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ABSTRACT

We present 15 072 high-confidence strong lens candidates in Euclid Data Release 1 (DR1), spanning 2000 deg2. These comprise 6073 grade A
(‘sure lens’) and 8999 grade B (‘probable lens’) systems, which we publish alongside a further 9010 grade C (‘possible lens’) candidates. With
more high-confidence candidates than all previous catalogues combined, this sample establishes a large, homogeneous data set of galaxy-scale
strong lenses with high-resolution imaging, transforming strong lensing from a field of rare discoveries to a robust statistical tool for astrophysics
and cosmology. Of the roughly 900 million sources in DR1, we searched the 68 million passing our catalogue selection using a bespoke discovery
pipeline that synthesises scores from five machine-learning models with visual classifications from around 7000 citizen scientists and 67 strong
lensing experts. Beyond classical Einstein rings, our catalogue includes 84 candidate double-source-plane lenses and over 1000 candidate disc
lenses, two exotic classes with few previously known examples, as well as several hundred candidate lensed AGN and quasars. We deliver
automated lens models for the combined grade A+B systems, and photometric redshifts and stellar population properties for the deflector galaxies,
providing immediate science-ready data products. We find that the majority of the deflector galaxies are massive and quiescent, with stellar masses
of log10(M∗/M⊙) = 11.39+0.29

−0.33 (assuming a Salpeter initial mass function; the range corresponding to the 16th–84th percentiles). The deflector
galaxies span a range of photometric redshifts (z = 0.68+0.33

−0.29), extending to higher redshifts than previous ground-based lens samples, and the
lenses have a typical Einstein radius of 0.85+0.44

−0.24 arcsec. Extrapolating by area, we expect over 100 000 high-confidence strong lens candidates in
the Euclid Wide Survey.
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1. Introduction

Strong gravitational lensing is the general relativistic phe-
nomenon in which massive objects warp spacetime sufficiently
to bend the light from a background source into multiple images,
arcs, Einstein rings, and Einstein crosses (Einstein 1936). These
cosmic mirages are unique and powerful probes of astrophysics
and cosmology. Strong lensing is one of the most robust methods
of accurately measuring the total mass of galaxies, providing a
unique probe of their underlying mass distributions without a re-
liance on luminous matter. In addition to producing multiple im-
ages, the strong lensing effect acts as a cosmic telescope, mag-
nifying the light from the background source. This opens new
windows into galaxies in the early Universe, enabling the obser-
vation of objects too distant and faint to otherwise be detectable.
Strong lensing is also sensitive to the composition and expansion
history of the Universe, and hence can be used to constrain cos-
mological parameters, including the Hubble constant when there
is a time-variable background source. We refer interested readers
to Shajib et al. (2024) for a review of applications of galaxy-scale
strong lensing to astrophysics and cosmology.

⋆ Results in this paper were obtained with the help of the volunteers
of the Space Warps project whose contributions are individually ac-
knowledged on the Space Warps ‘The Team’ webpage and in Appendix
E.

Historically, strong lensing has been a data-starved field due
to its inherent rarity. Strong lensing requires a near-perfect align-
ment of the observer, a foreground deflector galaxy, and a back-
ground source – a rare configuration that occurs in fewer than
0.1% of observed galaxies. Additionally, galaxy-scale strong
lenses are hard to detect: the average radius of an Einstein ring
is theoretically expected to be just 0 .′′4 (Collett 2015), mean-
ing that a large fraction of strong lenses are unresolvable from
the ground. The compounded effect of intrinsic rarity and small
angular size has limited the growth of strong lens samples in
the optical and near-infrared (NIR). Generally, previous imaging
surveys have either been ground-based (e.g., Gavazzi et al. 2014;
Jacobs et al. 2019a,b; Petrillo et al. 2019; Cañameras et al. 2020;
Storfer et al. 2024, 2026), and therefore limited by resolution,
or were conducted by high-resolution space telescopes, such as
Hubble (HST) and James Webb (JWST; e.g., Garvin et al. 2022;
Petit et al. 2025; Nightingale et al. 2025; Mahler et al. 2025;
Hogg et al. 2025), which have a limited field of view. Figure 1
illustrates this trade-off, showing the number of lenses found by
previous optical and NIR imaging surveys as a function of survey
area and lens number density. Wide-area ground-based searches
have so far produced the largest samples, with the largest ho-
mogeneous catalogue previously identified from imaging con-
taining around 3000 lens candidates across 19 000 deg2 (Storfer
et al. 2024).
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However, Euclid (Euclid Collaboration: Mellier et al. 2025)
is perfectly designed to overcome these challenges. The Euclid
Wide Survey (EWS) will cover an area of 14 000 deg2 over the
nominal six-year mission, mitigating the intrinsic rarity, while
its high-resolution imaging (with a 0 .′′1 pixel scale in the VIS
instrument) is sufficient to resolve a substantial fraction of the
lenses that would otherwise go undetected. As a result, Euclid
will revolutionise the field of strong lens discoveries, being fore-
cast to image around 170 000 galaxy-scale strong lenses – over
an order of magnitude more than what was previously known
(Collett 2015). Euclid DR1 (Euclid Data Release 1 2026) cov-
ers approximately 2000 deg2 and represents an important mile-
stone towards the survey’s final data set. Making up 15% of
the full survey area, forecasts suggest that around 23 000 strong
lenses should be discoverable within DR1. The prospect of such
a massive sample offers unprecedented scientific opportunities,
but extracting these rare systems from the tens of millions of
non-lenses in the data is a non-trivial task. With true lenses out-
numbered by ordinary galaxies by thousands to one, discovering
even a majority of the strong lenses is not guaranteed. Maximis-
ing the potential from this wealth of data therefore requires a
highly automated, robust, and concerted search effort.

Our DR1 strong lens search builds upon the ‘Strong Lens
Discovery Engine’ (SLDE; Euclid Collaboration: Walmsley
et al. 2026; Euclid Collaboration: Rojas et al. 2026; Euclid Col-
laboration: Lines et al. 2026b; Euclid Collaboration: Li et al.
2026; Euclid Collaboration: Holloway et al. 2026b; Euclid Col-
laboration: Ecker et al. 2026), a lens-finding pipeline that led to
the discovery of approximately 600 galaxy-scale strong lens can-
didates in the Euclid Quick Release 1 (Q1; Euclid Quick Release
Q1 2025). Q1 consists of just seven days worth of Euclid obser-
vations spanning 63 deg2, serving as a test-bed for developing
and refining the pipeline in preparation for DR1. While the over-
all approach of combining multiple complementary machine-
learning (ML) models with the power of crowd-sourced visual
inspection remains the same, the DR1 search benefits from im-
proved ML models (Euclid Collaboration: Vincken et al. 2026;
Euclid Collaboration: Lines et al. 2026a; Euclid Collaboration:
Fogliardi et al., in prep.), optimisation of visual inspection time
(Euclid Collaboration: Holloway et al. 2026a), and is informed
by lessons learnt from objects missed in the initial Q1 search
(Euclid Collaboration: Ecker et al. 2026; Euclid Collaboration:
Xu et al. 2026).

Discovering these systems is also only half of the challenge,
since extracting the scientific information from them requires
lens modelling. The most robust approach, fitting physical mass
and light profiles with posteriors inferred through sampling, is
traditionally a system-by-system manual process that would be
fundamentally infeasible at the scale of DR1. While automated
modelling requiring minimal human input has been successfully
carried out on roughly 300 systems from Euclid Q1 (Euclid Col-
laboration: Walmsley et al. 2026) and 500 systems from JWST
(Nightingale et al. 2025), scaling this up to over 10 000 lenses
expected in DR1 demands a further order-of-magnitude shift.

This paper presents the Euclid Lens Identification Pipeline
and Scientific Exploration (‘ECLIPSE’) catalogue for DR1,
comprising 24 082 strong lens candidates identified across
2000 deg2 of space-based imaging. The catalogue is the product
of the discovery pipeline developed and described by Euclid Col-
laboration: Holloway et al. (2026a; ‘ECLIPSE-B’), which lever-
ages the combined power of ML, citizen science, and expert vi-
sual inspection. We overview the resulting catalogue here, along-
side key results from lens modelling with PyAutoLens from Eu-
clid Collaboration: Nightingale et al. (2026; ‘ECLIPSE-C’) and
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Fig. 1: Number of strong lens candidates found from different imaging
surveys as a function of survey area and lens number density. The Euclid
DR1 data point represents this work. All numbers are approximate due
to the subjective nature of grading and the varying details of each search
approach. The figure is adapted from Euclid Collaboration: Walmsley
et al. (2026).

photometric redshift and spectral energy distribution (SED) fit-
ting of the deflector galaxies from Euclid Collaboration: Ners-
esian et al. (2026; ‘ECLIPSE-D’). Together, these efforts consti-
tute the first end-to-end strong lens discovery and characterisa-
tion at this scale.

The paper is structured as follows. Section 2 introduces the
data, and Sect. 3 overviews the discovery pipeline. Section 4
summarises the lens modelling, photometric redshift estimation,
and SED fitting. The catalogue itself is presented in Sect. 5,
with notable systems highlighted in Sect. 6. Sample proper-
ties and completeness are discussed in Sects. 7 and 8, respec-
tively. We end with future prospects in Sect. 9 and our con-
clusions in Sect. 10. Throughout the work we use the Planck
2016 flat ΛCDM cosmology with H0 = 67.74 km s−1 Mpc−1,
Ωm = 0.3089, and ΩΛ = 0.6911 (Planck Collaboration: Ade
et al. 2016).

2. Data

Euclid produces images from four photometric bands. The VIS
instrument (Euclid Collaboration: Cropper et al. 2025) produces
images in the optical IE band, while the NISP instrument (Eu-
clid Collaboration: Jahnke et al. 2025) produces images in the
NIR YE, JE, and HE bands. NISP reaches point-source depths of
YE = 24.6, JE = 24.6, and HE = 24.5 at 5σ, whereas VIS reaches
IE = 26.0 for extended sources at 5σ. The DR1 data we searched
through included single-visit coverage spanning 2000 deg2. Al-
though DR1 includes the deep fields at both wide depth (equiv-
alent to the Q1 release) and full deep-field depth, we excluded
these fields from the DR1 search to avoid duplication, to account
for the fact that the ML models were trained on Q1, and to keep
the search homogeneous.1

One of the strengths of Euclid in the context of galaxy-scale
lens discoveries is that it is able to resolve the large population
of strong lenses down to radii of around 0 .′′4 (Euclid Collabo-
ration: Walmsley et al. 2026). This is primarily enabled by the
1 The original Q1 catalogue of strong lenses is available at https:
//doi.org/10.5281/zenodo.15025832.
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VIS imaging, which has a pixel scale of 0 .′′1 and a point spread
function (PSF) full width at half maximum (FWHM) of 0 .′′16,
compared with the NISP imaging that has a pixel scale of 0 .′′3
and PSF FWHM 0 .′′35. The VIS resolution helps in identifying
faint counter-images and arc structure, allowing us to better dis-
tinguish lenses from non-lenses. This motivated the design of our
search to use images produced using the luminance of VIS for
maximal resolution, with relative colours of the pixels informed
by the NIR fluxes (following the image processing of Euclid
Collaboration: Walmsley et al. 2026, where example images are
shown). For each system, we produced 10′′×10′′ cutouts, suffi-
cient for the expected extent of galaxy-scale strong lenses, with a
range of processing options: arcsinh and mid-tone transfer func-
tion scalings, applied to grey-scale IE images and to IE +YE, IE

+JE, and IE +YE +JE colour composites. These cutouts formed
the input to the search.

3. Search method overview

As in Q1, our DR1 lens search takes the broad strategy:

i) produce cutouts of objects that could plausibly be lensing
galaxies at the catalogue level;

ii) apply ML networks to the resulting catalogue;
iii) citizen scientists visually inspect the top ML scored objects;
iv) experts assign grades to objects the citizens voted as likely

lenses.

The discovery pipeline is detailed fully in ECLIPSE-B, and here
we provide a brief summary.

3.1. Catalogue selection

There are approximately 900 million detected sources in DR1
according to the official Euclid object detection catalogues
(MER; Euclid Collaboration: Kümmel et al. 2026). Of these, a
large number are objects that can be ruled out as uninteresting
for our search at the catalogue level. Primarily these are stars
and galaxies too faint to exhibit plausibly detectable lensing fea-
tures. This motivated our catalogue selection cuts

VIS_DET = 1
(IE < 23) or (HE < 22.5)
MU_MAX > 15
MUMAX_MINUS_MAG > −2.6 ,

intended to hold for the putative lens galaxy. The condition
VIS_DET = 1 ensures that we only select objects that are detected
in VIS, and we keep those satisfying at least one of IE < 23 and
HE < 22.5, the latter to retain massive high-redshift galaxies.
MU_MAX > 15 removes any object with a maximum peak sur-
face brightness brighter than 15 mag arcsec−2, at which point
the pixels are saturated, and MUMAX_MINUS_MAG > −2.6 acts as a
compactness filter, removing objects where the total magnitude
is dominated by a few pixels. The VIS detection, saturation, and
compactness criteria are the same as the Q1 search, while the
magnitude limit now includes fainter and redder systems than
the Q1 limit of IE < 22.5. This was motivated by the number
of lenses in Q1 that were fainter than expected, and the consid-
erable improvement in the ML models meant that we could be
more lenient with the catalogue filters. After applying this cat-
alogue selection and removing objects in the Q1 and deep field
areas, there were 68 million objects to search through.

3.2. Machine learning and visual inspection

With an unprecedented number of strong lenses in DR1, it
was essential to develop a search approach that maximised lens
recovery while retaining as many individually valuable lens-
ing systems as possible. Expert visual inspection remains the
most reliable method for identifying strong lenses from imaging
alone. Definitive confirmation generally requires spectroscopy
showing distinct deflector and source redshifts, with a consistent
lens model providing strong corroborating evidence, but in many
cases the quality of Euclid VIS imaging is sufficient to identify
a system confidently as a strong lens from its morphology alone.
However, inspecting 68 million images is far from viable, even
for a large and enthusiastic team of experts. While ML offers a
scalable alternative, current networks are not yet as reliable as
expert human classifiers for distinguishing true lenses from con-
taminants (Euclid Collaboration: Holloway et al. 2026b). For-
tunately, there exists a global community of citizen scientists
who volunteer their time to help with such large-scale people-
powered projects. However, the largest visual inspection search
for strong lenses has been limited to 105 objects (Marshall et al.
2016), meaning that searching through the full 68 million re-
quires a synergy of ML and visual inspection by both citizens
and experts.

For DR1, we developed a bespoke discovery pipeline that
optimally synthesises information from these complementary
search components. In ECLIPSE-B we describe the development
and calibration of this pipeline in full, demonstrating how the op-
timal combination maximises both the completeness and purity
of the final catalogue. In brief summary, five ML networks were
developed to find strong lenses in DR1. These networks were
created by different teams in the Euclid Consortium strong lens-
ing group, each being sensitive to different lens morphologies
(Euclid Collaboration: Vincken et al., in prep.). These networks
scored all 68 million images, with their scores combined based
on their performance on a calibrated test set. The ML models
performed well: for two of the top networks, none of the 1000
highest-scoring objects were classified as non-lenses by the ex-
perts (in Fig. A.1 we show the top 117 images from these two
ML networks). These ML scores were then used to prioritise the
220 000 most promising candidates, which were then passed to
the citizen-science project ‘Space Warps’ (Marshall et al. 2016;
More et al. 2016) on the Zooniverse platform. In addition to the
objects flagged by the ML models, 50 000 images were passed
to Space Warps that had been randomly selected from the orig-
inal 68 million objects, allowing us to calibrate an intrinsic rate
of detectable strong lenses in the parent sample.

Both the ML-prioritised and the randomly selected images
were passed to Space Warps, with each initially assessed by
between 6 and 25 citizens (more contentious systems required
more classifications). The median number of classifications per
volunteer was 25, with 6975 citizen scientists contributing to
the project. These responses were calibrated and combined us-
ing a Bayesian framework to minimise the variability arising
from the inherent subjectivity of the classification task (Mar-
shall et al. 2016). Space Warps was carried out in two stages: the
initial ‘Space Warps Classify’ stage, in which volunteers clas-
sified each object as either a lens or a non-lens, and a subse-
quent ‘Space Warps Refine’ stage, in which volunteers assigned
lens grades. Of the images sent to Space Warps, around 30 000
were flagged as likely to be strong lenses. These candidates were
then sent to a final expert vetting stage (‘Galaxy Judges’), where
each candidate was assigned a grade by an average of ten mem-
bers of the Euclid Consortium’s strong lensing group. These ex-
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pert grades were calibrated before aggregating into a final lens
score (see ECLIPSE-B for more details). The experts assigned
each candidate one of four grades, defined as follows: grade A,
a sure lens, showing clear lensing features with no additional
information needed; grade B, a probable lens, showing lensing
features but requiring additional information to verify; grade C,
a possible lens, showing lens-like features that could also be ex-
plained without gravitational lensing; and grade X, definitively
not a lens. These reflect the confidence of the graders based on
the information available, and are not confirmations of the lens-
ing nature of a system.

This DR1 lens catalogue is the product of an enormous col-
lective effort, involving 6975 citizen scientist volunteers and 67
experts from the Euclid Consortium’s strong lensing group. This
catalogue would not have been possible without the immense
contributions of the citizen scientists who participated in the
project. The names of all the participants who contributed to
the Space Warps project are available on the Space Warps ‘The
Team’ webpage and are listed in Appendix E.

4. Lens characterisation

4.1. Lens modelling

Lens modelling provides independent corroborating evidence for
the lensing nature of candidates beyond the morphological as-
sessment of visual inspection, and also enables a wealth of sci-
ence through reconstruction of the light of the source galaxies
and mass distributions of the deflectors. The full details of the
modelling are covered in ECLIPSE-C, but we provide a brief
overview here. We attempted to model all grade A+B systems
using an automated pipeline implemented with PyAutoLens
(Nightingale et al. 2021).2 These lens models were initiated by
an automated ML-based decomposition of the data into deflec-
tor light, source light, and other line-of-sight objects, allowing
automated masking and adjustment of model priors (Euclid Col-
laboration: Vincken et al., in prep.). The lens models employed
a multi-Gaussian expansion (MGE) for the deflector light and a
singular isothermal ellipsoid (SIE) combined with external shear
for the deflector mass. Throughout this paper we report the effec-
tive Einstein radius θE defined in ECLIPSE-C, which is derived
from the area enclosed by the tangential critical curve of the full
lens model. The modelling proceeds in three stages: an initial
fit with MGEs for both the deflector and source light, which es-
tablishes the mass model and deflector-light subtraction; a sec-
ond fit that replaces the source with a pixelised reconstruction
on an adaptive Delaunay mesh, which refines the mass model
and recovers the source morphology; and a final fit with Sérsic
profiles for the deflector and source light, with the mass model
held fixed, which provides the deblended photometry and struc-
tural parameters used in Sect. 4.2. The set-up assumes a single
deflector galaxy and a single source plane, and is therefore not
designed to fit multi-galaxy deflector systems (e.g., groups and
clusters) or multi-source-plane lenses.

Each resulting lens model was vetted by at least four mem-
bers of the Euclid Consortium’s strong lensing group to assess
the robustness and accuracy of the individual models, quantify
an overall success rate, and understand failure modes. Each sys-
tem was assigned one of the following categories.

• Success: the model is sufficiently robust for the inferred Ein-
stein radius to be trusted.
• Failure: the system appears to be a lens, but the fit failed.

2 https://github.com/PyAutoLabs/PyAutoLens

• Outside model scope: the system is a multi-galaxy deflector
or a double-source-plane lens.
• Unsure if lens: the modelling casts doubt on whether the sys-

tem is a strong lens at all.

Each system received at least four votes, and a classification was
adopted when at least 75% of inspectors agreed (systems without
75% agreement were recorded as having no consensus).

4.2. Deflector photometric redshifts and SED fitting

Although Euclid possesses slitless spectroscopic capabilities, it
was not optimised for obtaining redshifts in galaxy-scale strong
lenses. In particular, the typically small angular separation be-
tween the deflector and source leads to significant blending of
their light in the slitless spectra. For the lensed sources, Euclid
Collaboration: Bergamini et al. (2026) show that reprocessing
the slitless spectra to remove the overlapping continuum can
recover emission lines from the brightest sources. This has so
far been applied to only a small number of systems, but shows
promise for measuring source redshifts. For the deflectors, which
are mostly passive early-type galaxies, the Euclid depth is gener-
ally insufficient to obtain spectroscopic redshifts. With external
spectroscopy also available for only a small fraction of the sam-
ple (Sect. 5), we rely on photometry to provide deflector redshifts
at scale.

For systems with successful lens models, the resulting de-
blended photometry enables robust photometric redshift and
SED modelling of the deflector galaxies, avoiding the biases in-
troduced by catalogue-level measurements where the deflector
and source light are blended. ECLIPSE-D presents a detailed
analysis of these deblended measurements, which is overviewed
here. The deblended photometry comes from the final, Sérsic
stage of the lens modelling (Sect. 4.1). The deflector and lensed
source are each fitted with a single Sérsic profile (Sérsic 1963)
in the high-resolution IE band, giving their Sérsic indices, ef-
fective radii, and IE fluxes. The same fixed mass model and
IE-based mask are then applied to every other available band,
with the Sérsic index and effective radius of each component
held constant and only the flux in each band left free. This pro-
duces unconvolved deflector and source images at each observed
wavelength, extending beyond the Euclid bands to ground-based
imaging from the Ultraviolet Near Infrared Optical Northern
Survey (UNIONS; Gwyn et al. 2025) in the north and the Dark
Energy Survey (DES; Abbott et al. 2021) in the south. Aperture
photometry is then conducted on the PSF-matched model im-
ages. Photometric redshift and SED fitting are attempted only for
the deflector population, since characterising the lensed sources
requires a separate treatment of the lensing configuration and
their larger photometric uncertainties, which is left to future
work.

Deflector photometric redshifts are derived with the
template-fitting code Phosphoros (Paltani et al., in prep.), using
the same SED library adopted for the main Euclid photometric-
redshift analysis (Euclid Collaboration: Tucci et al. 2026; Eu-
clid Collaboration: Hartley et al. 2026), and validated against the
subset of lenses with spectroscopic redshifts. Stellar population
properties are then inferred by SED fitting with Prospector
(Johnson et al. 2021), which generates model SEDs from the
Flexible Stellar Population Synthesis (FSPS) code (Conroy et al.
2009) with a non-parametric star-formation history and adopting
a Salpeter initial mass function (IMF; Salpeter 1955). This al-
lows us to infer stellar masses, star-formation rates, stellar ages,
and metallicities for the deflector population.
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k: J023341.239-344800.03⋆ m: J062500.123-452608.74⋆

Fig. 2: Selection of lenses in DR1. All cutouts are 10′′ ×10′′ and names
are abbreviated e.g., from ‘Euclid DR1 J023656.861−583041.95’ to
‘J023656.861−583041.95’. ⋆ marks systems that have been reported as
lens candidates in prior publications (references are listed in the cata-
logue).

5. Catalogue overview

Our final catalogue contains every system that reached the ex-
pert visual inspection stage of the search (Sect. 3), together with
its grade and, where available, the lens model parameters and
deflector properties described in Sect. 4. In total, the catalogue
contains 26 662 unique objects, comprising

• 6073 grade A lens candidates;
• 8999 grade B lens candidates;
• 9010 grade C lens candidates;
• 2580 grade X (non-lenses).

Of these, 417 grade A, 161 grade B, and 55 grade C had been re-
ported as candidates in prior publications (Sect. 8.3). Examples
of the lenses found are shown in Fig. 2, while the top 117 can-
didates according to the ML networks (all grade A) are shown
in Fig. A.1 and randomly selected examples from each grade are
shown in Fig. A.2. These grades are inherently subjective, with
blurred boundaries between categories, although we expect the
vast majority of grade A and a large fraction of grade B candi-
dates to be genuine strong lenses. The catalogue therefore also
includes a continuous lens score, aggregated from the individ-
ual inspector classifications, allowing readers to set their own
boundaries for their use case. This catalogue, together with all
data products used and the subsequent lens modelling and SED
fitting results, is available on Zenodo.3

Following the automated lens modelling and subsequent vet-
ting stage (covered in detail in ECLIPSE-C), the experts reached
a consensus (at least 75% agreement) that the model was suc-
cessful for 67% (43%) of grade A (B) systems. A further 5%
(4%) exhibited lensing geometries that fell outside the scope of
the adopted galaxy–galaxy model, mostly multi-deflector lenses
plus a small number of double-source-plane lenses. These sys-
tems are being modelled separately by Wielders et al. (in prep.)
and Li et al. (in prep.), respectively. Of the remainder, 10%
(13%) were flagged as lens model failures, 0.1% (1.4%) were
flagged as uncertain lenses, and 17% (38%) reached no consen-
sus. Since subtracting the deflector light can reveal a missing
counter-image or an unphysical lens configuration, the models
also offer an independent check on the visual grades. A success-
ful model corroborates rather than proves a lensing interpreta-
tion, and a failed model often reflects the limitations of the au-
tomated pipeline, so the clearest test is how often the modelling
cast doubt on a system being a lens at all. Even at 50% agree-
ment, this was the case for only 0.4% (4.8%) of grade A (B)
systems. By this test the grade A sample appears very pure, and
the higher rate among grade B systems reflects the lower confi-
dence of that grade.

Spectroscopy provides independent evidence on the lensing
nature of a candidate. Of the spectroscopic data currently avail-
able, the Dark Energy Spectroscopic Instrument (DESI) provides
the most extensive usable overlap. Storfer et al. (in prep.) cross-
match this ECLIPSE catalogue with DESI DR1 (DESI Collab-
oration et al. 2026) and vet the spectra for deflector and source
redshifts. Of our grade A, B, and C candidates, 351 have a de-
flector redshift only (95 grade A, 146 grade B, and 110 grade C),
eight have a source redshift only (four grade A and four grade B),
and a further 20 have both (12 grade A, five grade B, and three
grade C). These deflector redshifts span 0.05 < z < 1.1, and the
source redshifts span 0.3 < z < 2.7. A detection of two distinct
redshifts is highly informative where arc-like features could in-
stead be intrinsic to the deflector (e.g., a ring galaxy or tidal fea-
ture), but does little for two clearly aligned objects where the
3 https://doi.org/10.5281/zenodo.19654904
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question is whether the configuration is strongly or only weakly
lensed. Lens modelling is complementary, since subtracting the
deflector light can reveal a counter-image blended with the de-
flector, and so is most informative in the latter case. Two of the
three grade C systems with two redshifts (Appendix B) fall into
the former category, and as such the detection of two distinct
redshifts provides almost conclusive evidence that these systems
are genuine strong lenses. In addition to vetting the DESI spec-
tra, Storfer et al. (in prep.) present additional optical spectro-
scopic follow-up of 12 systems from this catalogue with the
Next Generation Palomar Spectrograph (NGPS). One of these,
a grade A candidate, shows evidence of not being a strong lens,
based on a slit placed along the arc showing emission lines at
the same redshift as the putative deflector, whose redshift was
already known from DESI. This is not entirely conclusive since
this could have been contamination from the seeing. Neverthe-
less, it illustrates that the grades reflect the confidence attainable
from Euclid imaging alone, and are imperfect in both directions.

6. Individual lenses of interest

This catalogue represents not only the largest homogeneous
catalogue of strong lenses with which population-level statis-
tics are meaningful, but it is also a treasure trove of rarer and
more unique lensing configurations. The majority of galaxy-
scale strong lens systems involve a massive red elliptical de-
flector lensing a blue star-forming source. However, a sample
of this size also contains rarer classes of lenses in meaningful
numbers, including double-source-plane lenses, disc-galaxy de-
flectors, and lensed quasars.

6.1. Double-source-plane lenses

Double-source-plane lenses (DSPLs) are strong-lensing systems
in which multiple background source galaxies at different red-
shifts are lensed by the same foreground deflector, producing
multiple rings at different radii. Strong lenses with multiple
source planes provide especially powerful probes of the den-
sity profiles and dark matter substructure of galaxies. The second
source can help break lensing degeneracies under appropriate as-
sumptions, and provides an additional aperture within which the
enclosed mass is tightly constrained (e.g., Enzi et al. 2025; Li
et al. 2026). The ratio of the Einstein radii is also related to the
cosmological scaling factor and can therefore provide geometric
leverage on cosmological parameters (Gavazzi et al. 2008; Col-
lett et al. 2012; Collett & Auger 2014; Euclid Collaboration: Li
et al. 2026; Ballard et al. 2026), although its ability is limited by
the mass-sheet degeneracy (Schneider 2014).

Galaxy-scale DSPLs are rare, since the probability of lensing
two independent background sources is much smaller than that
of producing a single-source-plane lens. Prior to DR1, there were
approximately ten discovered galaxy-scale DSPLs. Four of these
were discovered in Euclid Q1, demonstrating that such systems
can be identified in Euclid imaging with our search approach.
This number discovered in the Q1 area was broadly consistent
with the expected rate from forecasts (Euclid Collaboration: Li
et al. 2026). In our DR1 search, we identify 84 candidate DSPLs.
These are systems passed to the final expert inspection stage that
showed evidence of two sets of lensed features at distinct Ein-
stein radii. We then checked their configuration with initial lens
models built specifically for DSPLs, in which the two sources
are fitted on separate source planes (Li et al., in prep.). Examples
of DSPLs identified in this catalogue are shown in Fig. 3. Fig-
ure 3a shows the clearest example, with two concentric, almost

a: J045417.497-340950.95 b: J125718.567+640613.04

c: J040450.853-580447.18 d: J150758.546+724738.33

e: J042829.614-352625.48 f: J053233.629-371545.77

g: J060447.736-364412.03 h: J172848.634+620851.61

i: J042724.367-233942.21 j: J115942.573+674249.70

k: J044453.041-380845.51⋆ m: J022455.052-601235.97

Fig. 3: Double-source-plane lens candidates.
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a: J042911.429-204453.48 b: J024725.536-414019.58

c: J021953.535-350014.20 d: J020341.418-564539.16

e: J044225.523-493659.01⋆ f: J100256.607+670542.38

g: J050659.625-383640.35 h: J005847.084-571537.38

i: J140103.674+783014.02 j: J121702.920+704430.95

k: J005044.676+052239.32 m: J040900.429-344523.14

Fig. 4: Striking examples of lensing by disc galaxies.

complete Einstein rings of distinct colours. Figure 3m, despite
having a low signal-to-noise ratio (S/N), is notable for showing
signs of two Einstein rings around an edge-on disc galaxy, the
first such system of its kind. If confirmed, this system would en-
able a unique study of the mass profiles of disc galaxies in a way
never previously possible.

6.2. Disc lenses

Much of what is known about the mass structure of spiral galax-
ies comes from rotation curves in the local Universe, which
probe deep into the halo. However, this kind of kinematic infor-
mation becomes more difficult to obtain beyond the local Uni-
verse. This is compounded by the intrinsic rarity of massive spi-
rals, whose abundance declines sharply above M∗ ≃ 1011 M⊙.
Strong lensing offers a powerful complementary probe of the
decomposed mass structure of disc galaxies in this otherwise in-
accessible regime. Disc galaxies comprise several superimposed
components (discs, bulges or bars, and dark matter haloes), and
samples of disc lenses spanning a range of Einstein radii and
inclinations can help disentangle their mass contributions. Face-
on systems make it easier to separate the bulge or bar from the
disc, while in edge-on systems the flattened disc and rounder
halo project differently, making them sensitive to the dark matter
distribution and the disc mass-to-light ratio, and allowing tests of
alternative models of gravity (Sonnenfeld 2026). Together, these
measurements enable studies of the stellar mass-to-light ratio
and the IMF (e.g., Brewer et al. 2012). Furthermore, comparing
disc and elliptical lenses provides constraints on how the dark
matter fraction depends on galaxy morphology, complementing
studies of the stellar-to-halo mass relation (e.g., Posti et al. 2019;
Tortora et al. 2019, 2025), thereby weighing the relative roles of
internal physical processes (e.g., supernova and AGN feedback)
and mergers in their formation.

Despite this potential, lensing by disc galaxies is consider-
ably rarer than lensing by ellipticals. Disc galaxies are generally
less massive, and there is an additional selection effect in that
lensed arcs are harder to distinguish in galaxies with more com-
plex structure and dust extinction. Among disc lenses, inclined
and edge-on systems are expected to be more common, since
inclination increases the projected mass density and thereby the
lensing cross-section. Before Euclid, only a few tens of edge-on
disc lenses were known, most of them identified spectroscop-
ically (e.g., Treu et al. 2011), and morphological searches in
UNIONS (Acevedo Barroso et al. 2026) and Euclid Q1 (Euclid
Collaboration: Lines et al. 2026b) have since roughly doubled
this number. Face-on disc lenses, in contrast, are less efficient
lenses and harder to identify. No complete Einstein rings had
previously been identified within a face-on disc galaxy, and the
few known face-on spiral deflectors had been spectroscopically
selected (e.g., Courbin et al. 2012). In our DR1 search, we iden-
tify 1060 candidate disc lenses (including S0 galaxies) with a
projected deflector axis ratio q ≤ 0.5, corresponding to an incli-
nation of i ≳ 60◦. We identify them by morphology alone, using
the median q of the deflector light measured in the IE imaging,
the segmentation maps, and the lens-light models, with contam-
inants removed manually. Because elliptical galaxies rarely ap-
pear flatter than q ≈ 0.4 in projection, this selection reliably
identifies inclined discs, but face-on and moderately inclined
discs cannot as easily be distinguished from ellipticals, so the
sample is a lower limit on the number of disc lenses. Figure 4
shows the most striking disc lenses in the catalogue, with clear
lensing arcs alongside resolved internal structure in the deflec-
tor, such as spiral arms and dust lanes. These include a small
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number of face-on disc lens candidates with clearly identifiable
lensed arcs, of which Figs. 4a and 4c are the two clearest exam-
ples.

The complex, asymmetric light structure of disc deflector
galaxies and the effects of dust attenuation complicate not only
detection but also lens modelling. In ECLIPSE-C, many auto-
mated lens-model failures are attributed to poor deflector light
subtraction, driven by dust or asymmetric structure such as in
spiral galaxies. Therefore, these particularly valuable systems
require a more rigorous treatment to fully exploit the lensing in-
formation. Ecker et al. (in prep.) present a dedicated modelling
project for a subset of edge-on disc lenses, while Enzi et al. (in
prep.) present a detailed analysis of the face-on system in Fig. 4a.
In this latter case, the availability of both the deflector and source
redshifts (provided by the DESI collaboration) enables a joint
lensing and photometric analysis, in which the lens model si-
multaneously decomposes the deflector and source light while
SED fitting of the spiral constrains the stellar mass.

6.3. Lensed AGN and quasars

Lensed quasars and AGN are among the most scientifically valu-
able classes of strong gravitational lenses. One of their most
powerful applications is time-delay cosmography: quasars are
intrinsically variable, allowing measurements of the time delay
between the multiple images. These time delays are sensitive
to the Hubble constant (H0; Refsdal 1964), and have been used
to constrain H0 to high precision (e.g., TDCOSMO Collabora-
tion 2026). Additionally, the multiple lines of sight through the
deflector galaxy make lensed quasars sensitive probes of dark
matter substructure via flux ratio anomalies (Dalal & Kochanek
2002). Stellar-mass objects within the deflector galaxy produce
microlensing, causing magnification fluctuations that can be
used to spatially resolve the quasar structure down to 10−6 arc-
sec scales (Vernardos et al. 2024). As such, a larger sample of
lensed quasars from Euclid would provide a valuable resource
for a wide range of science cases.

Our search specifically targets galaxy–galaxy lenses and not
lensed quasars: the catalogue-level selection cuts intentionally
exclude compact sources (aimed at excluding stars). Although
these cuts act on the deflector rather than the source, in small-
separation systems where the lensed quasar images dominate the
light, the blended detection can be sufficiently compact to fail the
criteria. A further selection arises from the search itself. The ML
networks are primarily trained on galaxy–galaxy lenses and are
best at recognising extended arcs. Lensed quasars are also more
difficult for humans to identify, since point-like configurations
are much more often false positives. For these reasons, a dedi-
cated lensed quasar search, using a targeted catalogue selection
and tailored ML models, will be presented in future work. Nev-
ertheless, lensed quasars with a visibly lensed host galaxy will
survive the selection cuts and are likely to be recognised by both
the ML models and human inspectors, making them a probable
product of this search.

Acevedo Barroso et al. (in prep.) crossmatch this ECLIPSE
catalogue with external AGN selections, such as through their
optical variability, their mid-infrared colours, or X-ray emis-
sion. Around 300 lens systems from this ECLIPSE catalogue
are found to have counterparts. However, an AGN counterpart
does not necessarily reveal the origin of the activity, which
could be the lensed source (e.g., Figs. 5a, 5b, 5i, 5j), the de-
flector galaxy (e.g., Figs. 5k and 5m), or in a neighbouring
galaxy or group. For around 65 of these ∼300 systems, the ac-
tivity can be confidently tied to the lens system. Moustakas et

a: J053854.775-421847.61 b: J040449.520-362529.35

c: J034621.612-614228.64 d: J043754.852-575054.39

e: J023448.593-434141.87 f: J030001.038-502338.69

g: J030832.139-384745.16 h: J130226.204+653456.48

i: J094316.828+644334.63 j: J031600.711-410609.60⋆

k: J170835.516+573616.93 m: J001316.836-623706.54

Fig. 5: Candidate lensed and lensing AGN, selected through cross-
matches with external AGN catalogues and independent evidence of
nuclear activity (Acevedo Barroso et al., in prep.; Moustakas et al., in
prep.).
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a: J032251.921-394609.84⋆ b: J030007.674-625305.82

c: J053804.631-473513.82⋆ d: J054127.098-584750.88⋆

e: J040822.666-532714.06⋆ f: J023656.861-583041.95⋆

g: J034435.104-444744.26⋆ h: J034929.313-445418.15⋆

i: J032224.044-390047.16 j: J030243.739-371524.57

k: J051352.143-381635.91 m: J012717.715-551709.35

Fig. 6: Selection of more unusual lenses in DR1.

al. (in prep.) take the complementary approach, assembling a
sample of four-image lensed quasars and AGN in DR1 from
multiple origins, and requiring for each system both an astro-
metric lens model and independent evidence of nuclear activity
from spectroscopy, X-rays, or mid-infrared colours. Around 30
of their systems are in this catalogue, almost all at grade A (ex-
amples in Figs. 5a–h). These approaches also rediscover several
previously studied lensed quasars amongst our sample, includ-
ing SDSS J1524+4409 (Oguri et al. 2008), DES J0408−5354
(Lin et al. 2017), DES J0420−4037 (Shajib et al. 2019), AT-
LAS J2344−3056 (Schechter et al. 2017), DES J0115−5244
(Agnello et al. 2015), and the three-image system J0316−4106
(Fig. 5j; Sheu et al. 2026).

Cross-matching Euclid candidates with external catalogues
is constrained by the depth of the catalogues, with many fainter
lensed AGN and quasars likely going undetected. Morphology
offers a complementary and less conservative route for iden-
tification. During visual inspection, around 500 objects were
flagged as potential lensed quasars on the basis of a bright, com-
pact multiple-image morphology. However, compact morphol-
ogy alone is not a reliable discriminant of lensed quasars, since
such systems could equally be extremely compact galaxies (e.g.,
blue nuggets; Napolitano et al. 2020; Jaelani et al. 2020b; Li
et al. 2024).

In total, this catalogue contains around 65 lens candidates in
which the activity can be tied to the lens system, and a few hun-
dred more with either an AGN counterpart of uncertain origin
or a quasar-like morphology. These provide a starting sample
for a dedicated lensed quasar search, which can build on Eu-
clid’s demonstrated capability for quasar science, including the
discovery of some of the highest-redshift quasars known (Yang
et al. 2026).

6.4. Other rare strong lenses

In Fig. 6, we show a collection of some of the other more in-
teresting systems found in the search. In addition to galaxy–
galaxy lenses, we find multi-deflector lenses (e.g., Fig. 6, pan-
els a–e), which are explored in more detail in Wielders et al.
(in prep.). Systems such as Fig. 6f show bright extended arcs
with resolved source structure, making them particularly sensi-
tive to mass perturbations in the deflector galaxy such as from
dark matter substructure (Despali et al. 2022; O’Riordan et al.
2023; Amvrosiadis et al. 2026). Such systems also enable studies
of individual star-forming regions at spatial scales unattainable
at these redshifts in the absence of gravitational lensing. Lenses
like those in Figs. 6g and 6h with satellite galaxies perturbing the
lensed arc allow us to probe the mass of satellite galaxies beyond
the local group.

Figures 6i, 6j, and 6k show systems with redder sources,
either from high-redshift galaxies or from intrinsically redder
populations, such as quiescent red nuggets or dust-obscured
submillimetre galaxies. We note that our reliance on VIS for
high-resolution images (as discussed in Sect. 2) means that any
sources that are VIS-dropouts (e.g., systems beyond z = 7
or very dust-obscured galaxies) will go undetected. Therefore,
searches for such objects will require using different data prod-
ucts (e.g., Euclid Collaboration: Fogliardi et al., in prep.), or a
targeted search for specific VIS-dropout objects (e.g., Harvey
et al., in prep.). Another consequence of relying on VIS is that
lenses with very red deflector galaxies appear to have low sur-
face brightness in the inspection images, despite the deflectors
being clearly detected in the NIR bands (e.g., Fig. 6m). This is
contrasted with a class of objects discovered in our search show-
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Fig. 7: Distributions of lens and source properties for the grade A+B systems (blue). Lens redshifts, stellar masses, and sSFR are measured
photometrically in ECLIPSE-D for the 9538 systems passing its quality cuts. Einstein radii, magnitudes, and source colours come from the 7980
lens models judged successful in ECLIPSE-C, and physical Einstein radii use the 6199 systems in both samples. Where predictions are available,
comparisons to the forecasts of Collett (2015) are overlaid (orange). Vertical dashed lines represent the inferred median, while the darker shaded
region represents the inferred 16th–84th percentile range.

ing ring-like structures with no central detection from any filter
bands (including Euclid NIR data, as well as data in other filter
bands from ground-based surveys), discussed in detail in Ap-
pendix C.

7. Properties

The lens models and deblended deflector photometry allow us to
characterise the lens population as a whole. Einstein radii, mag-
nitudes, and source colours come from the 7980 lens models
judged successful in ECLIPSE-C, and deflector redshifts, stel-
lar masses, and specific star-formation rates come from the 9538
systems in the ECLIPSE-D final sample. Because these rely on
the deblended photometry from the lens models, ECLIPSE-D
excludes systems whose models were flagged as failures, multi-
deflector lenses, double-source-plane lenses, or unlikely lenses,
and further requires detections in at least six bands, reliable
photometric redshifts and SED fits, and a stellar mass above
1010 M⊙. Neither subset is a random sample of the catalogue.
Modelling fails preferentially for the systems that are hardest to
model, such as those with small Einstein radii or complex deflec-
tor morphologies, so the distributions presented here are biased
against such systems.

Figure 7 presents the distributions of several key measured
properties of these lenses, compared with the expected distri-
butions from the forecasts of Collett (2015). As expected, we
find that our deflector galaxies are primarily quiescent, early-
type galaxies, with stellar masses of log10(M∗/M⊙) = 11.39+0.29

−0.33,
and specific star-formation rates (sSFR) of log10(sSFR/yr−1) =
−11.25+0.57

−0.37 (quoted ranges correspond to the 16th and 84th
percentile values around the median), while the colours of the

lensed sources are consistent with a predominantly star-forming
population at higher redshift. Although deflector galaxies are ex-
pected to be more massive than the underlying population on av-
erage, these deflector galaxies are found to be largely represen-
tative of the broader population of massive quiescent galaxies.
In particular, they follow the expected stellar mass–size relation,
with further scaling relations presented in ECLIPSE-D.

Figure 8 compares the Einstein radii and redshifts of our
lenses with those of previous samples, namely the spectroscop-
ically selected Sloan Lens ACS Survey (SLACS; Bolton et al.
2008; Auger et al. 2009) and BOSS emission-line lens survey
(BELLS; Brownstein et al. 2012), the ground-based imaging-
selected Strong Lensing Legacy Survey (SL2S; Gavazzi et al.
2014; Sonnenfeld et al. 2013), Survey of Gravitationally lensed
Objects in Hyper Suprime-Cam (HSC) Imaging (SuGOHI; Son-
nenfeld et al. 2018; Gawade et al. 2025), Highly Optimized
Lensing Investigations of Supernovae, Microlensing Objects,
and Kinematics of Ellipticals and Spirals (HOLISMOKES;
Schuldt et al. 2025), and the JWST COSMOS-Web Lens Sur-
vey (COWLS; Nightingale et al. 2025; Mahler et al. 2025; Hogg
et al. 2025). Compared with the ground-based samples, our cat-
alogue extends to smaller Einstein radii (1st–99th percentile
range 0.42 < θE < 2.32 arcsec for systems with a successful
lens model) and contains higher-redshift lenses on average (me-
dian z = 0.68, compared with z = 0.22, 0.52, 0.46, and 0.59
for SLACS, BELLS, SL2S, and HSC, respectively). COWLS
reaches smaller Einstein radii and higher redshifts still (median
z = 0.81) owing to the depth and resolution of JWST, but over a
limited area. Our deflector stellar masses are typical of the pre-
vious spectroscopic samples, lying predominantly in the range
11 ≲ log10(M∗/M⊙) ≲ 12 (Fig. 7) as found for SLACS and
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Fig. 8: Distribution of lens redshift and Einstein radius of lenses from
previous samples (SLACS, BELLS, SL2S, SuGOHI, HOLISMOKES,
and COWLS) compared to this work (ECLIPSE). For ECLIPSE we
show the 6199 grade A+B systems with a successful lens model and
an ECLIPSE-D photometric redshift, together with the 122 success-
fully modelled systems with a vetted DESI DR1 spectroscopic lens
redshift, and the solid and dashed contours enclose 68% and 95% of
the photometric-redshift sample. For the HSC lenses we limit the sam-
ple to grade A+B lens candidates, for COWLS we limit the sample
to the lenses of score ‘S07’ and above, and we plot photometric red-
shifts where spectroscopic redshifts are not available. In most cases,
Einstein radii are inferred from lens modelling, with the exception of
HOLISMOKES where they are inferred by ML.

BELLS (Bolton et al. 2012, also assuming a Salpeter IMF). Un-
like these spectroscopic samples, our deflectors are relatively
faint (median IE ≈ 21.3), and so our catalogue probes this pop-
ulation of massive early-type galaxies out to higher redshifts,
making it well suited to studying their scaling relations and evo-
lution.

Compared to the forecasts of Collett (2015), our Einstein
radii are systematically larger and our lensed sources are system-
atically brighter by almost a magnitude. This is likely because
Collett (2015) assumed the Euclid lens search would be IE-band
only, using lens-light subtracted images with subtractions lim-
ited only by Poisson noise. In reality, we used the Euclid NISP
photometric data to construct high-resolution colour images:
while this bypassed the need for lens-light subtraction, it limited
our ability to distinguish faint arcs buried in the cores of bright
deflectors. This could also explain why we miss lenses with the
brightest deflectors relative to the forecast, since the deflector
light makes the lensed images in these systems harder to iden-
tify. The implications are three-fold. First, the close agreement
between the number density of lenses found (around 8 deg−2) for
grade A+B and the Collett (2015) forecast (11 deg−2) is largely
coincidental: the two approaches select substantially different,
only partially overlapping systems, and the agreement in num-
ber belies a real difference in the types of lenses that are found.
Second, it follows that a large population of strong lenses – pref-
erentially those with small image separations and low arc-to-lens
contrast – remains to be discovered in lens-subtracted imaging.

Third, because the lensed sources in our sample are typically a
magnitude brighter than forecast, their spectroscopic follow-up
will be easier than planned in the design of the 4MOST Strong
Lensing Spectroscopic Legacy Survey (4SLSLS; Collett et al.
2023), a programme to measure source redshifts and deflector
velocity dispersions for large samples of strong lenses, including
those found by Euclid. On the other hand, missing these bright-
deflector systems will make it harder for 4SLSLS to measure
large numbers of reliable lens velocity dispersions.

8. Completeness

A statistically large sample of strong lenses is beneficial for
population-level science, but requires an understanding of the
completeness rate to mitigate selection effects. Although this cat-
alogue is the largest of its kind to date, it is not exhaustive. We
explore the completeness of our sample in three ways: by es-
timating the fraction of lenses lost at each stage of the search
(Sect. 8.1), by measuring the selection function of visual inspec-
tion with simulated lenses (Sect. 8.2), and by testing the recovery
of previously known lenses (Sect. 8.3).

8.1. End-to-end completeness

Based on the randomly selected objects from the parent sample
of objects passing the catalogue selection, it is possible to es-
timate the completeness of the DR1 lens search against expert
grading (i.e., estimating the number of lenses we would have
found had the experts inspected all 68 million objects passing the
catalogue selection, taking their grades as the ground truth). In
doing so, we attribute any incompleteness to systems that failed
to exceed the score thresholds imposed on the ML models, or
systems that were identified by the ML models but not scored
highly enough by the citizen scientists of the Space Warps stage.
For these calculations, we also do not consider potential lens
candidates missed due to not passing our catalogue selection cri-
teria.

Since the expert grades are taken as the ground truth, every
lens in this analysis is by construction a system seen by the ex-
perts. However, a system could reach the final expert grading
stage by one of three routes. Objects with the highest ML scores
were sent directly to expert grading, while those with interme-
diate scores were first passed to Space Warps Classify (SWC).
Systems with high SWC scores were then sent directly to expert
grading, while those with intermediate SWC scores were passed
to Space Warps Refine (SWR), and those passing SWR were in
turn sent to expert grading. Each stage can therefore both find
lenses, by passing them to the experts, and lose them, by reject-
ing systems that had passed the previous stage. The number of
lenses found and lost can be written as

Lfound = LML found + LSWC found + LSWR found (1)

and

Llost = LML lost + LSWC lost + LSWR lost , (2)

respectively. Therefore, the completeness f can be written as

f =
Lfound

Lfound + Llost
. (3)

We estimate these numbers of found and lost lenses at
each stage using three sets of random objects injected into the
pipeline. The first is 50 000 objects drawn randomly from those
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passing the catalogue selection and shown to SWC regardless of
ML score, which quantifies the systems missed by the ML classi-
fiers. The second and third are samples of around 1000 and 2000
objects drawn randomly from those seen by SWC and SWR,
respectively. Both were shown in their entirety to the experts,
which allows us to quantify the systems missed by the citizens.
While showing the 50 000 randoms directly to experts would
have been simpler, this would have far exceeded the project’s in-
spection capacity, and with a base rate of only one lens per sev-
eral thousand objects, a smaller random sample would instead
have been dominated by small-number statistics. We therefore
showed the full random sample to the citizens and corrected for
the Space Warps completeness separately. Amongst the initial
50 000 randoms, we recovered five grade A, 16 grade B, and 34
grade C systems.

Each lost term is drawn from a Beta posterior (Jeffreys prior)
conditioned on the number of lenses recovered in the relevant
random sample, and scaled to the number of objects rejected
at that stage. The ML term is additionally divided by the com-
pleteness of the citizen stages, since the 50 000 randoms were in-
spected by citizen scientists rather than experts. The full deriva-
tion is given in ECLIPSE-B. For grade A systems, we infer that
490+5300

−490 lenses were lost at the ML stage, 270+1500
−240 at the SWC

stage, and 860+330
−230 at the SWR stage. While we have definitive

examples of grade A lenses that were lost at the SWC and SWR
stages, there were notably zero grade A lenses in the random
sample of 50 000 that did not separately pass the ML threshold.
The inferred rate of grade A lenses lost by the ML is entirely
prior-dominated and the most likely value is that zero are lost by
the ML. For grade A+B systems, the numbers lost at the ML,
SWC, and SWR stages are respectively 5300+16400

−4900 , 7100+4600
−3200,

and 7000+780
−650. These numbers exclude the lenses found and lost

during the initial stages of the DR1 search, as part of the ML
training and calibration stages. Extrapolating from these num-
bers to the full DR1 area, we infer a completeness of 0.81+0.09

−0.17
for grade A and 0.43+0.07

−0.08 for grade A+B systems. The posterior
probability distributions are shown in Fig. 9.

Unlike in smaller searches such as Q1, the completeness here
is limited not only by the ML models but also by the capacity
for visual inspection. The experts could inspect only 0.04% of
the parent sample, so the threshold for reaching the expert grad-
ing stage was necessarily very high. As a result, many candi-
dates that the ML models and Space Warps ranked highly could
not be shown to the experts. The completeness is relatively high
for grade A systems but much lower for grade A+B, and no-
tably the number of grade A+B lenses we infer to have been
missed exceeds the number of non-lenses graded by the experts.
Consequently, even with perfect ML and Space Warps selection,
the expert capacity of this project would not have allowed every
grade A+B lens to be recovered. At this scale, the question is
therefore not only how many lenses are found, but which ones,
and our search preferentially recovers grade A systems. With
67 strong lensing experts across the Euclid Consortium already
contributing substantial time to this project, expanding expert
inspection much further is unlikely to be feasible. Scaling the
search to later data releases is likely to require automating the
final grading stage, for example with ML.

8.2. Visual inspection selection function

Our completeness estimate above uses expert grades as the
ground truth, and so cannot reveal systems that the experts them-
selves would miss. The selection function of the human inspec-

Fig. 9: Probability distribution of the completeness of this lens sample,
for both the grade A and grade A+B lens candidates. These numbers are
inferred from the number of lenses found from the randomly selected
samples, and use expert visual inspection scores as the ground truth.
The shaded regions represent the inferred 16th–84th percentile range,
with the dashed lines representing the median.

tion stages (both Space Warps and expert grading) can instead
be measured independently by inserting simulated lenses with
known properties into the lens identification pipeline. We used
two sets of simulations, described fully in ECLIPSE-B: lenses
constructed from real Euclid galaxies for both the deflector and
source (Euclid Collaboration: Rojas et al. 2026), and lenses gen-
erated with GLAMER (Metcalf & Petkova 2014) using deflectors
from the Flagship simulation (Euclid Collaboration: Castander
et al. 2025) and sources based on Hubble Ultra Deep Field galax-
ies. Together these span a wide range of Einstein radii and source
brightness. The simulations were injected into the lens identifica-
tion pipeline at the Space Warps stage, and so bypassed the ML
selection. Recovery was measured cumulatively, with a simu-
lated lens counting as recovered at a given stage only if it passed
that stage’s selection threshold and every preceding stage, with
recovery at the expert stage requiring a final grade of A or B.
Owing to inspection constraints, only a random subset of the
simulations passing each stage was forwarded to the next.

Figure 10 shows the resulting visual inspection selection
function. We quantify the lensed-source brightness through its
S/N, taken as the maximum ratio of the cumulative lensed-source
flux to the cumulative root-mean-square background noise, and
the recovery probability is smoothed with a Gaussian-process re-
gressor. S/N is the dominant driver of recovery: simulated lenses
with S/N ≲ 10 typically have a cumulative recovery probabil-
ity below 20%. At fixed S/N, systems with larger Einstein radii
are more likely to be recovered, although a large Einstein radius
does not compensate for low S/N. The selection is broadly sim-
ilar at each individual stage, so the effect compounds through
the pipeline. This motivated the direct-to-expert routes, in which
systems with the very highest ML or SWC scores bypassed the
subsequent stages, ensuring that the clearest lenses were not lost
to the compounded selection.

The selection function also depends on parameters beyond
Einstein radius and S/N, such as the colour contrast between de-
flector and source, and the recovery probability measured here
is therefore an average over the distribution of these parame-
ters in the simulations. Furthermore, it only applies directly to
real lenses that resemble the simulated population. The simula-
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Fig. 10: Selection probability for simulated strong lenses passing
through the visual-inspection stages, as a function of the lensed-source
S/N and the input Einstein radius. Points show individual simulations
(red selected, blue not selected), and the background contours show the
smoothed selection probability inferred from them. A simulation counts
as selected if it passes both Space Warps stages and receives a final ex-
pert grade of A or B.

tions are not optimised for deflectors with complex morpholo-
gies, such as discs, mergers, or multi-deflector lenses, and since
such systems are also less familiar to both the ML models and the
human inspectors, the selection function measured here likely
overestimates their recovery probability.

8.3. Missed known lenses

Since the random sample contains only a few tens of lenses, all
drawn from objects passing our catalogue selection, and the sim-
ulations do not necessarily capture the full diversity of real sys-
tems, the several hundred previously reported lenses within the
DR1 footprint provide a complementary test of completeness.
However, some candidates identified as strong lenses in ground-
based imaging are revealed in Euclid data to be clear non-lenses,
and we would therefore not expect to recover these. To address
this, Rojas et al. (in prep.) re-inspect previously reported lens
candidates that now have Euclid imaging, reclassifying each as
a ‘sure’ or ‘possible’ lens (the original publications are acknowl-
edged in Appendix D). This homogeneously graded sample al-
lows us to test what our systematic search missed and at what
stage lenses were lost.

Of the previously reported candidates that the re-inspection
classifies as galaxy–galaxy lenses, 549 lie within our DR1 search
footprint (excluding the Q1 area and deep fields, which were not
searched), of which 428 (78%) are recovered in our catalogue.
The recovery rate depends strongly on the confidence of the re-
inspection: 96% (290/303) of the ‘sure’ lenses are recovered,
compared with 56% (138/246) of the ‘possible’ lenses, consis-
tent with our search preferentially recovering the clearest sys-
tems. Out of the 13 ‘sure’ lenses we missed, one never entered
our search: an overlapping imaging artefact meant that MER did
not detect it, so it was absent from the Euclid catalogue rather
than removed by our selection cuts. Four of the 13 lenses were
rejected by the ML models, two of which had image-processing
issues and two of which were not fully contained within the
search cutout. The remaining eight passed the ML selection but
were not passed on by the citizen scientists; half of these had
atypically extended, diffuse arcs, while the others lacked obvi-

ous counter-images. Of the 108 ‘possible’ lenses that we missed,
only seven were lost at the catalogue level: five had no MER en-
try owing to nearby imaging artefacts, and two were too faint to
pass our magnitude cuts (both originally identified in HST imag-
ing). A further 40 were rejected by the ML models and 58 by
the citizen scientists, while the remaining three were ambiguous
systems with conflicting grades.

Overall, only eight of the 549 lenses (1.5%) were lost at the
catalogue level, and six of these were never detected by MER
owing to imaging artefacts rather than being removed by our se-
lection cuts. Our catalogue selection, which the random sample
could not test, therefore removes very few genuine lenses. Most
missed lenses were instead lost at the Space Warps (66) and ML
(44) stages. Since previously reported lenses were mostly found
in ground-based imaging, they are biased towards bright systems
with large Einstein radii, so the 96% recovery of ‘sure’ lenses is
best regarded as an upper limit on our completeness for the full
Euclid lens population.

9. Discussion and future prospects

A sample of 15 072 grade A+B lenses allows strong lensing to
be studied at the population level, not only system by system.
However, population studies require a thorough understanding
of the selection function to account for the incompleteness and
biases of the sample. In Sect. 8.2 we showed that recovery de-
pends strongly on S/N and Einstein radius, and these dependen-
cies must be accounted for to avoid biasing any population-level
science results. That measurement covers only the visual inspec-
tion stages, since the simulated lenses were injected at the Space
Warps stage and so skipped the ML selection. Extending the
same approach to the ML models is substantially more chal-
lenging, since, as shown in Euclid Collaboration: Lines et al.
(2026a), they treat simulations fundamentally differently to real
lenses in terms of predicted lens probability. Developing robust
methods for characterising ML selection functions that take this
into account will be the subject of future research. An alterna-
tive strategy is to limit the sample to a subset that can reasonably
be assumed to be close to complete, such as by restricting the
sample to large Einstein radii with high S/N, where the lensed
arcs subtend a large angle. For example, this approach was used
by Euclid Collaboration: Sonnenfeld et al. (2026) on the Q1 lens
sample to study the mass-to-light ratio of elliptical galaxies, tak-
ing into account selection effects.

A further complication, affecting both ML and visual inspec-
tion approaches, is the definition of ground truth itself. Through-
out this work we have used expert visual inspection grades to
provide our ground truth, but human inspectors are not infallible
(Rojas et al. 2023). These grades are inherently subjective and
sensitive to substantial variability between inspectors, making
them imperfect as an absolute standard. Spectroscopic follow-
up provides the most robust means of validating lens candidates
(Sect. 5), but only a small fraction of this catalogue currently
has the necessary spectra. The largest planned programme is
4SLSLS, beginning late 2026, which will measure deflector and
source redshift pairs for 10 000 lenses and velocity dispersions
for 5000 deflector galaxies. Beyond anchoring angular measure-
ments to physical quantities and providing independent mass es-
timates, these data will help us calculate the true positive rate
among our grade A, B, and C candidates and serve as a more
robust ground truth for data-driven studies of lens populations.
DESI is a comparable wide-field fibre spectroscopic survey that
is already ongoing, and although it does not systematically tar-
get lenses, it has observed around 2400 of our lens candidates,
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950 of which are in DR2. Once vetted, these are expected to pro-
vide deflector redshifts for many systems and a smaller subset of
source redshifts (Storfer et al., in prep.). Beyond these spectro-
scopic surveys, there is an ongoing effort to obtain deflector and
source redshifts for of order 100 lenses, leveraging optical and
NIR observations on 8–10 m class telescopes.

Looking further ahead, one of the most exciting prospects is
the synergy with the Vera C. Rubin Observatory, which is ex-
pected to transform the discovery of lensed transients, and in
particular lensed supernovae (SNe). The most reliable strategy
for finding cosmologically useful lensed SNe is expected to be
the systematic monitoring of known lens candidates for tran-
sient events (Sainz de Murieta et al. 2024), and the catalogue
presented here provides a natural watchlist of targets for this
purpose. Lensed SNe offer a promising avenue for time-delay
cosmography. Like lensed quasars, lensed SNe allow time-delay
measurements, but with several advantages for constraining H0:
their lightcurves are well understood, allowing time delays to be
measured in weeks rather than years; they disappear, enabling
us to resolve the lensed host for lens modelling; and the Type Ia
subset has standardisable luminosities that break modelling de-
generacies (Weisenbach et al. 2024). Only a few galaxy-scale
lensed SNe have been discovered to date, but by combining Ru-
bin’s monitoring with Euclid’s lens catalogues, this sample is
set to grow substantially. More broadly, Euclid’s large-scale dis-
covery of strong lenses will be complemented by similarly large
samples from upcoming surveys, including the Chinese Space
Station Telescope (Cao et al. 2024) and the Nancy Grace Roman
Space Telescope (Wedig et al. 2025), providing an increasingly
extensive population of strong lenses for follow-up and cosmo-
logical studies.

10. Conclusions

We have presented the Euclid DR1 strong lens catalogue, the
largest homogeneous catalogue of strong gravitational lenses to
date, discovered across 2000 deg2 of space-based imaging. The
catalogue was constructed using a bespoke discovery pipeline
(described in ECLIPSE-B) combining five complementary ML
models, over 4.5 million classifications from 6975 citizen sci-
entists via the Space Warps project on Zooniverse, and expert
grading by 67 members of the Euclid Consortium strong lensing
group. Our main conclusions are as follows.

• Amongst an initial sample of 68 million objects, we dis-
covered 6073 grade A, 8999 grade B, and 9010 grade C
strong lens candidates.
• Of these DR1 strong lens candidates, 93% of grade A, 98%

of grade B, and 99% of grade C systems are new discoveries
not previously reported.
• Automated lens models are available for the combined

grade A+B systems (ECLIPSE-C), providing Einstein radii,
deblended deflector and source photometry, and pixelised
source reconstructions. The model outputs were vetted, with
67% of grade A and 43% of grade B systems having a lens
model judged to be successful by 75% of the vetters.
• Photometric redshifts and stellar population properties of

the deflector galaxies are provided in ECLIPSE-D. The
deflectors are predominantly massive quiescent galaxies,
with log10(M∗/M⊙) = 11.39+0.29

−0.33, log10(sSFR/yr−1) =

−11.25+0.57
−0.37, and zphot = 0.68+0.33

−0.29.
• Vetted DESI spectroscopic redshifts are available for 379

systems, of which 20 have both deflector and source red-
shifts. For the deflector and source galaxies, these span
0.05 < zlens < 1.1 and 0.3 < zsource < 2.7, respectively.

• Beyond classical Einstein rings, the catalogue contains rarer
and more exotic systems. This includes 84 double-source-
plane lens candidates, over 1000 candidate cases of lensing
by disc galaxies (including a small number of face-on spi-
rals), and several hundred lensed AGN and quasar candi-
dates. Together, these constitute the largest sample to date
for most of these classes.
• Using the intrinsic rate of lenses identified from a randomly

selected subset of the parent sample, we estimate a complete-
ness of 81+9

−17% for the grade A lens candidates, and 43+7
−8%

for the grade A+B lens candidates, relative to what would
have been discovered had we inspected everything passing
the catalogue selection cut. The main limitation is the ca-
pacity for expert grading rather than the purity of the search
stages.
• We recover 96% of previously reported galaxy–galaxy lenses

in our search area that are independently verified as ‘sure’
lenses in Euclid imaging.

This catalogue enables a broad range of science cases, exploiting
both the deflector and source populations at a scale not previ-
ously possible. These include: the internal structure of deflector
galaxies, including dark matter content, density slope, and the
stellar IMF; how these properties depend on galaxy morphol-
ogy, comparing elliptical and disc deflectors; scaling relations
between lens properties, stellar mass, and redshift, extending to
a wider range of both than previous spectroscopically selected
samples; resolved studies of the source population, from ex-
tended star-forming galaxies to compact and point-like sources
such as quasars; and cosmological constraints from double-
source-plane systems and, longer term, from lensed quasars and
SNe via time-delay cosmography. As the Euclid survey pro-
gresses through its data releases, the scale of the lens sample will
grow substantially. Scaling up the number of grade A+B systems
to Euclid DR2 (mid 2029) and DR3 (late 2031) by area, we an-
ticipate the discovery of 60 000 and 110 000 cumulative Euclid
strong lens candidates, respectively. With similarly large sam-
ples expected from the Nancy Grace Roman Space Telescope
and the Chinese Space Station Telescope, Euclid DR1 marks the
beginning of the statistical era of strong gravitational lensing.
What was once a population of hundreds of individual systems
is now becoming a sample of tens of thousands, opening up new
possibilities for the systematic study and exploitation of strong
lenses for astrophysics and cosmology.

11. Data availability

The lens catalogue, lens models, photometric redshifts, and stel-
lar population properties are available on Zenodo at https:
//doi.org/10.5281/zenodo.19654904. The ECLIPSE cat-
alogue can also be browsed interactively at https://
euclid-eclipse-lenses.org. The Euclid DR1 data are
available at https://www.cosmos.esa.int/web/euclid/
data-release-dr1.
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Fig. A.1: Top 117 lens candidates in DR1 according to ML scores. All of these were assigned grade A during the expert inspection stage.



(a) Randomly selected subset of the grade A systems.

(b) Randomly selected subset of the grade B systems.

(c) Randomly selected subset of the grade C systems.

Fig. A.2: Examples of randomly selected systems assigned grades A, B, and C during the expert inspection stage.
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Fig. B.1: Grade C candidates with both deflector and source redshifts from DESI DR1. The left panels show the smoothed DESI spectra with
their 1σ uncertainties (shaded), with deflector absorption features (red, dotted) and source emission lines (blue, dashed) marked at the indicated
redshifts. Vertical grey bands mark the telluric O2 absorption bands. The right images show 10′′×10′′ Euclid cutouts, with the white ticks marking
the edge of the 1 .′′5 DESI fibre.

Appendix A: Representative images

A.1. Top images identified by ML

In Fig. A.1 we show the top 117 (unique) lenses in DR1 accord-
ing to the mean score of two ML classifiers (neural networks
4 and 5 of ECLIPSE-B). All of these lenses were classified as
grade A, indicating a 100% purity for these ML classifiers in the
top ranks based on expert grades.

A.2. Random images of each grade class

In Fig. A.2 we show a random selection of systems from each
grade assigned during the expert classification. Grade A sys-
tems typically show clear arcs or multiple images, while grade B
and C systems increasingly include fainter, smaller-separation,
or less symmetric features, for which a lensing interpretation
is plausible but not certain from the imaging alone. In particu-
lar, grade C systems mostly consist of either arcs with no obvi-
ous counter-image, or ring-like structures that are not clear Ein-
stein rings. The boundaries between grades are not sharp, and
some systems shown here could reasonably have been assigned
an adjacent grade. Readers who require a different trade-off be-

tween purity and completeness can instead use the continuous
lens score provided in the catalogue.

Appendix B: DESI spectra of grade C candidates

In Fig. B.1 we show the three grade C candidates for which DESI
DR1 spectra include both a deflector and a source redshift (Stor-
fer et al., in prep.). In each case, a single fibre centred on the
deflector captures both the deflector continuum and absorption
features and the emission lines of a background source.

J170734.355+555258.98 (top) is a bright early-type galaxy
at z = 0.258 with a faint arc close to the deflector light. The
spectrum shows [O ii], H β, [O iii], and Hα emission at z =
0.468, placing a star-forming galaxy behind the deflector and
within the fibre. However, without an obvious counter-image,
we cannot exclude that the background galaxy is only weakly
lensed. This would likely be resolved through lens modelling.
J171525.314+583731.15 (middle) is an inclined disc galaxy at
z = 0.302 with a blue ring close to its centre, for which a spiral
arm or star-forming ring could provide a plausible non-lensing
explanation. However, strong [O ii], H β, and [O iii] emission at
z = 0.731 shows that the emission does not originate in the disc
itself. J094904.876+652707.32 (bottom) has a compact red de-
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a: J100937.880+724953.06 b: J172549.501+563907.56 c: J042343.285-241418.07 d: J130125.466+710615.84 e: J032906.375-434038.64

f: J021644.008-321624.80 g: J032418.949-550556.29 h: J025740.734-494114.13 i: J035136.026-435007.42 j: J052748.283-393012.74

Fig. C.1: Empty rings identified during the search. Individual images are 10′′ × 10′′.

flector at z = 0.805, identified from Ca H+K and G-band ab-
sorption, with blue features on either side. The spectrum shows
strong [O ii] emission at 9263 Å, placing a star-forming source
at z = 1.485 behind the deflector and within the fibre. Together
with the configuration of the blue features, this makes the system
a very likely strong lens. These examples show that the grade C
sample, while of lower purity than grades A and B, still contains
genuine strong lenses.

Appendix C: Unusual non-lenses discovered in the
search

The ML algorithms trained to detect strong lenses have been
shown to focus on arcs (Euclid Collaboration: Vincken et al.
2026). Therefore, we expect that unusual arc-like structures are
likely to come up in our search. While the models are trained
against more standard contaminants, typically spiral and ring
galaxies, there exist other atypical arc structures in the Universe.

During the Space Warps inspection phase of the project, ap-
proximately 20 objects were flagged that exhibit ring-like mor-
phologies with seemingly empty centres in all Euclid bands and
in available ground-based data, some of which are displayed in
Fig. C.1. Follow-up checks confirmed that the ring structures
are not Euclid artefacts; an example is shown in Fig. C.2a. This
distinguishes them from red deflectors such as that in Fig. 6m,
which are faint in VIS but clearly detected in the NIR. Due to
their unusual morphologies, these systems were mostly graded
as non-lenses. If such objects were confirmed as strong-lensing
systems, they would be of considerable interest. Rare lensing
configurations arising from unstable caustics can produce offset,
four-image ring-like structures, known as hyperbolic umbilics
(Meena & Bagla 2020); however, these configurations require
highly complex mass distributions and are primarily expected in
cluster-scale lenses (e.g., Lagattuta et al. 2023), which does not
appear to be the case for these systems. More generally, more
exotic lensing scenarios involving predominantly dark deflectors
(e.g., dark matter haloes or non-luminous compact objects) are
not excluded in principle, but there is currently no observational
evidence for such configurations at the scales relevant here.

When considering the full set of examples collectively, the
interpretation of these systems as potential gravitational lenses

is less compelling. The rings are generally more elliptical than
is typical for galaxy-scale lenses, and the features are often
clumpy, diffuse, and asymmetric in a manner less characteris-
tic of strongly lensed arcs. We attempted to model one such sys-
tem, shown in Fig. C.2b. The lens model used an elliptical power
law plus shear to model the mass (with the neighbouring galaxy
masked out), and attempted to reconstruct the source light on a
pixelised grid, as in Li et al. (2026). While the model was able
to reproduce the broad ring-like morphology, it failed to recover
the detailed structure of the data while focusing the source in the
source plane. Although a more sophisticated lens model with ad-
ditional degrees of freedom could potentially improve the fit, this
exercise serves as a useful diagnostic test and indicates that the
system is not straightforwardly explained as a strong lens.

Additionally, the fact that all cases have a nearby companion
galaxy suggests that these objects are more likely to be colli-
sional ring systems (Appleton & Struck-Marcell 1996) – e.g.,
see Arp 147 – than instances of strong gravitational lensing. In
collisional ring galaxies, a companion passes through the disc
of a larger galaxy, driving an expanding density wave that pulls
stars outwards and compresses gas into a star-forming ring. The
absence of a central detection is not unusual for such systems:
the stellar density interior to the wave can be left far below that
of the ring, leaving any remaining central population too faint to
detect, and an off-centre impact can displace the nucleus into the
ring itself. Madore et al. (2009) present a catalogue of over 100
collisional ring candidates, many of which resemble the systems
highlighted here, and for all of which a plausible companion col-
lider is identified.

Spectroscopy supports this interpretation in the one case
where it is available for both a ring and its companion. Two
DESI DR1 fibres were placed on J175700.256+631344.17: one
on the ring, and one on the compact red galaxy to its north-east.4
The ring has a blue, star-forming spectrum with [O ii], H β, and
[O iii] emission at z = 0.7718, while the companion has a red
continuum with Ca H+K and G-band absorption at z = 0.7732.
The two are separated by only about 240 km s−1 in velocity and

4 https://www.legacysurvey.org/viewer/desi-spectrum/
dr1/targetid39633425258253254 (ring) and https:
//www.legacysurvey.org/viewer/desi-spectrum/dr1/
targetid39633425258253267 (companion).
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(a) (b)

Fig. C.2: Empty ring J100937.880+724953.06. (a) 10′′ × 10′′ cutouts in all eight available filters; although the ground-based resolution is limited,
the structure appears similar in every filter, none containing significant central flux. (b) Attempted lens model, showing the data, model image,
normalised residuals, and reconstructed source.

∼21 kpc in projection, and are therefore a physically associated
pair, strongly favouring a collisional ring over a lensed back-
ground source.

Nevertheless, collisional ring systems remain rare and astro-
physically interesting in their own right. It is also encouraging
that the ML models do not appear to be strongly biased towards
recognising only systems resembling those in the training set,
and that unusual arc-like morphologies are nonetheless recov-
ered by the search pipeline.

Appendix D: Previously reported lenses

Of the strong lens candidates presented in this catalogue, 417
grade A, 161 grade B, and 55 grade C systems had been reported
in prior publications. For each of these systems, our catalogue
includes the earliest publication we could identify in which it
was reported. These works, along with those reporting the lenses
used to test our completeness in Sect. 8.3, span ground-based
and space-based imaging as well as spectroscopic searches: Ca-
banac et al. (2005); Oguri et al. (2008); Calanog et al. (2014);
Pawase et al. (2014); Agnello et al. (2015); Nord et al. (2016);
Carrasco et al. (2017); Diehl et al. (2017); Schechter et al.
(2017); Lin et al. (2017); Desprez et al. (2018); Repp & Ebel-
ing (2018); Wong et al. (2018); Jacobs et al. (2019a,b); Petrillo
et al. (2019); Shajib et al. (2019); Cañameras et al. (2020); Cao
et al. (2020); Jaelani et al. (2020a); Lemon et al. (2020); Li
et al. (2020); Teimoorinia et al. (2020); Cañameras et al. (2021);
Huang et al. (2021); Li et al. (2021); Talbot et al. (2021); Garvin
et al. (2022); O’Donnell et al. (2022); Rojas et al. (2022); Shu
et al. (2022); Stein et al. (2022); Wong et al. (2022); Zhong et al.
(2022); Keerthi Vasan et al. (2023); Lemon et al. (2023); Jae-
lani et al. (2024); Storfer et al. (2024); Liu et al. (2025); Nagam
et al. (2025); O’Ryan & Gómez (2025); Schuldt et al. (2025);
González et al. (2026); Inchausti et al. (2026); Karp et al. (2026);
Sheu et al. (2026); Storfer et al. (2026).

Appendix E: Space Warps volunteers

This project would not be possible without the immense
contributions of citizen-scientists. Volunteers who classified
more than 100 Euclid images on Space Warps whose names
were available for publication are listed below. Zooniverse IDs

for all those who classified more than one image are listed on
‘The Team’ webpage. We greatly appreciate their commitment,
enthusiasm, and time.

A. Kirkpatrick, Aaira Sharjeel, Aaron Michael Cano, Abbey Jennings, Abby Cle-
venger, Abegail Chanyalew, Abiel Wong, Abigail Ginsberg, Abigail Zheng, Ada
Rosenfield, Adam Setchfield, Adam Vitti, Addison Butz, Adeerah Nair, Adrian As-
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