshift or brown dwarf
contaminants. Seven over ten of these candidates fall on the
westernmost ultra-deep stripe with a lower HSC and IRAC cov-
erage (see Fig. 1). The larger surface density of sources in this
stripe compared to the others points out towards a significant
population of contaminants among these ten galaxies.

In Figs. 3-5, we present the UVLF after having removed
these sources (gold squares). We find that the measurement at
7.5 < z < 8.5 is severely affected by this removal, as expected
since 7 sources have a photo-z estimated in this redshift range.
Therefore, the density could be affected by a factor 2 if all these
sources are in fact contaminants.

A systematic overestimate of the photo-z could also impact
the UVLF. The 5 sources with a spec-z have a systematically
higher photo-z (see Sect. 4.1). If this trend affects the whole
sample, galaxies could move in a lower redshift bin. Given the
shape of the redshift distribution, it would lead to an overesti-
mation of the UVLF density. A better modelling of the galaxy
properties (e.g. dust attenuation law, emission lines) could alle-
viate these biases. We are particularly sensitive to the mod-
elling because the major feature used to derive the photo-z at
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this epoch, namely the continuum break around 1216 A, can-
not be accurately located. Indeed, this break is redshifted within
the gap between the ground-based Y and J-bands for galaxies
between z ~ 7.6 and z ~ 8.7. Spectroscopic confirmation of the
candidate redshifts is the solution to alleviate these uncertainties
(Muiioz & Loeb 2008), as well as future space mission without
such gap between near-infrared filters.

In addition, the uncertainties in the absolute UV magnitudes
may affect the bright end through the Eddington bias (Eddington
1913). Because of the steep slope of the luminosity function,
there are statistically more faint galaxies scattered in the brighter
bins than the reverse, resulting in a flattened slope. The Edding-
ton bias is also stronger for steep luminosity functions. In the
selected galaxy sample, photometric redshift uncertainties can
be relatively large, leading to large uncertainties once propagated
to absolute magnitudes. This bias may be limited by using large
magnitude bins.

The presence of Active Galaxy Nuclei (AGN) in the selected
galaxy sample may also affect the estimated galaxy UVLF at
the bright end. High-redshift AGN have Lyman alpha break fea-
tures similar to star-forming galaxies without an AGN compo-
nent. At intermediate redshifts 4 < z < 6, the contribution
from faint AGN dominates the number densities at Myy < —23,
whereas it becomes negligible at Myy > —22 (Ono et al. 2018;
Harikane et al. 2022). At z > 6, the number density of faint AGN
is still uncertain. The evolution of the quasar spatial density is
often parametrised as p(z) o« 109 with k ~ —0.47 from
z =35toz =5 (Fanetal. 2001) and k ~ —0.72 from z = 5
to z = 6 (Jiang et al. 2016). Recently, Wang et al. (2019) mea-
sured a consistent value k ~ —0.78 from z = 6 to z = 6.7. With
this accelerated redshift evolution, high-redshift AGN are suffi-
ciently rare such that they have a negligible impact on the galaxy
number density at Myy = —23 in a survey of this size. The faint-
end slope of the quasar UV luminosity function is nonetheless
poorly constrained at high redshift (Matsuoka et al. 2019).

6.2. Impact of magnification

As a consequence of gravitational lensing at very high redshifts,
and in particular for steep luminosity functions (Mason et al.
2015), the bright end of the luminosity function is expected to be
artificially higher. As discussed in Sect. 4.3, we find no evidence
of strongly magnified galaxies in the selected sample; although,
candidates are still affected by multiple lenses, leading to cumu-
lative magnifications up to u = 2.4. We estimate the UVLF after
having corrected the UV absolute magnitudes from the magnifi-
cation (not attempting to correct the density). The binned UVLF
at z = 8 and z = 9 remain unchanged. Thus, magnification bias
does not explain the lack of evolution of the UVLF bright end
at the probed magnitudes. In the z = 10 galaxy sample, the can-
didate ID 441697 with a cumulative magnification of u = 2.36
becomes fainter than Myy = —22 after removing the effect of
lensing. Therefore, it would even lower down the density found
atz ~ 10.

6.3. Shape of the UVLF

It is well established that the UVLF at z < 6 is well-fit with
a Schechter function (e.g. Moutard et al. 2020; Bouwens et al.
2021). At the same time, the very different shape of the bright
and massive ends of the dark matter (DM) halo mass function
from cosmological models and the observed galaxy luminosity
function is currently explained with “quenching”, or any pro-

cess which can halt star formation in these haloes and galax-
ies. This cessation of the star-forming activity can be due to
numerous processes like AGN feedback (e.g. Croton et al. 2006;
Hopkins et al. 2006) or halo quenching due to shock-heated
gas in halos more massive than 10'> M, (e.g. Somerville et al.
2008; Gabor & Davé 2015). Peng et al. (2010) showed that if the
quenching rate is proportional to the SFR, it would naturally lead
to a galaxy luminosity function with a Schechter shape.

While the Schechter form is well established at z < 6,
whether this holds at higher redshifts is unclear. Bowler et al.
(2015) find a high density of sources at Myy < —22 and con-
clude that the UVLF at z > 8 is better fit with a power law than
a Schechter function, without displaying an exponential cutoff
at the bright end. We confirm the density measured by B20 and
our points are superposed on their extrapolation of the UVLF
with a power law. Our measurements are inconsistent with the
Schechter function obtained by McLeod et al. (2016), and the
density of galaxies we measure is ten times higher than expected
by their extrapolation to bright magnitudes (or brighter by 0.4
mag). The brightest galaxies observed by McLeod et al. (2016)
is at Myy = —20.7, not allowing them to constrain the UVLF in
the bright regime probed by our data.

The latest estimates by Bouwens et al. (2021) compile all
HST measurements and find that the UVLF are consistent with
a Schechter function at z ~ 8 — 9. The new Schechter param-
eters obtained by Bouwens et al. (2021) shift the exponential
cut-off at brighter magnitude than previous publications (e.g.
McLeod et al. 2015). This is more consistent with the density of
galaxies we find at Myy < —22. At z ~ 8, our faintest point falls
below their fit; however, such an effect could be explained by
some residual incompleteness that is not corrected in our mea-
surement. We find that our points are still consistent with their fit
atz ~ 9. So, we cannot reject the Schechter fit by Bouwens et al.
(2021).

6.4. Lack of evolution at the bright end

The UVLF evolves rapidly at magnitudes fainter than Myy >
—20.5. At a given density of ¢ ~ 10~ mag™! Mpc >, we expect a
brightening of about 0.7 mag between z ~ 9 and z ~ 8 following
the latest compilation from Bouwens et al. (2021). Between z ~
9 and z ~ 10, this trend is even more extreme with a brightening
of 0.9 mag. This evolution is interpreted as the galaxy population
following the growth of the dark matter halos with a constant
star-formation efficiency (Oesch et al. 2018).

In contrast with the faint end, the density of galaxies at
Myy ~ =22 is consistent with no evolution from z ~ 8to z ~ 9
as shown in Fig. 6. This is consistent with the findings of B20.

One interpretation is that quenching efficiency increases
between z = 9 and z = 8 at high mass and as a con-
sequence we observe the building of the exponential cut-off
of the UVLEF. Peng et al. (2010) introduced a quenching rate
proportional to the SFR to preserve a constant characteristic
stellar mass around 10'% M. If we extrapolate the relation
between Myy and stellar mass found by Stefanon et al. (2021),
we do not reach this regime at z = 8. Also, halo quench-
ing is efficient above 10'? M, (Cattaneo et al. 2006). According
to Stefanon et al. (2021), galaxies in our sample are hosted by
lower mass halos. So, mass quenching is not expected to be effi-
cient yet. However, the physical conditions at z > 8 may be dif-
ferent from those considered in lower redshift studies and the
quenching mechanisms may be already effective for lower mass
galaxies or DM halos.
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Another possibility is that dust is generated in significant
quantities between z = 9 and z = 8 (Finkelstein et al. 2015),
sufficiently to decrease the light emerging from the brightest
UV galaxies at z = 8, leading to the wrong interpretation that
the density of bright galaxies remains the same between z = 9
and z = 8. Indeed, if dust is increasing with decreasing Myy,
it would bend the bright end of the luminosity function, with
a more pronounced dimming of the UV absolute magnitudes at
bright magnitudes®. The mean dust content is generally expected
to decrease with increasing redshift in particular for bright galax-
ies (e.g. Bouwens et al. 2016), because of the low metallicity
of young stars in galaxies. Hence, the mean dust attenuation at
z > 9 is often assumed to be zero (e.g. Bouwens et al. 2015b), so
that the bright end of the UVLF is expected to reflect the recent
star formation in the galaxy population.

7. Summary and conclusions

This paper presents one of the first science results from the
COSMOS2020 catalogues: a search for candidate z > 7.5
galaxies at the epoch of the reionisation of the Universe. The
deep optical, near-infrared, and mid-infrared imaging over the
1.4 square-degree field of COSMOS enables the detection of rare
and bright galaxies, a complementary population to the much
fainter galaxies found in deep pencil beam surveys such as CAN-
DELS or HUDFE.

COSMOS2020 uses the latest and deepest optical, mid-
infrared, and near-infrared imaging in COSMOS. It includes
the most recent UltraVISTA DR4 data together with new opti-
cal data from the HSC-SSP PDR2 release. We also used new
images comprising all of the Spitzer/IRAC [3.6], [4.5] bands’
data ever taken on COSMOS from the Cosmic Dawn Sur-
vey. From these data, we extracted two photometric catalogues
using independent approaches: the CLASSIC catalogue measures
colours using circular aperture photometry, whilst The Farmer
catalogue colours are measured based on a fit of surface bright-
ness models. Sources were detected in a combined izYJHK
image.

The galaxy selection was primarily based on photometric
redshifts estimated from SED fitting with LePhare and their
associated zPDF. We selected sources with a robust solution at
z 2 7.5 with LePhare using either the CLASSIC or The Farmer
catalogues. The final sample consists of 32 candidates at z > 7.5,
including 17 unpublished candidates. To assess the robustness of
the COSMOS2020 photo-z estimates, we computed new sets of
photometric redshifts with three different template-fitting pro-
cedures using LePhare and EAZY, with both the CLASSIC and
The Farmer catalogues. We isolated a gold sample of 22 out
of 32 candidates, which is more robust. Among them, four
blended candidates were identified thanks to the profile-fitting
photometry from The Farmer, where the contamination of light
from nearby sources can be identified. These candidates have
low photo-z solutions of z < 3 with the CLASSIC catalogue
because of the optical flux of the nearby sources. This illus-
trates the effectiveness of profile-fitting techniques in deblending
confused sources typically found in the search of distant galax-
ies. The final sample of high-redshift galaxies is therefore more
complete.

From this unique list of z > 7.5 star-forming galaxies, we
made a new determination of the bright end of the UV lumi-

8 We stress that dust was included in our modelling of the galaxy SED
during the fitting process, but we did not correct the Myy absolute mag-
nitudes for dust attenuation.
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nosity functions in three redshift bins, centred at z = 8,9, 10.
There is no clear evolution of the number densities from z = 8
to z = 9 between —23 < Myy < —21.5, which is in excellent
agreement with B20. One interpretation is that quenching effi-
ciency increases between z = 9 and z = 8. Another possibility
is that dust is generated in a significant quantity, which is suf-
ficient enough to decrease the light emerging from the bright-
est UV galaxies at z = 8. Another explanation for the high
density of bright sources at z > 7.5 is the contamination by
low-redshift galaxies or brown dwarfs, or a systematic overes-
timation of photometric redshifts. Spectroscopic confirmation
is thus essential. Follow-up observations with JWST-NIRSpec
(Weaver et al. 2021) are planned for five of our brightest candi-
dates (see Table 3). We have also begun a systematic follow-up
of these candidates with the WERLS Key Strategic Mission Sup-
port Program on Keck (Casey et al., in prep.).

This work has demonstrated the great potential of
COSMOS2020 for finding rare, luminous objects in the dis-
tant Universe and the benefit from using multiple photometric
extraction techniques and photometric redshift codes to assess
the robustness of the results. In the longer term, deep Euclid
near-infrared observations of COSMOS and other Cosmic dawn
survey fields, together with our approved 218 + 80h, 0.6 deg®
COSMOS-Webb proposal, will provide the ultimate survey of
bright, luminous objects in the early Universe.
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Appendix A: Artefacts

Table A.1. Coordinates of the high-redshift galaxy candidates identified
as cross-talk artefacts

ID RA Dec
CLASSIC [J2000] [J2000]
295952 10:01:56.01 01:42:08.37
327551 09:57:48.08 01:44:01.39
365776 10:02:16.98 01:46:16.88
454766 10:00:57.43 01:51:27.89

1D454766 1D365776 ID327551 1D295952

Fig. A.1. Same as Fig. B.2, but for the cross-talk artefacts.

The cross-talk effect is an electronic artefact in which bright
sources reappear at different locations in the detector focal
plane (e.g. Bowler et al. 2017). Such artefacts are particularly
problematic for high-redshift galaxy searches as they appear
in the near-infrared channels only. We identified several high-
redshift candidates which are most probably these inter-channel
cross-talk artefacts in the UltraVISTA images. They are caused
by bright sources located at the same RA with a Dec differing by
+k X 128 x 07339 with integers k = 1,..., 15 in the VIRCAM
images. Here, 128 is the number of detector pixels in each of the
16 readout channels of the detector, and 0”/339 is approximately
the size of the original pixels. These sources are typically
11.9 — 13.8 mag brighter than the artefacts, and were identified
comparing single pawprint stacked images with similar total
exposure times, in the UltraVISTA bands. Moreover, we find no
evidence of an optical counterpart with HSC for these sources,
or in the mid-infrared with IRAC. The coordinates of these
candidates are reported in Table A.l. Figure A.1 shows the
UltraVISTA stamps at the corresponding coordinates.

Appendix B: Detailed description of each candidate

From Fig. B.1 to B.6, we show the observed photometry of each
candidate, together with the best-fitted galaxy and stellar tem-
plates, for both the CLASSIC and The Farmer catalogues. In the

AG6S5, page 16 of 22

case where the flux is smaller than the flux uncertainty, for clar-
ity the photometric measurement is replaced by a 30 upper limit.
The CLASSIC photometry and posterior redshift distributions are
also shown. Figures B.2, B.3, B.5, B.7 and B.8 display stamp
images centred on the candidate coordinates.

We note that there may be some offsets between the
total apparent magnitudes between the CLASSIC and The
Farmer photometric COSMOS2020 catalogues, even though
the observed colours match each others. One of the main rea-
sons for this is that IRACLEAN and The Farmer provide total
fluxes, whereas fixed aperture fluxes are used in the CLASSIC cat-
alogue. Hence, these aperture fluxes are rescaled using aperture-
to-total corrections applied to all the aperture-extracted bands,
and computed from the weighted mean difference between fixed
aperture and pseudo-total fluxes (using Kron apertures) from
SExtractor. While the corrections remain low (-0.29, -0.11,
-0.01 mag for the 25%, 50%, 75% percentiles), this procedure
introduces some additional noise for faint sources.

In IRAC, the flux is already total in both catalogues.
Still, we find inconsistencies between the TRACLEAN and The
Farmer photometry (e.g. for ID720309 and ID1103149), par-
tially explained by the two different approaches in the algo-
rithms. The Farmer assumes a parametric light-profile for a
galaxy, convolved with the IRAC PSF before the fit. IRACLEAN
repeatedly removes point-like source contributions from the
residual map, until reaching a threshold with no pixel having
a flux above a given signal-to-noise within the detection area,
defined by the segmentation map. We identify that the pres-
ence of close-by objects induces large differences between the
two sets of IRAC photometry. The different deblending proce-
dures in The Farmer and CLASSIC introduce small differences
in the segmentation map, resulting in this case in large varia-
tions of the IRAC flux. We are not able to conclude the supe-
riority of one catalogue over the other, highlighting the impor-
tance of using several methods to assess the robustness of the
results.

B.1. New galaxy candidates

We identify 17 new candidates at z > 7.5 from the selection in
both COSMOS2020 catalogues. We describe them below.

We find two candidates with zpnee > 9.5 according
to LePhare/The Farmer results. The candidate 1D441697 is
robustly detected in the J band, its photometric redshift with The

Farmer is zpnoy = 9.517013. In this case, the CLASSIC photomet-

ric redshift zpho = 9.09*03° suggests a lower redshift, nonethe-
less all the zPDF weight is at z > 8 in both catalogues. The
other candidate ID720309 is detected in H and K, bands, and
has Zphot ~ 10.1 for The Farmer photometry and zphot ~ 9.7 in
the CLASSIC catalogue but see Sect. 3.4.

Four sources (ID241443, ID984164, ID1412106) have a pri-
mary solution at z < 5 when applying EAZY to the CLASSIC cat-
alogue or allowing for more attenuation in the fit (BCO3 con-
figuration). We note that these sources are located outside the
ultra-deep HSC region which could explain a looser constraint
on the zPDF and multiple peaks in redshifts (in particular for the
CLASSIC catalogue).

One new candidate, ID234500, is located in the deep stripe
at the south-eastern edge of the field (at high RA). The south-
eastern field edge has been covered by NIR data for UltraV-
ISTA DR4 for the first time in COSMOS2020. This region had
been previously masked because of the non-uniform quantum
efficiency of the VISTA NIR detectors; this region has a higher
noise, particularly in the Y-band. Moreover, new HSC DR2 data
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Fig. B.1. Observed photometry and best fitting templates for the new z > 7.5 candidates in the COSMOS field. The markers and lines are based
on the CLASSIC (black) The Farmer (red) photometry. The photometry is replaced by the 30~ upper limit for non-detection at 1o~. The bright lines
show the best-fitting galaxy templates. The faint lines show the best-fitting stellar templates. The insets give the redshift probability distributions.
For ID720309, The Farmer photometry is measured on the paw 2 stack, free from the potential cross-talk contamination. We show only the fit
corresponding to this case (see Sect. 3.4).
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ID234500

1D241443

1D441697

1D545752

ID631862

1D720309

1D724872

1D852845

1D852845

1D984164

Fig. B.2. Stamp images of the z > 7.5 new candidates in the COSMOS field. Each candidate appears in one row of stamps. The stamps are 8"
wide, with north to the top and east to the left. The stamps are saturated beyond the range [—1,4]o, where o is the 30 clipped standard deviation
of the pixel values in the stamp.

in this area allows us to select this candidate in a region which dates have magnitudes 25.0 < H < 25.5. For these objects we
has already been studied by S19 and B20. find a photo-z solution at low redshift z < 3 with the CLASSIC

The observed photometry and images of best-fitted galaxy catalogue. From aperture photometry alone, all of these candi-
templates of two blended candidates ID442053 and ID1313521 dates have a 30 detection in at least one HSC optical band. The
are shown in Fig. B.4 and Fig. B.5, respectively.These candi- CLASSIC redshift probability distributions peak at z ~ 2 for all of
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1D1297232

1D1352064

ID1356755

1D1409328

1D1412106

Wavelength [zum]

Fig. B.4. Same as Fig. B.1, but for the new blended z > 7.5 galaxy candidates.

1D442053

[D1313521

Fig. B.5. Same as Fig. B.2, but for the new blended z > 7.5 galaxy candidates.

them, although one shows a secondary z > 7 solution. In con-
trast, the majority of the zPDF weights are located at z > 7 with
The Farmer catalogue.

B.2. Previously published galaxy candidates

The photometry of the 15 recovered, previously identified candi-
dates are shown in Fig. B.6, and the corresponding stamp images
are in Fig. B.7 and B.8.

Among the 25 previously identified candidates we find 15 of
them to be at high redshift. This represents 12 of the 16 candi-
dates selected by B20 in COSMOS, and 10 of the 16 candidates
from S19 (including 3 selected in S19 but not in B20). The iden-
tifiers from S19 and B20 are given in Table 3.

For 9 of them, all photometric redshift estimates indicate a
robust z > 7 sources, and 13 of them belong to our gold sample.
The candidates 356 (ID485056) and 1032 (ID1346929) present
a significant fraction of the Ay? distribution falling in the star
classification (Sect. 3.3).
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Fig. B.6. Same as Fig. B.1 for the z > 7.5 candidates from S19 and B20 which are recovered in the COSMOS2020 catalogue. The identifiers from

those papers are indicated in parentheses.

The candidates 301 (ID428351) and Y11 (ID859061) are
blended with nearby sources and present significant optical
fluxes. This was the reason for the candidate Y11 to be rejected
from the B20 selection. With the CLASSIC catalogue, the pho-
tometric redshifts are z ~ 2 for both sources. In contrast, these
candidates are undetected in the optical with The Farmer cata-
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logue, leading to z ~ 8. Similarly to the new blended candidates,
only the photometry with The Farmer is considered for these
sources. For the candidate 301, we note that the smaller 1.8”
diameter apertures used in B20 may have limited the impact
of the nearby source on the optical photometry. For the candi-
date Y11, the H and K,-band flux is clearly concentrated in one
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Fig. B.7. Same as Fig. B.2 for the z > 7.5 candidates from S19 and B20 which are recovered in the COSMOS2020 catalogue.

location, while the g-band emission comes from a distinct nearby
source, which also contributes to the J-band aperture flux. In this
case, a smaller aperture may also limit the contamination.

The estimated redshifts and absolute UV magnitudes are
in excellent agreement with those from S19 and B20. We
find that the absolute magnitudes from The Farmer are sys-
tematically fainter for blended candidates, which is expected

since the profile-fitting photometry separates the fluxes from
nearby sources. In contrast, we find brighter magnitudes with
The Farmer for the two candidates 356 (ID485056) and 879
(ID1103149), which have no obvious neighbours. Nevertheless,
resolved internal structures may be observed in the postage
stamp images, and the CLASSIC magnitudes are (in fact) in
better agreement with B20. This situation may be due to the
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Fig. B.8. continued.

simple symmetric profile used to estimate the photometry in The
Farmer, or to the background subtraction.

Candidate ID978062 is particularly bright, with a H-band
magnitude of 24.5. Its relatively broad zPDF, with a full-width
at half maximum (FWHM) larger than 1, results from the Lyman
break located between the Y and the J band. The resulting pho-
tometric redshift is higher (z = 8.86 instead of 8.19) than in B20,
and the absolute magnitude brighter (Myy = —22.56 instead of
—22.36). This source has a spectroscopic redshift at 7.675 from
the REBELS ALMA survey Bouwens et al. (2022).

The candidate Y8 (ID1209618) has problematic IRACLEAN
photometry with an extremely low [3.6] flux, which is not
the case in The Farmer catalogue. In addition, the TRACLEAN
photometric uncertainties in both [3.6] and [4.5] are much
smaller than in the near-infrared bands for the CLASSIC cata-
logue, so that the main constraint on the SED is an unexpect-
edly red IRAC colour. All but one best-fit galaxy templates pro-
duce a redshift at z > 8, except LePhare with the CLASSIC
catalogue.

B.3. Rejected candidates from the literature

We now describe the 10 candidates from S19 and B20 which
were not selected in this work. For four of these candidates
(Y6,Y13,919, 1212), the estimated zPDF is double-peaked with
strong low-redshift solutions. In addition, candidates Y6 and
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Y 13 are detected at more than 20" in the deep HSC y and z bands,
respectively, and were already rejected in the B20 galaxy sam-
ple. None of these sources were listed as robust by S19 based on
their zPDF, so it is perhaps less of a surprise that we do not con-
firm them. For these reasons, these candidates are not included.
Candidate 1212 is the brightest high-redshift galaxy identified in
the COSMOS field in B20, with a photometric redshift of z = 9.1
and an absolute UV magnitude of Myy = —23. For this candi-
date, both the CLASSIC and The Farmer catalogues have a 30
detection in the r band, although this is not clear from the associ-
ated postage stamp. As a consequence, it is not kept, even though
it remains an interesting candidate.

Our combined detection image fails to recover six candidates
(Y7,Y9, Y14, Y15, 634, 1043) from S19 and B20. The candi-
date Y7 is clearly visible in the izY JHK detection image. While
it is listed as robust by S19 based on the zPDF, it is not identified
as a distinct object because of two large, bright nearby sources
(B20 arrived at the same conclusion), with a source at J = 20.7.
We matched these six sources with the official release catalogues
from UltraVISTA DR4 (McCracken et al. 2012). The detection
is performed in each VIRCAM band. These sources do not have
any counterpart in the K catalogue. The source Y7 discussed
previously is detected only in the H-band selected catalogue.
The source Y14 from S19 is detected in the J-band selected cat-
alogue with a magnitude of J = 26.3 + 0.1 mag, but not in the
other bands.
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