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ABSTRACT

Determining the Hubble constant tension requires alternative strategies, and multiply imaged quasars, with their intermediate redshifts,
can potentially be used in this regard. We provide a currently complete catalogue of spectroscopically confirmed lensed quasars with
ESA/Gaia astrometry and photometry, as well as redshifts and time delays when available. In addition to the improved astrometry,
the catalogue increases the number of lensed quasars by a factor of 1.5 (now 364, of which 277 are doubles and 87 are quads or
triples) and significantly increases the number of lensing galaxies detected (now 218), which represents a major step forward. Redshifts
are provided for 347 quasars and 188 deflectors. A completely new table of time delays, required for estimates of Hy, is presented,
with 195 time delays from 73 systems. Gaia absolute astrometry is sub-milliarcsecond and covers the entire sky. Future Gaia data
releases will provide long-term photometry, which should provide many more time delays. The catalogues as presented here enable
machine-learning techniques to be trained and tested and subsequently applied to the Gaia data releases. Finally, we derive simple but
homogeneous models of the 18 quadruply imaged quasars for which images of all four components are presented in Gaia DR3.
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1. Introduction

Gravitationally lensed quasars are precious tools for astrophys-
ical and cosmological studies. Identifying and characterising
these lensed quasar systems is necessary for a broad range of
applications, from time-delay cosmography to probing substruc-
ture in lensing galaxies. Specifically, there is now a division

* Corresponding author. christine.ducourant@u-bordeaux. fr

in the values of the Hubble-Lemaitre constant (Hgy) into local
Universe values around 73 km/s/Mpc and cosmic-microwave-
background-based values near 67 km/s/Mpc. Lensed quasars
could be an important element in resolving or understanding
the tension in the Hubble-Lemaitre constant (Colago 2025;
Freedman 2021). Until now, only a few attempts have been made
to estimate Hy in this way (Wong et al. 2020) due to the required
precision and the need for a lens model.
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The Gaia satellite (Gaia Collaboration 2016) of the European
Space Agency (ESA) repeatedly covers the entire sky at high
angular resolution, obtaining photometry and spectra. In addition
to the precise astrometry for which the mission was designed,
Gaia can detect images of lensed quasars even at very small sep-
arations (~250 mas) and obtain repeated measurements of their
fluxes.

In 2018, the Gaia Gral. Gravitational Lens search team
released the first version of a catalogue compiling known grav-
itationally lensed quasars from the literature (Ducourant et al.
2018) as a reference set for both statistical studies and machine-
learning validation. The ever-growing number of lensed quasars
and the availability of Gaia Data Release 3 (DR3; Gaia
Collaboration 2023b, 2021a,b) and the recent Focus Product
Release (FPR; Gaia Collaboration 2024) motivated the construc-
tion of a new catalogue presenting the accurate Gaia astrometry
and new products related to the lenses.

The new catalogue now contains all the spectroscopically
confirmed gravitationally lensed quasars we could find in the
literature. Gaia DR3 and FPR astrometry and photometry, as
well as available redshifts from Gaia and the Milliquas cata-
logue (Flesch 2023), are included. A literature search resulted
in a list of the time delays from the image pairs. The catalogue
produced in this work gathers these data and is designed to sup-
port modelling efforts and to serve as a validation benchmark,
and/or training set, for lens searches in current and forthcoming
sky surveys.

Section 2 presents the content of the catalogue of lensed
quasars. Section 3 describes the matching of the lenses with
the Gaia DR3 and FPR. Section 4 provides the redshifts of the
lensed quasars and the deflecting galaxies. The compilation of
time delays is presented in Sect. 5, and the modelling of the
quads fully measured by Gaia DR3 is presented in Sect. 6.

2. The catalogue

The current catalogue was compiled by combining the confirmed
lenses from the first version of the catalogue (see Ducourant et al.
2018 for the origin of the data) with all discoveries published
since 2018, as extensively referenced in the footnote of Table A.1.
We provide a comprehensive list of spectroscopically confirmed
lenses together with their corresponding discovery publications.
The size of the lenses, ranging from 0.2” to 59.9”, is also pro-
vided. For each component of every lens, we include the Gaia
astrometry — that is, absolute coordinates rather than offsets rel-
ative to a reference. We therefore provide astrometric data from
Gaia DR3, the Gaia FPR, and the discovery papers, and define
the ‘best coordinates’ (ra_best, dec_best) parameters as follows:
Gaia DR3 coordinates are used by default; if unavailable, Gaia
FPR values are adopted; and if neither is available, we used the
Hubble Space Telescope astrometry from Schmidt et al. (2023) if
it exists. Finally, if none of these sources provides astrometry, the
‘best coordinates’ correspond to the values reported in the dis-
covery paper. The origin of these ‘best’ coordinates is indicated
in the ‘astrometry_best’ parameter.

The catalogue also provides redshifts from Milliquas (Flesch
2023), Gaia DR3 (QSOC redshifts; Delchambre et al. 2023),
and the Southern-Hemisphere Spectroscopic Redshift Compi-
lation (SHSRC; de Lima 2024). The discovery publications
and the origin of redshifts are also indicated (see the footnote
of Table A.l1 for an extensive list of references). Finally, the
catalogue includes all published time delays. These time delays
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have been carefully matched to the component numbering used
in our dataset, saving the user the difficulty of cross-matching
component identifications across multiple publications. Tables
A.l and B.1 present extracts of the catalogue. Additionally, a
cross-match of the table has been performed with the AIIWISE
catalogue, and the (W1, W2, W3, W4) magnitudes, and errors
are reported in our catalogue.

The first version of the catalogue (Ducourant et al. 2018)
included 233 confirmed lenses from the literature from before
2018, of which 43 were quads. Candidate lenses were also
included. However, many authors have since published extensive
lists of candidates, most of which are unlikely to be confirmed.
As a result, we now track only spectroscopically confirmed
gravitational lens systems.

Figure 1 shows that the number of discoveries of lensed
quasars has increased rapidly over time. The vertical lines indi-
cate the Gaia data releases. Before Gaia DRI, the discovery
rate was approximately 5—10 per year, but immediately after its
second release, it increased to 40 per year and doubled again
after DR3. Among the largest contributors to these discoveries
are Lemon et al. (2018, 2019), Delchambre et al. (2019), Lemon
et al. (2020, 2023), and Stern et al. (2021). This increase is not
only due to the delivery of Gaia data but also to other large sur-
veys published in the same years, for example that from the Dark
Energy Spectroscopic Instrument (DESI; Duncan 2022).

The current catalogue contains 1 090 sources (quasar images
and galaxies) distributed in 364 systems (80 quads, 7 triples, and
277 doublets). Figure D.1 provides charts for all the quads and
triples with the identification of the A, B, C, and D components
as well as deflecting galaxies.

The number of quads has almost doubled compared to the
first release of the catalogue, and the number of doublets has
increased by a factor of ~1.5. An all-sky chart of the catalogue
content is shown in galactic coordinates in Fig. 2.

The catalogue provides the user with the lens identifier, ref-
erence of the discovery paper, Gaia astrometry and photometry
when a match was found in DR3 or FPR, and the redshifts of
the quasar and the deflecting galaxy when available, either from
the discovery paper or the literature. Additionally, the catalogue
has also been cross-matched with major redshift catalogues such
as Milliquas, Gaia DR3, and the SHSRC. Finally, colours from
the AIIWISE (Cutri et al. 2021) catalogue are also provided. An
extract of the catalogue is shown in Table A.l, presenting the
18 quadruply imaged quasars fully measured by Gaia DR3 with
selected properties.

The catalogue is available through the CDS, with access
provided through Virtual Observatory-ready tools.

3. Match with Gaia data
3.1. Gaia DR3 and FPR

Gaia DR3 (Gaia Collaboration 2023b, 2021a,b) marks a mile-
stone in ESA’s Gaia mission, with the publication of tables
dedicated to quasar candidates and galaxy candidates (Gaia
Collaboration 2023a; Ducourant et al. 2023). Released in 2022,
Gaia DR3 provides positions, motions, fluxes, and spectroscopic
information on nearly 1.8 billion celestial objects, including
6.6 million quasar candidates. However, the catalogue remains
incomplete for small angular separations (Arenou et al. 2017,
2018; Fabricius et al. 2021; Torra et al. 2021), which are typical
for most lenses, as was the case for DR2 and was expected for
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Fig. 1. Number of confirmed lensed quasars discovered per year. The
lines correspond to the date of publication of Gaia DR1 (September
2016), DR2 (April 2018), and DR3 (June 2022).
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Fig. 2. All-sky chart in galactic coordinates of the lensed quasars from
the catalogue. Quads are indicated with red crosses and doublets with
blue dots. This full-sky map uses the Hammer—Aitoff projection in
galactic coordinates, with / = b = 0 at the centre, north up, and / increas-
ing from right to left.

early mission products. This has led some known lensed quasar
images to lack Gaia counterparts (see e.g. Ducourant et al. 2018).

A Gaia Data Processing and Analysis Consortium (DPAC)
group has been working on a more complete catalogue of sources
located in the immediate vicinity of a selection of 3.7 mil-
lion candidate quasars. This effort resulted in the publication
of the Gaia FPR, also known as the GravLens catalogue (Gaia
Collaboration 2024). The catalogue includes the positions and
magnitudes of 4.7 million sources detected within 6” of the
candidate quasars.

Gaia DR3 includes the positions (a,?d), parallaxes (w),
proper-motions (1, Us), and fluxes in the G, Ggp, and Grp pass-
bands (Riello et al. 2018) along with their uncertainties. We
performed a positional cross-match within a maximum angular
separation of 0.5” between the astrometry found in the literature
and the Gaia DR3 and FPR. From the 1090 individual sources
(quasar images and galaxies) of our catalogue, 689 (63% ) are
measured by Gaia. Of the 80 quads, 18 are fully detected with
four images in Gaia DR3 and 23 with measurements coming
from Gaia DR3 or FPR.

Several quads were not completely detected despite being
within Gaia’s capabilities. For example, G2237+0305 has only
two of its four components published in Gaia DR3, but the
two missing components are indeed present in the Gaia FPR.

200
= 150 . 200
[ [
Ee} Ee}
£ 100 £
z Z 100
50 ‘
-6 -4 -2 0 2 4 6 0 2 4 6 8 10 12 14
parallax (mas) pm (masl/yr)
100 M
80 150
% 60 3
E £ 100
2 . H
50 ’
20 ’
. il [ o . ..
-6 -4 -2 0 2 4 6 0 2 4 6 8 10 12 14 16 18 20
parallax_over_error pm_over_error
80
60
N _ 60
(<] (<]
Q O Q
E¢ £ 40
z z
) ‘ ’ B ‘ H’
OHHHHH I ol= \‘ HHE‘ -
16 17 18 19 20 21 22 0 1 2 3
G (mag) BP-RP (mag)

Fig. 3. Distributions of the astrometric and photometric parame-
ters of sources matched with Gaia DR3. parallax_over_error and
pm_over_error stand for the parameters divided by their errors.

The FPR astrometry and photometry are known to be less accu-
rate than DR3 data (Gaia Collaboration 2024), so one should
consider FPR data only for sources not detected in DR3. The
resolving power of the Gaia instrument is ~0.2”, but the effec-
tive angular resolution of the Gaia DR3 is poorer, ~0.3"”. The
current Gaia data cross-matching, astrometric solution vali-
dation, and filtering of possible spurious sources hinder the
detection of the predicted ~2900 lenses (Finet & Surdej 2016)
that should be detected by the satellite. Each Gaia data release is
expected to provide better effective resolution, and so merged
systems in the Gaia DR3 may be separated in further data
releases.

3.2. Properties

The statistics of the Gaia DR3 astrometric and photometric
parameters are shown in Fig. 3. As expected, the distributions
of proper motions and parallaxes are centred on null values,
with standard deviations smaller than 1.3 mas for parallaxes
and 1.5 mas/yr for proper motions. A few large values are,
however, found (i, c0S(0)mar = —14.6 £ 2.5 maslyr, us,, =
—9.4 + 0.8 mas/yr, and @, = —23.8 £ 3.6 mas); this can be
explained by the extended and diffuse structures of the sources,
which can induce spurious parallaxes and proper motions (Gaia
Collaboration 2023a; Makarov & Secrest 2022; Souchay et al.
2022). They are generally near the faint limit of the Gaia
detection.

Based on the known lenses, one can develop astrometric fil-
ters to search for lenses in Gaia DR3. Catalogue sources have
@ — 304 < 4 mas/yr and |u| — 30, < 4 mas/yr, where y stands
for both u, cos(d) and u;s. These ‘soft’ cuts result in some stel-
lar contamination when applied to Gaia data, but should not
result in the rejection of many genuine lens systems. Similar
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Fig. 4. Distribution of the spectroscopic redshifts of quasars and lensing
galaxies collected from the literature (number per 0.2 redshift bins).

cuts were applied in Krone-Martins et al. (2018), and also in a
large, machine-learning-based, systematic blind search for lenses
in Gaia DR2 (Delchambre et al. 2019).

4. Redshifts

We searched the literature for spectroscopic redshift informa-
tion on the known gravitational lens systems (see the Table A.1
footnote for the full list of references). We also searched large
redshift catalogues such as Milliquas (Flesch 2023), Gaia DR3
(Gaia Collaboration 2023a), and the SHSRC (de Lima 2024). We
performed a 1” positional match between the catalogue sources
and these catalogues and kept the best match.

In total, we collected 347 redshifts of lensed quasars and 189
redshifts of deflecting galaxies. Figure 4 presents the distribution
of the redshifts of the quasars and the lenses. The peak of the
redshift distribution of quasars is at Zyource ~ 1.98, and the peak
of deflecting galaxies is at zZgefiector ~ 0.45.

5. Time delays

A very promising approach to resolving the tension in the
Hubble—-Lemaitre constant (Colaco 2025; Freedman 2021) is
to use time delays between quasar images to measure abso-
lute path differences for the light. The path length difference
provides an absolute reference and hence a value for Hy, the
Hubble-Lemaitre constant. The uncertainty in H, arises from
the uncertainty in the delay and in the model of the lens. Deter-
minations of Hy range between the local Universe values of
~73 km/s/Mpc and the cosmology-based Wilkinson Microwave
Anisotropy Probe (WMAP) or Planck values of ~67 km/s/Mpc.
Time delays are measured when there is a characteristic flux
variation that can be identified in two or more light curves, mean-
ing that quasars with very weak flux variations will not have
measurable time delays.

Long time delays are generally more useful for the deter-
mination of Hj because it is the fractional uncertainty that is
relevant. With its ~2000 days time series, Gaia should enor-
mously increase the number of time delays and, in particular,
long time delays in its forthcoming DR4. Gaia should comple-
ment ground-based observations, which have higher observing
frequencies, generally shorter durations, and poorer angular
resolution.
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Fig. 5. Distributions of the values of time delays (|At4g|, |Atacl, ...) for
the known lenses listed in Table B.1.

We searched the literature for published time delays of lensed
quasars (see Table B.1 for the full list of references) and found
73 quasars with at least one measured time delay and a total of
195 individual delays, including within a new, unpublished quad,
DESJ0029-3814 (Schechter, in prep.). These data are provided
in Table B.1. Figure 5 shows the distribution of the time delays
collected.

One can see that the peak of the distribution is around
20 days, and the largest values are around 2000 days. The number
of time delays has increased rapidly recently, mostly thanks to
the COSMOGRAIL and TDCOSMO publications (Millon et al.
2020b,c; Dux et al. 2025a).

6. Modelling of the quads

Inferring Hy from time delays requires that the distribution of
the mass along the line of sight be known (Treu et al. 2022).
However, we can usually assume that the bending of the light
occurs in a plane perpendicular to the observer-lensing galaxy
direction, which contains all of its projected mass. This thin lens
approximation provides us with simple models for the mass dis-
tribution projected onto the lens plane (see Keeton 2001 for the
most commonly used mass models). For accuracy and homo-
geneity, we decided to model the 18 known quadruply imaged
quasars for which all four images are available in Gaia DR3. We
used as input the observed positions (x;, ;) and fluxes (f;) of the
lensed images i € {1,...,4} that are reproduced using a singu-
lar isothermal ellipsoid (SIE) lens model (Kormann et al. 1994)
in the presence of an external shear (Kovner 1987), hereafter
the SIE+shear lens model. The predicted image positions (%;, ;)
and amplifications ({I;) associated with a given position of the
source (xy, ;) were computed using the lenstronomy software
(Birrer & Amara 2018). We summarise here the parameters of
the SIE+shear lens model that are specific to the lenstronomy
software; a more detailed description is presented in Birrer
et al. (2021). The SIE+shear lens model is defined through a
dimensionless surface mass density,

=

k(x,y) = 6%E[q (x—xg)2+( p

oI—

, ey

where 0 is the circularised Einstein radius; ¢ is the ratio of
the minor to the major axis; (x,,y,) is the position of the lens-
ing galaxy; and (x, y) is a coordinate system respectively aligned
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with the minor and major axis of the lens. The system orienta-
tion (¢), shear orientation (¢,), and strength () are related to the
complex ellipticity moduli (e,, e,) and shear components (yy,y,)
presented in Table C.1 through

e\ _ 1-q [cos2¢) Yx cos(2¢,)
= — . d = . Y . 2
(ey) l+gq ( sin(2¢) an Yy Y sin(2¢,) 2)
The parameters of the lens model are retrieved by minimising
the chi-square:

4 T . ~ o2
2_ 2 2 _ X — Xi S fxi— &) i fy)
X _Xp°S+Xﬂ“"_Z(yi—9i) Ci (yi—ﬁi)+ ot - O)

i=1
where ClTl is the inverse covariance matrix on (x;, y;); fs is the
original, non-lensed source flux; and a'zi are the uncertainties
on f;. If we assume that all lensed images have valid posi-
tions and fluxes, then Eq. (3) has twelve constraints and ten
free parameters, yielding two degrees of freedom. Using parti-
cle swarm optimisation, we found that the minimum of Eq. (3)
(Kennedy & Eberhart 1995) first converges to an initial guess
of the parameters, which were then refined using a burned-in
Monte Carlo Markov chain (MCMC) sampler (Foreman-Mackey
et al. 2013) that simultaneously provides the uncertainties on the
final parameters. The SIE+shear lens model also requires f; > 0
and eﬁ + eﬁ < 1, while we further impose —0.5 < y, < 0.5 and

~0.5 <y, < 0.5 such that y < 277,

The relatively large positional chi-squares observed in
Table C.1 (median X%os =72) can largely be explained by the very
low astrometric uncertainty of Gaia (e.g. a median uncertainty of
0.27 mas in our sample) along with gravitational lensing effects
that are not taken into account by the SIE+shear lens model:
galaxy sub-structure, multiple deflectors, intervening galaxies
along the line of sight, and micro-lensing. Micro-lensing, when
combined with time delays and with the limitations of our model,
is also the main cause of the large flux chi-squares (median
Xa, =T17).

If we ignore the very low astrometric uncertainties of Gaia,
most of the image positions are accurately reproduced by our
model with a median root mean square (rms) error of 1.6 mas
according to Table C.1. Notable exceptions are:

— J1606-2333 (rms of 134 mas). Image C has loose constraints
that permit a large rms with a reasonable )(gos of 36.67. The
main deflector also has a companion object near image C
that can potentially explain the observed discrepancy (Shajib
et al. 2019);

— GraL065904.1+162909 (rms of 84 mas). This system is
known to be complicated to model with a SIE+shear lens
model and has a satellite object close to image D (Schmidt
et al. 2023; Ertl et al. 2023; Stern et al. 2021);

— B1422+231 (rms of 53 mas). Image D has large positional
uncertainties of o, = 70 mas and o, = 46 mas, although its
large )(gm of 450.13 comes from image B. Sluse et al. (2012)
had to introduce a second lensing galaxy to properly model
this system;

— RXJ0911+0551 (rms of 37 mas). Images A and C are inaccu-
rately reproduced owing to the presence of a small satellite
galaxy (Kneib et al. 2000);

— GralL081828.3-261325 (rms of 32 mas). Images C and D are
inaccurately reproduced as the deflector presumably consists
of a group or cluster of galaxies (Schmidt et al. 2023; Stern
et al. 2021);

— 2MASSJ13102005-1714579 (rms of 22 mas). Images B and
C are inaccurately reproduced as this system has two notice-
able lensing galaxies (see Appendix D.1).
All other systems have an rms of less than 7 mas. We should note
here that the presence of multiple deflectors does not imply that
the image positions are inaccurately reproduced since, for exam-
ple, the cluster-lensed system SDSS1004+4112 has an rms of
0.2 mas. We finally compared the predicted position of the
deflector to the position of the photo-centre provided in our cat-
alogue for 11 systems and found a rather good agreement, of
the order of 500 mas, with the exception of SDSS1004+4112,
where a shift of 1.4 is observed due to its wide separation
and due to the fact that the deflector is composed of a cluster
of galaxies. These differences, along with the discrepant values
of the SIE+shear parameters we obtained compared to literature
values, mainly come from the fact that we voluntarily do not
artificially inflate the uncertainties on the observed fluxes, as is
commonly done in lens modelling to compensate for the effect
of micro-lensing, time delays, and galaxy sub-structures.

Accordingly, more sophisticated models exist in the litera-
ture that we do not aim to compete with. When available, these
models should be preferred to the simple SIE+shear model pre-
sented here. A non-exhaustive list of such models can be found
in Schmidt et al. (2023) for the quads with indices 1, 3, 4, 8, 13,
15, 17, and 18 in Table C.1; Ertl et al. (2023) for 3, 10, 13, and
15; Stern et al. (2021) for 3, 5, 9, and 15; Rusu et al. (2020) for
16; Shajib et al. (2019) for 1, 14, and 18; Lucey et al. (2018) for
11; Wong et al. (2017) for 2; Sluse et al. (2012) for 5, 7, and 12;
Chantry et al. (2010) for 2 and 10; and Williams & Saha (2004)
for 6.

7. Conclusions

We provide a comprehensive catalogue containing the most
relevant information for each known lensed quasar and its com-
ponents, including the best absolute astrometry, redshifts, and
time delays available. The catalogue comprises 364 spectroscop-
ically confirmed lensed systems, including 80 quadruply imaged
quasars, 7 triply imaged quasars, and 277 doublets, along with
precise astrometric data for 218 deflecting galaxies. The cata-
logue incorporates positional and photometric information from
Gaia DR3 and the GravLens FPR, the best absolute positions
currently available.

Redshifts for 347 quasars and 188 lensing galaxies have been
compiled from the literature and major spectroscopic catalogues.
We also include a curated set of 195 published individual time
delays for 73 lensed systems. This information is essential for
any further adoption of these data for time-delay cosmography,
particularly in light of the forthcoming extended time-series data
from Gaia DR4 (2026).

A new important product of our catalogue is a list of pub-
lished time delays that have been matched to the catalogue and
correctly associated with the various components.

We also provide simple but homogeneous lens modelling for
18 quads with complete astrometric and photometric coverage
in Gaia DR3, using an SIE+external shear framework. While
residuals highlight the limits of such simplified mass models,
they nonetheless offer a robust baseline for lens configuration
studies and training data for automated lens-finding algorithms.

The new catalogue serves a dual role: as a benchmark for
validating machine-learning classifiers in lens searches, and as
ready-to-use input for strong lensing models and cosmological
applications.
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Data availability

The full versions of Table A.l (confirmed multiply imaged
quasars and properties) and Table B.1 (time delays) are avail-
able at the CDS via https://cdsarc.cds.unistra.fr/
viz-bin/cat/J/A+A/707/A345
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Appendix A: Portion of the catalogue of multiply imaged quasars
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Table A.1. Portion of the catalogue of known lenses presenting quadruply imaged quasars fully measured by Gaia DR3 and a selection of
properties from the catalogue.

Index Name Comp. Gaia DR3 source_id Zg 7z, G[mag] Ggp[mag] Ggp [mag]
1 2MASXJ01471020+4630433 A 350937280928094336  2.377  0.678 15.944 15.69 14.83
1 2MASXIJ01471020+4630433 B 350937280925970432 2.377 0.678 16.717 1632  15.36
1 2MASXIJ01471020+4630433 C  350937280925970304 2377 0.678 16.173 16.29 15.54
1 2MASXIJ01471020+4630433 D  350937280925971456  2.377  0.678 18.300 18.38  17.60

Notes. The online version of the catalogue also includes the astrometry and photometry of Gaia DR3, the FPR data, the AIIWISE photometry,
redshifts from Milliquas, Gaia QSOC DR3 or SHSRC when available and the bibliographic references.

The references we searched for discoveries of lenses are: Agnello et al. (2015, 2018a,b,c); Anguita et al. (2009, 2018); Argo et al. (2003); Augusto
et al. (2001); Bade et al. (1997); Beauchemin & Borra (1992); Berghea et al. (2017); Biggs et al. (2003); Blackburne et al. (2008); Browne et al.
(1993); Castander et al. (2006); Chan et al. (2022); Chantry et al. (2010); Chavushyan et al. (1997); Chen et al. (2022); Claeskens et al. (1996);
Cox et al. (2002); Dahle et al. (2013); Dawes et al. (2023); Delchambre et al. (2019); Desira et al. (2022); Dux et al. (2023, 2024); Eigenbrod et al.
(2006b); Fan et al. (2019); Fassnacht & Cohen (1998); Fassnacht et al. (1999); Fischer et al. (1998); Furtak et al. (2023, 2025); Glikman et al.
(2023); Goicoechea & Shalyapin (2016); Gross et al. (2023, 2025); Hagen & Reimers (2000); Hawkins (2021); He et al. (2025b,a); Hewitt et al.
(1992); Huchra et al. (1985); Inada et al. (2003b,a, 2005, 2006b,a, 2007, 2012, 2014); Irwin et al. (1998); Jackson et al. (1995, 2008, 2012); Jaelani
et al. (2021); Jalan et al. (2024); Johnston et al. (2003); Kayo et al. (2010); Kochanek et al. (1997); Koopmans et al. (1999); Kostrzewa-Rutkowska
et al. (2018); Krone-Martins et al. (2019, 2018); Lacy et al. (2002); Langston et al. (1989); Lehar et al. (1997); Lemon et al. (2019, 2020, 2018, 2023);
Li et al. (2023); Lin et al. (2017); Lubin et al. (2000); Lucey et al. (2018); Magain et al. (1988); Marlow et al. (1999, 2001); Martinez et al. (2023);
McKean et al. (2004, 2005); McMahon et al. (1992); More et al. (2016, 2017); Morgan et al. (1999, 2001, 2003a,b); Morokuma et al. (2007); Myers
et al. (1995, 1999); Napier et al. (2023); Narasimha et al. (1984); Oguri et al. (2004, 2005); Ostrovski et al. (2017); Patnaik et al. (1992); Phillips
et al. (2000); Pindor et al. (2004, 2006); Pramesh Rao & Subrahmanyan (1988); Ratnatunga et al. (1995, 1999); Reimers et al. (2002); Rusu et al.
(2016); Schechter et al. (1998, 2017, 2018, 2024); Schmidt et al. (2023); Scialpi et al. (2024); Shajib et al. (2019, 2021); Shalyapin et al. (2018); Shu
et al. (2018, 2019); Sluse et al. (2003); Spiniello et al. (2019a,b); Stern et al. (2021); Surde;j et al. (1987, 1993); Tubin-Arenas et al. (2023); Walsh
et al. (1979); Wang et al. (2017); Weymann et al. (1980); Williams et al. (2018); Winn et al. (2000, 2001, 2002b,a); Wisotzki et al. (1993, 1996,
1999, 2002, 2004); Wucknitz et al. (2003); York (2005); Yue et al. (2023).

The reference we searched for spectroscopic redshifts are: Huchra et al. (1985); Schneider et al. (1986); Wisotzki et al. (1995); Crampton et al.
(1996); Fassnacht et al. (1996); Wiklind & Combes (1996); Siemiginowska et al. (1998); Sykes et al. (1998); Fassnacht et al. (1999); Tonry &
Kochanek (1999); Lidman et al. (2000); Lubin et al. (2000); Tonry & Kochanek (2000); Winn et al. (2000); Morgan et al. (2001); Rusin et al.
(2001); Reimers et al. (2002); Cox et al. (2002); Claeskens & Surdej (2002); Lacy et al. (2002); Morgan et al. (2003b); Biggs et al. (2003); Inada
et al. (2003b); McKean et al. (2005); Eigenbrod et al. (2006a,b); Inada et al. (2006a); Ofek et al. (2006); Castander et al. (2006); Inada et al.
(2006b); Eigenbrod et al. (2007); Morokuma et al. (2007); Oguri et al. (2008); Anguita et al. (2009); Courbin et al. (2010); Véron-Cetty & Véron
(2010); Kayo et al. (2010); McGreer et al. (2010); Riechers (2011); Rusu et al. (2011); Sluse et al. (2012); Inada et al. (2012); Jackson et al. (2012);
Rusu et al. (2013); Dahle et al. (2013); Inada et al. (2014); Agnello et al. (2015); More et al. (2016); Schechter et al. (2017); Lin et al. (2017); More
et al. (2017); Wang et al. (2017); Gil-Merino et al. (2018); Agnello et al. (2018a,c); Kostrzewa-Rutkowska et al. (2018); Lucey et al. (2018); Williams
et al. (2018); Lemon et al. (2018); Anguita et al. (2018); Shu et al. (2018); Schechter et al. (2018); Glikman et al. (2023); Fan et al. (2019); Lemon
et al. (2019); Spiniello et al. (2019b); Rusu et al. (2019); Shu et al. (2019); Krone-Martins et al. (2019); Millon et al. (2020a); Lemon et al. (2020);
Okoshi et al. (2021); Stern et al. (2021); Jaelani et al. (2021); Hawkins (2021); Chan et al. (2022); Desira et al. (2022); Mozumdar et al. (2023);
Tubin-Arenas et al. (2023); Gaia Collaboration (2023a); Dux et al. (2023); Yue et al. (2023); Martinez et al. (2023); Napier et al. (2023); Li et al.
(2023); Gross et al. (2023); Dawes et al. (2023); Lemon et al. (2023); Furtak et al. (2023); Flesch (2023); Dux et al. (2024); Fian et al. (2024);
Scialpi et al. (2024); Jackson et al. (2024); Keeley et al. (2024); Cloonan et al. (2024); Gross et al. (2024); Acebron et al. (2024); Dux et al. (2025b);
He et al. (2025a).

Appendix B: Portion of the catalogue of published time delays

Table B.1. Time delays of known gravitational lens systems as collected from the literature.

Name Atap Atac Atap Atpe Atgp Atep Author

[days]
DESJ0029-3814 -6.5+3.0 -6.6 £2.7 43.1+24 -2.0+35 46.7+2.9 499 +2.7  2025Dux
PS J0030-1525%* 93+16 -193+33 -28.5+35 2025Dux
HEO0047-1756 -10.8 £ 1.0 2020Millon_b
DES J0053-2012 -26.7+26 -202+26 -90.2+6.7 63+20 -635+£59 -702+6.1 2025Dux
Q0142-100 -97.7+16.1 2020Millon_a

Notes. The A, B, C, and D components refer to the lens catalogue, which usually uses the discovery paper identification. Sources marked with a
(*) sign correspond to cases where two components were not separated during time delay measurements; see original publication for details.

The references we searched for time delays are: Dux et al. (2025a); Millon et al. (2020b,c); Biggs & Browne (2018); Courbin et al. (2018); Tubin-
Arenas et al. (2023); Carnerero et al. (2023); Bekov et al. (2024); Saturni et al. (2016); Hainline et al. (2013); Shalyapin et al. (2025, 2008);
Aghamousa & Shafieloo (2017); Muiioz et al. (2022); Fohlmeister et al. (2013); Biggs (2018); Morgan et al. (2008); Bonvin et al. (2018); Eulaers
et al. (2013); Goicoechea & Shalyapin (2016); Akhunov et al. (2017); Patnaik & Narasimha (2001); Queirolo et al. (2023); Shalyapin & Goicoechea
(2019); Meyer et al. (2023); Eulaers & Magain (2011); Biggs (2021); Fassnacht et al. (2002); Wang et al. (2017); Rivera et al. (2024); Muller et al.
(2023); Bonvin et al. (2019); Hawkins (2021); Dahle et al. (2015); Nufez-Pizarro et al. (2026); Burkhonov et al. (2026).
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Appendix D: Finding charts of the quadruply and triply imaged quasars
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Fig. D.1. Finding charts for the 80 known quads and 7 triple systems plotted on top of JWST/F150W (J), HST (H — with subscripted bands H, I, J,
Y, wideV), Hyper Suprime-Cam/Subaru (S), Pan-STARRS (P), DESI Legacy Survey DR10 (L), DSS colored (D), Beijing-Arizona Sky Survey (B),
CFHT Megacam (CM), or Keck 2 OSIRIS (O). Mean coordinates of the systems are indicated. The Identification of the A, B, C, D components
and galaxies usually refers to the discovery publication. "S" stands for systems with only one published component. North is up, east is to the left.
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