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ABSTRACT

This paper presents a search for high redshift galaxies from the Euclid Early Release Observations program ‘Magnifying Lens.’
The 1.5deg® area covered by the twin Abell lensing cluster fields is comparable in size to the few other deep near-infrared surveys
such as COSMOS, and so provides an opportunity to significantly increase known samples of rare UV-bright galaxies at z ~ 6-8
(Myy < —22). Beyond their still uncertain role in reionisation, these UV-bright galaxies are ideal laboratories from which to study
galaxy formation and constrain the bright-end of the UV luminosity function. Of the 501 994 sources detected from a combined
Ye, Je, and Hg NISP detection image, 168 do not have any appreciable VIS/I; flux. These objects span a range in spectral colours,
separated into two classes: 139 extremely red sources; and 29 Lyman-break galaxy candidates. Best-fit redshifts and spectral templates
suggest the former is composed of both z > 5 dusty star-forming galaxies and z = 1-3 quiescent systems. The latter is composed of
more homogeneous Lyman-break galaxies at z ~ 6-8. In both cases, contamination by L- and T-type dwarfs cannot be ruled out with
Euclid images alone. Additional contamination from instrumental persistence is investigated using a novel time series analysis. This
work lays the foundation for future searches within the Euclid Deep Fields, where thousands more z > 6 Lyman-break systems and
extremely red sources will be identified.
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1. Introduction

The reionisation of neutral hydrogen within the intergalactic
medium (IGM) marks a major transition in cosmic history.
Tonising Lyman continuum photons emitted from the first gen-
erations of massive stars is thought to have contributed sig-
nificantly to the reionisation budget (Dayal & Ferrara 2018;
Finkelstein et al. 2019; Atek et al. 2024). Observations from
Planck find z = 7.67 £ 0.73 as the mid-point of the reionisation
era, concluding sometime around z ~ 6 with a transparent IGM
(Planck Collaboration XIII 2016). Within the standard paradigm
of hierarchical structure formation, the first structures collapse
within the most overdense regions of the primordial web of dark
matter (White & Frenk 1991; Behroozi et al. 2019), from which
the first stars form. As such, the topology of reionisation should
be patchy, varying significantly over degree scales (Trac et al.
2015; Neyer et al. 2023; Lu et al. 2024). Galaxies born out of
these overdensities are expected to be rapidly star-forming and
therefore UV luminous, but correspondingly rare (Kauffmann
et al. 2022; Naidu et al. 2022b). Elsewhere, collections of less
UV luminous systems formed in comparably greater numbers
(Bouwens et al. 2015, 2023; Finkelstein et al. 2015; Qin et al.
2019; Kauffmann et al. 2022; Leung et al. 2023; Adams et al.
2024; Donnan et al. 2024). Recent advancements enabled by
the James Webb Space Telescope (JWST) suggest that while
the total ionising flux of UV luminous galaxies is higher, the
escape fraction of ionising photons and therefore relative ion-
ising contribution may be subdominant (Roberts-Borsani et al.
2023; Endsley et al. 2023; Atek et al. 2024). Furthermore, the
discovery of surprisingly massive active black holes at z ~ 6-10
has re-ignited the possibility of a quasar contribution to reioni-
sation (Banados et al. 2018; Jiang et al. 2022; Furtak et al. 2023;
Juodzbalis et al. 2023; Kokorev et al. 2023; Dayal et al. 2024;
Greene et al. 2024).

Owing to their apparent magnitudes J ~ 24-26 AB and
observational accessibility from near-infrared (NIR) surveys,
UV luminous Lyman-break galaxies (LBGs, Myy < —21 AB)
from the reionisation era (z > 6) have been detected from the
few degree-scale NIR surveys wide enough to find them, for
example SXDF and COSMOS (Bowler et al. 2014; Kauffmann
etal. 2022; Donnan et al. 2023; Varadaraj et al. 2023). Pre-JWST
studies already hinted at a potential excess of UV-luminous
LBGs at z = 8-10 compared to typically assumed Schechter
functional forms, and a seemingly slow evolution in the bright-
end of the galaxy UV luminosity function at these redshifts
(Bowler et al. 2020). This slow evolution in the number density
of UV-luminous LBGs is being confirmed by the most recent
observations of JWST at z > 10 (e.g. Harikane et al. 2023;
Chemerynska et al. 2023; Adams et al. 2024). However, their
scarce number density on the sky makes it challenging to assem-
ble large samples to accurately determine the shape of bright end
of the UV luminosity function, which holds crucial information
on the early assembly of galaxies. Neither the Hubble Space
Telescope (HST) nor JWST are capable of efficiently survey-
ing degree-scale areas, requiring continued investment in large
(albeit lower resolution) NIR surveys from space and the ground.

These UV luminous, rapidly star forming galaxies are
expected to be some of the fastest growing systems of their
epoch. Although speculative in nature, they are some of the most
suitable candidates for being the progenitors of massive galaxies
at later epochs, possibly also of the first generation to have ceased
star-formation (Carnall et al. 2023; Glazebrook et al. 2023). If
so, then these rare systems are vital laboratories for examining
galaxy evolution at its most extreme. Constraining their mass
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build up and future evolution requires star formation rates, stellar
masses, star-formation histories, and estimates of their gas reser-
voirs. Detailed spectroscopic follow-up is only now beginning
to reveal the extraordinary variation in their physical properties
(Endsley et al. 2022; Bowler et al. 2024; Algera et al. 2024;
Schouws et al. 2023). Given this diversity, the limited samples
currently available from the few degree-scale deep NIR surveys
are insufficient to characterise them as a population. Progress
as to their nature and contribution to reionisation requires even
larger NIR surveys.

Another major contribution from NIR surveys is the dis-
covery of extremely red sources (e.g. Wang et al. 2016; Franco
et al. 2018; Wang et al. 2019; Zavala et al. 2021). Presum-
ably reddened by dust obscuration, far-infrared studies have
accomplished much by identifying the UV light reprocessed by
obscuring dust clouds. JWST too, in its first images, revealed
a surprising abundance of extremely red, dust-obscured disc
galaxies (Nelson et al. 2023), which may have significant con-
tributions to the stellar mass and star-formation budgets at z > 3
(Gottumukkala et al. 2024; Wang et al. 2024; Williams et al.
2023). However, quiescent galaxies with their characteristically
old stellar populations are a known but important interloper pop-
ulation (Barrufet et al. 2024). Both pose significant obstacles to
identifying genuine high-redshift galaxies (Naidu et al. 2022a;
Zavala et al. 2023).

The European Space Agency (ESA) Euclid mission was
launched in July 2023. A medium-class probe, it was designed
to survey the Universe to uncover details as to the nature and
evolution of dark matter and dark energy — two elusive compo-
nents of the ACDM cosmological model (Laureijs et al. 2011;
Euclid Collaboration: Mellier et al. 2025). Its two instruments
are the visible instrument (VIS, Euclid Collaboration: Cropper
et al. 2025) with its characteristic ultra-broad I;; passband ideally
suited for obtaining high-resolution optical imaging necessary
for weak lensing studies, and the Near-Infrared Spectrometer and
Photometer (NISP, Euclid Collaboration: Jahnke et al. 2025),
providing a complement of lower-resolution NIR data in the
Y:, Ji, and Hy passbands (Euclid Collaboration: Schirmer et al.
2022) to secure photometric redshifts in addition to slitless grism
spectroscopy. This unique combination of instruments is key to
achieving Euclid’s objectives, and goes hand-in-hand with the
multi-tiered survey strategy ranging from the Euclid Wide Sur-
vey (EWS, Euclid Collaboration: Scaramella et al. 2022) over
14000deg? to a 53deg” Euclid Deep Survey (EDS) of three
primary fields: the Euclid Deep Field North (EDF-North); the
Euclid Deep Field South (EDF-South); and the Euclid Deep
Field Fornax (EDF-Fornax). Additional complements from well-
studied auxiliary fields, such as COSMOS and a self-calibration
field within EDF-North, along with grism observations, are
purposely designed to improve key measurements.

Six Early Release Observations (ERO) projects were cho-
sen to highlight the capability of Euclid to study a variety
of astrophysical phenomena (Cuillandre et al. 2025; Euclid
Early Release Observations 2024). Among them, ‘Magnifying
Lens’ (PI: H. Atek) takes aim at two massive galaxy clusters,
Abell 2390 and Abell 2764, with VIS/I, NISP/Yg, Jg, Hg, as
well as NISP grism observations (Atek et al. 2025). While the
magnifying power of their deep gravitational potentials helps
to resolve galaxies immediately behind the cluster, the large
0.75 deg® area of each field enables an order-of-magnitude
increase in the number of detectable z > 6 UV bright galaxies
compared to small area blank fields from HST and JWST (e.g.
CANDELS, Duncan et al. 2014; Bouwens et al. 2015; Finkelstein
et al. 2015). This rich sample of high-redshift systems can then
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be used to constrain the UV luminosity functions of galaxies and
quasars, the physics of which can be studied from detailed spec-
troscopic follow up. These same observations can also be used
to constrain dark matter through weak lensing analyses, as well
as the virial masses and assembly history of the cluster galaxies
themselves.

This work aims to showcase the ability of Euclid to iden-
tify rare NISP-only objects (i.e. not detected in VIS/I;), such as
luminous high-redshift galaxies and extremely red sources, and
is organised as follows. Section 2 describes the observations,
data reduction, and photometric catalogue of Abell 2390 and
Abell 2764. Section 3 presents the methodology adopted to iden-
tify NISP-only objects. Section 4 presents the photometrically-
selected sample, its properties, sources of potential contam-
ination, and physical interpretation. Section 5 discusses the
challenges encountered and a prospectus for identifying such
systems from the EDS and auxiliary fields. These results are
computed adopting a standard ACDM cosmology with Hy =
70kms~! Mpc™!, Q,, = 0.3 and Q4 = 0.7 throughout. All mag-
nitudes are expressed in the AB system (Oke 1974), for which
a flux £, in pJy (107 erg cm™2s~'Hz™!) corresponds to an AB
magnitude of 23.9-2.5 log,,(f,,/1Jy).

2. Data and photometric catalogue
2.1. Observations

The ERO Magnifying Lens project consists of intermediate-
depth observations of two known galaxy clusters, Abell 2390
and Abell 2764. While both are rich systems with many lensed
background sources, Abell 2390 (z = 0.228, Sohn et al. 2020)
is better studied than Abell 2764 (z = 0.07, Katgert et al. 1996).
See Atek et al. (2025) for details of the field selection.

For each field, Euclid obtained three reference observ-
ing sequences (ROS, see Fig.8 of Euclid Collaboration:
Scaramella et al. 2022) of 70.2 min which include VIS/I; and
NISP/Yg, Jg, Hg imaging, adopting a 3’x3’ dither between each
ROS to fill-in coverage between the 36 chips. Individual I, Y;,
Je, and H; exposures were stacked to produce four deep mosaics
using SWarp (Bertin et al. 2002) at native 0”1pix~' and 07
3pix~! scales, respectively. A 64 pixel mesh and 3x smooth-
ing factor was adopted to model and subtract the background
light, which for VIS is more challenging given the bluer Galac-
tic cirrus foreground. Furthermore, intracluster light spans only
a small fraction of the total field and as such it is not subtracted.
Although other images produced through other approaches were
considered, this work adopts the ‘Compact-sources’ images
because they are optimised for photometry of faint, compact
objects. See Cuillandre et al. (2025) for a complete description
of the reduction procedure.

Each mosaic spans 0.75 deg®, making the I, = 27.1 AB (5
point source) VIS images some of the deepest at such high-
resolution covering degree-scales, comparable only to the largest
HST mosaic taken (ACS/F814W over 1.7 deg2 in COSMOS,
Koekemoer et al. 2011). Similarly, the Y3, Ji, and H; =24.5 AB
(50 point source) images are some of the deepest NIR imaging
covering degree-scales, comparable only to VIDEO (Jarvis et al.
2013) and the UltraVISTA survey of COSMOS (McCracken
et al. 2012). Although designed for identifying new strongly
lensed galaxies, their large contiguous areas beyond the cluster
centres make them well-suited for identifying high-redshift, rest-
frame UV bright objects that are too rare to be found consistently
by smaller NIR surveys. Images are available for download'.

I https://euclid.esac.esa.int/dr/ero/

2.2. Photometric catalogue

Sources were detected in each field using Pythonic Source
Extractor (SEP, Bertin & Arnouts 1996; Barbary 2016) from a
CHI_MEAN coadd of all three NISP Y, J;, and H; mosaics con-
structed using SWarp (Bertin et al. 2002, see also Appendix B of
Drlica-Wagner et al. 2018). To achieve maximal completeness,
SEP was configured to detect sources whose pixels are significant
above 1.5 o across at least three contiguous pixels after smooth-
ing with a 0”745 (1.5 pixel) full-width-half-maximum Gaussian
kernel (see Euclid Collaboration: Zalesky et al. 2025 for rele-
vant discussion). Aggressive deblending is crucial to separating
the relatively low-resolution NISP-only sources from line-of-
sight neighbours. As such, SEP is configured to deblend with
2 x 103 thresholds, requiring a contrast of 107>, tuned by visual
inspection. Cleaning was not applied as it is liable to remove real
sources of interest. A total of 501 994 sources were recovered
(98% have S/N > 3 in either Y, J;, or Hy) with approximately
equal numbers in each 0.5 deg? field: 252 675 in Abell 2390; and
249319 in Abell 2764.

Photometry was measured at source positions in circular
apertures with diameters of 0”1, 072, 0”3, 06, 170, 172, 1”5,
and 270. Uncertainties were measured similarly on the weight
maps; their effective per-pixel error distributions were verified
to be consistent with the per-pixel noise estimated directly from
the science mosaics. Given the 0”73 pix~! scale of NISP, aper-
ture diameters below 0”6 are generally only suitable for VIS
photometry.

Considering the difference in resolution and spatial sampling
between VIS and NISP, it would seem advantageous to convolve
all of the images to the broadest PSF, which is H;. However,
this work exploits the unique potential of using VIS solely as a
‘dropout’ band where the colour terms between I; and Y;, Jg,
and H; are largely inconsequential relative to the much more
important signal-to-noise ratio (S/N) estimate from VIS/I; which
would be severely degraded if the image were downsampled
and smoothed. Instead, the VIS/I; S/N can be optimally deter-
mined from the original high-resolution images using a suitably
chosen aperture that is large enough to be robust to noise but
not corrupted by neighbouring sources. This fact, together with
the relatively similar PSFs between all three NISP bands and
the expected compactness of high-redshift Lyman-break galaxies
(<1”1n radius, e.g. Bowler et al. 2017) means that we can expect
to produce high-fidelity NISP colours by simply assuming that
any light outside the aperture of choice is explained by the PSF.

All aperture flux estimates and their uncertainties are cor-
rected to total flux by dividing by the fractional energy outside
each aperture. This extended light distribution is measured
from observed PSFs constructed by optimally stacking recentred
cutouts of point sources identified from the science mosaics fol-
lowing Weaver et al. (2024). Relevant multiplicative correction
factors for VIS are 16x, 3%, and 2% for 0’1, 0’2, and 0”/3 diam-
eters, respectively; and 1.2x, 1.3, and for NISP are 1.4x for 17
2 diameter apertures in Y, Ji, and Hj, respectively.

To facilitate community engagement with these ERO data,
a combined photometric catalogue of all 501 994 sources is
released with this work, jointly with the overview paper of
Atek et al. (2025). The catalogue includes unique source iden-
tification numbers and field-specific identifiers, sky coordi-
nates, elementary shape estimates, aperture and total fluxes,
flux errors, and their aperture-to-total corrections, in addi-
tion to Source Extractor-like flags. Photometry is pro-
vided already corrected for Galactic extinction mapped by
Schlafly & Finkbeiner (2011), adopting the extinction curves of
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Fig. 1. Summary of Euclid’s ability to identify bright Myy < —22 LBGs
detectable only in NISP (or VIS/I; dropout) from the ERO data of
Abell 2764 and Abell 2390. Model spectra of an LBG at z = 7, 8, and 9
are generated with python-FSPS. Euclid I, Yz, Je, and Hy transmission
curves are normalised such that their peak coincides with the selection
function adopted in this work.

Fitzpatrick & Massa (2007). There is a large number of artefacts
near the mosaic edges where only a single dither contributes, as
well as along the diffraction spikes of bright stars; these sources
are identified in a hand-built region mask that excludes 15% of
the total catalogue (use_phot =0) near bright stars, diffraction
spikes, and approximately 1’ around the mosaic edge. For the
complete details, consult the README document provided with
the catalogues?.

3. Candidate identification

Rather than only identifying galaxies at z = 6-8, this work aims
to identify all systems that are found only in the NISP Y;, J;;, and
H; bands, lacking any detectable VIS I signal. As such, a selec-
tion function is adopted requiring a S/N < 1.5 for VIS/I; (=28.5
total) in each of 0’1, 0”2, and 0”3 diameter apertures. While this
unusually strict criterion can reject some real z = 67 sources
with non-negligible ionising UV continuum flux blueward of
Lye, it is necessary in order to maximise reliability (future
ancillary optical data will help to relax this). Furthermore,
sources are required to have J; and H; < 25 (S/N > 5) and
Yy < 25.5 (S/N 2 3), all total magnitudes, relaxing the latter
condition to allow for z = 8 solutions where the Lyman-break
is only marginally observed, but limits the search to z < 8.5.
However, the criteria demand that even the fainest candidates
have an extraordinarily strong break with I, — Y, > 2 greater
than most Lyman-break selection criteria used in HST and
JWST surveys (e.g. Bouwens et al. 2015; Finkelstein et al. 2015;
Jiang et al. 2022; Atek et al. 2024; Adams et al. 2024), making
these candidates unusually secure. Figure 1 illustrates these
criteria relative to an Myy = —22 LBG at z = 7, 8, and 9 built
from Python-FSPS (Conroy et al. 2009; Conroy & Gunn 2010;
Johnson et al. 2023); this is a simple toy model assuming a
maximally opaque foreground IGM, high Ly escape, and no
damping wing. The height of each transmission curve is set to
the effective depth of this selection function.

For NISP, larger 1”72 diameter apertures are chosen because
they will enclose marginally resolved features expected of
7z~ 6-9LBGs (e.g. Bowler et al. 2017). All colours are

2 https://zenodo.org/doi/10.5281/zenodo.11151975
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Fig. 2. Selection and properties of 168 NISP-only sources in Abell 2390
and Abell 2764. Sources are divided into Lyman-break galaxy (LBG)
candidates and extremely red sources (ERSs). Panel A: Iz — Yy versus
Jg — Hy, colour-colour diagram highlighting the significance of the VIS
non-detection (1.50" lower limits) and general colours of the sources.
Panel B: Yg — Jg versus Jg — Hg colour-colour diagram separating the
two samples. Also shown is a reddening vector as well as tracks of
z = 6-9 LBGs with different mean stellar ages (grey) and of z = 1-3
maximally old quiescent galaxies (maroon). Colours of observed M-,
L-, and T-type dwarf stars are measured from the SpeX Prism Library
(Burgasser et al. 2004). Typical colour uncertainties are shown in the
upper two panels, where all Iz — Yg colours are lower limits.

computed using the total fluxes because they produce less
biased colours compared to aperture fluxes alone. To safe-
guard against artefacts near edges and diffraction spikes, sources
in the masked regions are discounted. Furthermore, extremely
extended sources unlikely to be high redshift are rejected by
requiring that H fluxes in 2”70 apertures contain less than 20%
more light than is contained in 17”5 diameter apertures. Of
the total 262 sources satisfying these criteria, a visual inspec-
tion identified 66 likely artefacts and 27 VIS detections arising
from occasional unmasked anomalies in the mosaics such as
diffraction spikes, cosmic rays, and low exposure areas.
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Figures 2 and 3 illustrate the colours and compactness of the
168 remaining candidates. Interestingly, despite overall similar
detections in each field, 109 sources are found in Abell 2390 and
only 59 in Abell 2764, a ratio of about two to one. Reasons for
this are likely related to brown dwarfs from the Galaxy, since the
two fields have very different Galactic latitudes (see Sect. 5).

4. Results

The 168 sources selected in this work represent the most robust
NISP-only objects chosen from Abell 2390 and Abell 2764. It
is neither a complete sample nor a pure one, but is intended to
showcase the potential of Euclid and its ability to select promis-
ing high-redshift galaxies, among other interesting NISP-only
sources.

4.1. Properties of robust NISP-only sources

The candidates span a remarkable range in colour from
extremely red to relatively flat colours. Figure 2 provides an
overview of the properties of the sample. To better contrast this
diversity, we elect to refer to the redder subsample of 129 VIS-
undetected objects as ‘extremely red sources’ (ERSs), defined
as having robustly red J; — Hg and Y; — J; colours, whereby a
flat f, spectrum cannot be supported within the 1o flux uncer-
tainties of either colour. As evidenced by the reddening vector,
these objects are consistent with high dust obscuration, although
quiescent solutions are also possible (see Sect. 5). The remain-
ing 29 objects with flat f, colours in both J; — Hg and Y; — J;
are then consistent with z ~ 6-9 LBGs, as demonstrated by the
grid of redshifts and mean stellar ages (10, 50, and 100 Myr)
derived from simple single stellar population models built with
Python-FSPS including nebular emission line contributions. It
is worth noting that although selected by consideration of their
flux uncertainties, the two samples are clearly distinguished by

their expected colours alone. Given that precise calibration of
Euclid is ongoing (although zero-point uncertainties are likely
already below 0.1), this work purposely avoids defining a strict
colour-colour selection for either category. Summary informa-
tion of the LBG and ERS candidates are listed in Table A.1 and
Table B.1, respectively.

Morphologically, the majority of ERSs are at least
marginally resolved or even disc-like whereas the LBGs occupy
a range in compactness estimated from H; flux ratios between
1’5 and 270 diameter apertures, as shown in Fig. 2c. While the
faintest LBGs appear more compact than point sources which
have a typical flux ratio ~1.0-1.1, they are likely unresolved
objects whose flux ratio estimate is driven by noise. Visual
inspection confirms this picture. Furthermore, only a few sources
are close enough to the cluster core where magnification could
be appreciable, which is particularly important for estimates of
rest-frame UV magnitudes for the LBG candidates. Cutouts of
all 168 sources, including false-colour images, are presented in
Appendices A and B.

4.2. Physical interpretations

To learn more about the possible physical interpretation
of these objects, best-fit spectral templates and photometric
redshift likelihood distributions, £(z), were estimated by fit-
ting the photometry using eazy-py (Brammer et al. 2008). To
avoid contamination from neighbours, total /; fluxes based on
073 diameter apertures were coupled with total Yz, J;, and H;
fluxes based on 1”2 diameter apertures. At the time of writing,
the most comprehensive template set provided with eazy-py is
sfthz_blue_agn, which improves on previous template sets by
including a physical prior on allowed star-formation histories to
exclude quiescent templates for high-redshift solutions, adding
an extreme emission line template suitable for z > 6 UV-bright
galaxies, and an active galactic nuclei torus template derived
from Killi et al. (2024). All priors were turned off, and iterative
zero point corrections were not applied.

Having applied eazy-py, the differences between the two
samples are clarified. While most of the ERSs have bimodal
L(z) distributions, where a z ~ 1-3 quiescent solution is degen-
erate with a z > 5 dusty solution, all but two LBG candidates
have uniquely best-fit photometric redshift solutions at z > 6
and best-fit templates consistent with their classification (the two
exceptions are redder in J; — H; and have some low-z proba-
bility). Figures 4 and 5 show the best-fit template(s), £(z), and
cutouts for two typical examples of ERSs and LBGs, respec-
tively. Also shown are the frame-by-frame lightcurves extracted
from each exposure (see Sect. 5 for details).

It is difficult to determine the nature of the ERSs conclu-
sively, and it is probably a mixed sample. Contamination from
brown dwarfs is likely for unresolved ERSs, given that L-type
dwarfs exhibit similar I; and Y, Jg, and H; colours (Fig. 2).
If extragalactic in nature, they could be maximally old quies-
cent systems at z & 1-3 (van Dokkum et al. 2008; Damjanov
et al. 2009), or extraordinarily dust-obscured star-forming galax-
ies at z 2 3 with high stellar masses (e.g. Manning et al. 2022;
McKinney et al. 2023; Weaver et al. 2023a). Figure 4 highlights
this uncertainty. In principle, deep, high-resolution far-infrared
data could distinguish these possibilities, though this first-look
study is solely focused on Euclid and leaves further investi-
gation of these sources for future work. This being said, a
cursory inspection of ancillary Spitzer/IRAC imaging of the
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Fig. 4. Two extremely red sources showing their photometry, best-fit
templates and bimodal £(z) from eazy-py, cutouts, and light curves.
The false colour image is composed from Y, Jg, and Hg and the cutouts
are scaled linearly such that they saturate at +3 o~. Upper limits for I
are shown by the leftmost grey bar with an arrow, while selection limits
for NISP bands are shown as grey bars.

centre of Abell 2390° detects every one of the six ERS targets
they contain, confirming their extremely red nature.

The remaining LBG candidates, taken at face value, are
extraordinarily bright objects for such an early epoch. Their rest-
frame UV absolute magnitudes Myy from eazy-py range from
—21.9 to —23.6, comparable to similarly selected samples from
UltraVISTA and VIDEO (Bowler et al. 2017; Kauffmann et al.
2022; Varadaraj et al. 2023). If genuine, these rapidly forming
systems may be the progenitors of the most massive systems to
evolve at later epochs of cosmic history. In addition, they should
be valuable tracers of the overdensities in the cosmic web (White
& Frenk 1991). Note that while the Abell clusters provide a mag-
nification boost, most LBGs are found far from the cluster core
and have magnification factors on the order of unity. Properly
delensing the photometry and Myy estimates requires a new
lensing model that is not yet in hand.

Although an explicit calculation of the UV luminosity func-
tion is beyond the scope of this first-look study, the number
densities of the 13 LBGs of —23 < Myy < =22 at 6.5 < z <
7.5 are comparable to literature estimates of the z ~ 7 UV
luminosity function of LBGs (~ 10 over 1.5deg?, e.g. Bowler
et al. 2014; Finkelstein et al. 2015) or of quasars (Schindler
et al. 2023; Matsuoka et al. 2023). This is encouraging given
the uncertainties associated with photometry, redshifts, possible
source magnification, and potential interlopers.

3 Confirming these sources is difficult because HST coverage of
Abell 2390 is limited to the very core where no LBG or ERO source
is found. Further, no ancillary HST or Spitzer data exist for Abell 2764.
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Fig. 5. Two bright Lyman-break galaxy candidates: their photometry,
best-fit templates and uniquely high-z £(z) from eazy-py, cutouts, and
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the cutouts are scaled linearly such that they saturate at +3 o~. Upper
limits for /; are shown by the leftmost grey bar with an arrow, while
selection limits for NISP bands are shown by the grey bars.

5. Discussion

Given that the EROs are only a first look at the Euclid mis-
sion, the primary goal of this work is simply to present a sample
of NISP-only sources, describe the challenges encountered, and
discuss possible solutions to overcome them. As such, this work
refrains from generalising this sample to population statistics
(e.g. the UV luminosity function), leaving such investigation
to near-future Euclid studies where the 53 deg? of Euclid Deep
Survey and Auxillary Fields can be leveraged.

5.1. The expected appearance of high-z sources

Although VIS, with its finely sampled PSF, operates at the
diffraction-limited resolution afforded by Euclid outside the
Earth’s atmosphere, the broader PSF of NISP is still under-
sampled at a native 0’3 pix~! resolution, although ‘drizzling’
can improve this. This effect is highly relevant for assessing
morphologies of high-redshift galaxy candidates, since tradi-
tional techniques developed from HST for example, typically
use compactness to separate real point-sources (e.g. stars) from
marginally resolved compact galaxies. This technique cannot be
applied to sources only found in NISP, where the superior res-
olution of VIS cannot be leveraged. Figure 6 demonstrates this
effect by injecting an Myy = —22 source into an empty region of
the H;; image of Abell 2390 (with the same result in Abell 2764)
with three light distributions: a point source; a 1.5 kpc disc; and a
tight clump of three point sources with a similar overall effective
size of bright multi-component z ~ 7 LBGs found by Bowler
et al. (2017). The observed morphology in NISP at 0”3 pix~!
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Fig. 7. The number density of selected LBG candidates in Abell 2390
(orange diamonds) and Abell 2764 (purple diamons) compared to a
range of T-type dwarf stars (700-1300K) number densities at the
Galactic latitudes of each field. Dwarf sky densities are highly uncertain
and are estimated assuming a Solar position of 27 pc above the Galactic
plane, an exponential radial scale height of 2250 pc with a vertical scale
length of 300 pc (Ryan et al. 2022). See Wood et al. (in prep.) for details.

scale in the ERO data is virtually the same for all three cases,
and by z = 9 is indistinguishable given the low S/N. As such,
no attempt was made to separate candidates from stars based on
their observed morphologies, although this may be possible in
the future by combining the frames on a higher-resolution grid
(e.g. with drizzling).

5.2. The probability of brown dwarf contaminants

It is well known that searches for genuine high-redshift LBGs
are complicated by late-type MLT dwarf stars because they have
similar NIR colours and little optical flux (Bowler et al. 2012,
2014; Varadaraj et al. 2023; Harikane et al. 2022). To illustrate
this overlap, I, Y:, Js, and Hy based colours were measured
from observed spectra of M-, L-, and T-type dwarfs compiled in
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Fig. 8. Example of a suspected persistence signal appearing as a par-
ticularly UV-bright object. Time-series analysis of its frame-by-frame
photometry reveals a potentially decaying signal suggestive of persis-
tence.

the SpeX Prism Spectral Library of Burgasser et al. (2004) and
are shown alongside the sample in Fig. 2 by orange, cyan, and
green points, respectively. While the Yy, Jg, Hg colour-colour
space shows that this sample is degenerate with M-, L-, and T-
type dwarfs, the requirement of S/N < 1.5 in I; and Y; > 25.5
demands that candidates have an extraordinarily strong break
with I; — ¥ > 2. Furthermore, such a strong optical-NIR break
is only expected from L- and T-type dwarfs, implying that the
depth of I relative to that of Y; effectively excludes M-types
by virtue of the ROS design. Furthermore, the factor of 2 dis-
crepancy between the two fields is consistent with the expected
(but highly uncertain) sky density of T-type dwarfs as illustrated
in Fig. 7, suggesting that from a statistical standpoint that there
may be a non-negligible population of T-type dwarf interlopers
(see Wood et al., in prep.). In absence of suitably deep ancillary
data, a definitive characterisation of these ERO sources requires
follow-up spectroscopy and will have to wait for future work.

5.3. Identifying cases of persistence

The Euclid mission follows a consistent survey pattern wherein a
single visit consists of four dithered pointings with simultaneous
observing by VIS and NISP enabled by splitting the primary
beam with a dichroic filter (see Euclid Collaboration: Scaramella
et al. 2022 for details). While VIS integrates for an ultra-deep
image (I = 26 per ROS), NISP begins with a 574-s integration
of one of the two grism filters followed in order by equal 112-s
integrations of J;, Hg, and then Y; (Yg, Jg, Hg = 25.4 per ROS).
The order is important, since the NIR detectors of NISP are
susceptible to charge persistence. This is where some charge
from a previous exposure is trapped within the lattice defects
of the NISP pixels. This manifests as a faint imprint of the
previous exposures (grism or photometry) taken as much as
6-hours earlier.

The persistence signal within the EROs was modelled and
subtracted from each ERO exposure. The persistence model was
based on the flux of unsaturated pixels within all exposures
taken up to 1hour before the ERO exposure; see Sect. 4.3.1
of Cuillandre et al. (2025) for details. However, strong per-
sistence (>70 ADU) was not modelled because it would leave
visible residuals. Therefore, we checked whether this left-over
persistence impacted our detection of ERSs and LBGs.

Most of the brightest identifiable spectral persistence was
successfully identified, modelled, and subtracted following the
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procedure developed specifically for the handling of the EROs.
Furthermore, since the morphology of the persistence introduced
by a stimulus from grism observations follows that of the origi-
nal spectral trace of the object, the compactness criteria outlined
in Sect. 3 effectively rejects the largest of remaining artefacts.
However, there are some possible situations in which persistence
may remain in the exposures and impact the detection of ERSs
and LBGs. One such situation is persistence from cosmic rays in
the same ROS sequence (which originally saturated the detec-
tor). Another persistence source is saturated compact sources
from observations of a previous ROS. Since the persistence sig-
nal, P, is expected to decay approximately like P, = f,/200,
Py, =~ P;./2, and Py, = P, /3 for a typical exposure, the spec-
tral colours J; < Hy < Y; expected of persistence can mimic
a z 2 6 galaxy with appreciable Lya emission or an extremely
steep UV slope.

To facilitate the identification of such artefacts, light curves
are constructed for each source by measuring their photometry
in each pointing from all 12 exposures. Cosmic ray rejection and
persistence cleaning are applied self-consistently to the mosaics
and per-detector backgrounds are subtracted as 3o--clipped medi-
ans. Lacking calibrated weight maps, on-the-fly photometric
uncertainties are estimated by the standard deviation of the fluxes
from 10 000 empty apertures placed around each image.

An example of suspected persistence is shown in Fig. 8§,
which otherwise has an UV magnitude consistent with a quasar
or extremely luminous LBG. If indeed persistence, the stimulus
occurred before or at the start of the observations of Abell 2390,
unlike the spectro-to-photo persistence case mentioned above.
However, while lightcurves are useful to rule out persistence in
the case of bright sources, faint objects that are undetected in
individual exposures (Yg, Jg, Hg = 24) will remain unidentifi-
able from a time series analysis. Given the expected exponential
form of the UV luminosity function, the most common class of
LBGs will be sufficiently faint to avoid detection in individual
frames. While there were more obvious cases of persistence in
earlier reductions that necessitated this lightcurve analysis, the
removal of persistence in the ERO data improved significantly
and the number of suspected cases diminished. In the final reduc-
tions we found no more extreme case than the candidate showed
in Fig. 8, and so without absolute certainly declined to remove
other candidates. Thankfully, the existence of complementary
data from multiple optical and infrared facilities will greatly
improve the prospects for identifying NISP-only artefacts (see
the section below for details).

5.4. Outlook for Euclid Deep Fields

Upon their completion, the Euclid Deep Fields (EDFs) will
survey 53 deg2 across three fields; EDF-North, EDF-South,
and EDF-Fornax, at 2 magnitudes deeper than the EWS
(Euclid Collaboration: Scaramella et al. 2022), with these two
Abell ERO fields of intermediate depth. The 53-fold increase in
area and greater depth translates to more than 10000 LBGs at
z> T7and up to 1000 at z > 8.5 (see Bowler et al. 2017), providing
the first statistically meaningful samples of rare, UV-luminous
galaxies in the reionisation era. Such samples will finally enable
constraints to be placed on the evolution of the bright-end of the
UV luminosity function, among other investigations. The lessons
learned from this work can be applied to the EDFs, since the
visit pattern, pointings, and filter order are the same. The only
difference is the greater number of visits (i.e. depth), along with
more dither positions and position angles which, will improve
persistence identification. Additional image processing includ-
ing drizzling is expected to maximise the science yielded by
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these fields. The methodology laid out in this work is only the
start, and will be refined as more data are taken over the survey
lifetime.

Two fields in particular, EDF-North and EDF-Fornax, enjoy
significant ancillary observations in the UV, optical, and infrared
with contributions from both the Hawaii Two-0 Survey and
Spitzer Legacy Survey (Euclid Collaboration: Moneti et al.
2022), forming, in conjunction with Euclid, a part of the Cos-
mic Dawn Survey (DAWN, Euclid Collaboration: McPartland
et al. 2025). The availability of deep optical data from CFHT
Megacam/U and Subaru HSC/grizy will improve the robustness
of the candidates found, reveal more about their physical proper-
ties, and extend drop-out searches to lower redshifts. Observed
over 6000 hours, the Spitzer Legacy Survey provides deep 3.6-
and 4.5-um IRAC imaging necessary to constrain the young stel-
lar populations of z > 3 galaxies, when H; becomes a rest-UV
indicator. Furthermore, detection of NISP-only sources by IRAC
rules out artefacts such as persistence and gives a lever-arm
to better identify contaminating brown dwarfs, thereby greatly
improving the purity of future LBG and ERS samples (Euclid
Collaboration: van Mierlo et al. 2022).

Euclid Collaboration: Zalesky et al. (2025) has established
pre-Euclid optically-selected DAWN photometric redshift cata-
logues in EDF-North and EDF-Fornax. While apertures used in
the present work are highly effective, obtaining robust photom-
etry of IRAC sources at their characteristically low resolution
benefits significantly from fitting galaxy light profiles, for exam-
ple with The Farmer (Weaver et al. 2023b). With the addition
of I, Y, Ji, and H; data, DAWN will provide NIR-selected
catalogues of some 20 million sources across EDF-North and
EDF-Fornax with robust photometric redshifts and galaxy stel-
lar masses out to z ~ 10. Additional complementary data
from ongoing spectroscopic campaigns from Keck/DEIMOS
and Keck/MOSFIRE, together with the invaluable NISP grism
observations, will provide excellent calibration of photometric
redshifts and derived physical properties. The unprecedented sta-
tistical power achieved by combining Euclid, CFHT, Subaru, and
Spitzer will establish EDF-North and EDF-Fornax as the leading
extragalactic fields visible from the northern hemisphere for the
next decade. Rich volume-complete samples of LBGs at z = 6—
10 will provide definitive constraints on the number density and
evolution of UV-luminous galaxies necessary to firmly challenge
and ultimately refine theories of galaxy formation.

6. Summary

This paper presents one of the first science results from Euclid,
leveraging the deep degree-scale NIR imaging with NISP to
identify rare, UV-bright LBGs and extremely red sources that
are not seen in smaller blank fields. Our larger aim to obtain
large samples to provide the statistical power from which their
abundance, redshifts, and physical properties can be definitively
studied.

Over half a million sources are detected from the twin
0.75 deg2 Y:, Ji, and H; images, and their I, Y;, Js, and H;
photometry is extracted from apertures corrected to total flux.
Photometric redshifts and best-fit galaxy templates are estimated
from eazy-py. The result is a highly bimodal sample spanning
a range of spectral colours, with the following two classes of
object:

— 29 sources have flat f, colours indicative of z ~ 6—8 Lyman-
break galaxies. Without magnification estimates, their Myy
spans —21.9 to —23.6, making this one of the largest samples
of UV-luminous high-redshift galaxy candidates found thus
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far. Contamination by quasars and T-type dwarfs is likely and

still needs to be determined;

— 139 sources have extremely red colours indicative of either
z 2 5 dusty star-forming galaxies or z ~ 1-3 quiescent
galaxies. Their redshift distributions are multi-modal, sug-
gesting a mixture. A minority are point-like, which may be
contamination by L-type dwarfs.

By selection, these objects are relatively compact, as anticipated
for high-redshift LBGs. However, the morphological complex-
ity of real LBGs seen with HST is less distinguishable here due
to the 073 pix’l scale of NISP. As a result, artefacts, such as
instrumental persistence, cannot be identified from their mor-
phologies. Instead, this work explores the novel use of time series
analysis to identify characteristics unique to persistence from
the lightcurves of suspected sources. This will be applicable to
future Euclid observations.

These comparably large samples of NISP-only sources will
be dwarfed by those found imminently from the Euclid Deep
Fields. EDF-North and EDF-Fornax, in particular, have deep
optical Subaru/HSC and Spitzer/IRAC coverage, which not only
provides a longer lever-arm to identify brown dwarfs, but also
a means to immediately identify artefacts arising only in NISP.
Upon its completion, the Subaru-Euclid-Spitzer Cosmic Dawn
Survey will identify thousands of similarly UV-luminous galax-
ies at z > 6. These and other future searches will build on lessons
learned from this work — the first foray into the distant Universe
with Euclid.

Data availability

Tables A.1 and B.1 are available at the CDS via anonymous ftp to
cdsarc.cds.unistra. fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/697/A16.
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Appendix A: Lyman-break galaxy candidates

This appendix contains Table A.1 describing the coordinates, photometry, photometric redshift, and rest-frame UV magnitudes for
the 29 LBG candidates, as well as cutouts in Fig. B.1. Table A.l is only available in electronic form at the CDS via anonymous ftp
to cdsarc.cds.unistra. fr (130.79.128.5) or viahttps://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/697/A16.

Appendix B: Extremely red sources

This appendix contains Table B.1 describing the coordinates, photometry, and photometric redshift solution(s) for the 139 ERSs,
as well as cutouts in Figs. B.2, B.3, B.4 and B.5. Table B.1 is only available in electronic form at the CDS via anonymous ftp to
cdsarc.cds.unistra.fr (130.79.128.5) or viahttps://cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/697/A16.
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Fig. B.1: Cutouts of z ~ 68 Lyman-break candidates. Leftmost false-colour RBG images are constructed from NISP/Yg, Jg, Hg. Others show
VIS/Ig, NISP/Yg, Jg, Hg, and the NISP detection stack, scaled to +30 to emphasise the significance of the detections. Cutouts are 5" along a side.
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Fig. B.2: Cutouts of extremely red sources. Leftmost false-colour RBG images are constructed from NISP/Yg, Jg, Hg. Others show VIS/Ig,
NISP/Yg, Jg, Hg, and the NISP detection stack, scaled to +30 to emphasise the significance of the detections. Cutouts are 5”along a side.
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