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ABSTRACT

Context. Strongly lensed quasars are fundamental sources for cosmology. The Gaia space mission covers the entire sky with the
unprecedented resolution of 0.18" in the optical, making it an ideal instrument to search for gravitational lenses down to the limiting
magnitude of 21. Nevertheless, the previous Gaia Data Releases are known to be incomplete for small angular separations such as
those expected for most lenses.

Aims. We present the Data Processing and Analysis Consortium GravLens pipeline, which was built to analyse all Gaia detections
around quasars and to cluster them into sources, thus producing a catalogue of secondary sources around each quasar. We analysed the
resulting catalogue to produce scores that indicate source configurations that are compatible with strongly lensed quasars.

Methods. GravLens uses the DBSCAN unsupervised clustering algorithm to detect sources around quasars. The resulting catalogue
of multiplets is then analysed with several methods to identify potential gravitational lenses. We developed and applied an outlier
scoring method, a comparison between the average BP and RP spectra of the components, and we also used an extremely randomised
tree algorithm. These methods produce scores to identify the most probable configurations and to establish a list of lens candidates.
Results. We analysed the environment of 3 760 032 quasars. A total of 4 760 920 sources, including the quasars, were found within 6”
of the quasar positions. This list is given in the Gaia archive. In 87% of cases, the quasar remains a single source, and in 501 385 cases
neighbouring sources were detected. We propose a list of 381 lensed candidates, of which we identified 49 as the most promising ones.
Beyond these candidates, the associate tables in this Focused Product Release allow the entire community to explore the unique Gaia

data for strong lensing studies further.

Key words. gravitation — gravitational lensing: strong — methods: data analysis — catalogs — surveys — quasars: general

1. Introduction

An extensive census of quasars (QSOs) is fundamental to many
cosmological studies. Specifically, in cases where these QSOs
exhibit multiple images, strongly lensed QSOs enable the esti-
mation of the Hubble constant H, directly from time delay
measurements (e.g. Refsdal 1964; Courbin et al. 2005; Millon
et al. 2020; Suyu et al. 2017; Chen et al. 2019; Wong et al.
2020). In addition to many other astrophysical and cosmologi-
cal applications, these sources are also used for detailed studies
of dark matter halos and their substructures (e.g. Nierenberg
et al. 2017; Li et al. 2017; Diaz Rivero et al. 2018; Gilman
et al. 2020b,a, 2021; Nierenberg et al. 2020; Minor et al.
2021), and for constraining the dark energy equation of state

" Deceased.
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(e.g. Linder 2004, 2011; Oguri et al. 2012; Xia et al. 2017; Liu
et al. 2019; Wang et al. 2022). All lensed QSOs discussed in this
work are strongly lensed by definition.

Detecting lenses has been historically challenging because
(i) most lensed QSOs are distant and hence faint and (ii) broad
sky coverage and high angular resolution are required as the
angular separations between the lensed images are small. More-
over, chance projection can create astrometric configurations
and even broad-band photometry similar to those expected from
lensed QSOs such that a reliable confirmation requires spectro-
scopic measurements of the QSO images and the lensing galaxy.
Due to these difficulties, the number of confirmed lensed QSOs
has been low for decades. The European Space Agency (ESA)
Gaia mission (Gaia Collaboration 2016) and its data releases,
particularly since Data Release 2 (Gaia Collaboration 2018,
2021, 2023b), have been dramatically improving this situation.
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Although Gaia was primarily designed to study the Milky
Way through astrometry at the micro-arcsecond level, it pro-
duces an all-sky survey including millions of galaxies and
QSOs (Robin et al. 2012; Krone-Martins et al. 2013, 2022; de
Souza et al. 2014; de Bruijne et al. 2015; Gaia Collaboration
2023a; Ducourant et al. 2023). In their work, de Souza et al.
(2014) and de Bruijne et al. (2015) define downlink criteria. The
sources can be used to create a homogeneous, magnitude-limited
survey of lensed QSOs down to image separations of ~0.18".
This is comparable to the angular resolution of the NASA-ESA
Hubble Space Telescope (HST), but Gaia measurements have
all-sky coverage. During this decade, the recently launched ESA-
NASA Euclid space mission (Laureijs et al. 2011) will also be
surveying ~14 000 square degrees at comparable angular reso-
lutions, providing deep and high-resolution images in multiple
bands for the first time at such large scales (Euclid Collaboration
2022). This is expected to revolutionise strong lensing studies
by enabling almost direct confirmation of thousands of lensed
QSOs (e.g. Treu et al. 2022), and complementing Gaia’s pas
astrometry with deep and precise photometry.

Conservative estimates of the number of lensed QSOs
detectable by Gaia in standard ACDM (A cold dark matter)
cosmology (A = 0.7, Q,, = 0.3) suggest that ~3 000 multiply
imaged QSOs could be detected by Gaia of which >250 would
have >3 images and the rest are doublets (Surdej et al. 2002;
Finet & Surdej 2016). Gaia could then lead to a ten-fold increase
in the number of lensed QSOs resulting in a homogeneous sur-
vey providing precise astrometry for all lensed images. Such
a census is being built by the astronomical community, which
continuously scans the Gaia data releases for follow-up spec-
troscopic confirmation (e.g. Krone-Martins et al. 2018, 2019;
Ducourant et al. 2018; Agnello et al. 2018; Lemon et al. 2018,
2019, 2023; Delchambre et al. 2019; Stern et al. 2021; Desira
et al. 2022). This endeavour is already resulting in a unique and
statistically significant sample of lenses that will be used to study
the evolution of the population of the deflecting galaxies and
to constrain cosmological parameters, including the value of H
that is currently under significant tension (e.g. Verde et al. 2019;
Di Valentino et al. 2021).

Current Gaia Data Releases are still incomplete at the lowest
angular separations (e.g. Arenou et al. 2017, 2018; Fabricius et al.
2021; Torra et al. 2021), as expected for early mission products.
This has led some known lensed images to lack Gaia counter-
parts (see, e.g. Ducourant et al. 2018). And this has slowed the
identification of new lenses since most lensed QSOs that have
yet to be discovered are probably angularly small. Thus, within
the Gaia Data Processing and Analysis Consortium, we devel-
oped a dedicated processing chain to analyse the environment of
QSOs and produce a catalogue of sources and clusters, includ-
ing new lens candidates for further studies and confirmation by
the community. The major goals of this work are to make this
focused Gaia data available to the community, to present the
new data, and to call the attention of the community to the pos-
sibility of using this data to study currently known lensed QSOs
and to discover new lensed QSOs while also providing a first,
non-exhaustive, candidate list.

Finally, new astrophysical cases can emerge from the large
lens samples expected. For instance, because the QSO is unique
and point-like, but the images are seen through different parts
of the lensing object, we can use the colours and magnitudes to
study the obscuring dust in the line of sight. Cosmic dust reddens
light but not always in the same way. Let Ay designate the V

band absorption and B — V the colour of an object. When there is
reddening, we define the excess B—Vas E(B-V)=(B-V) -
(B — V)o where (B — V), is the intrinsic colour of the object.
Milky Way dust shows a pattern where Ay =~ 3.1E(B — V) but
the dust absorption spectrum is not identical for all galaxies (e.g.
Gordon et al. 2003). Gaia provides much of this information,
so using a large sample, as should come out of this work, we
can reconstruct and study dust at cosmological distances via the
Ay /E(B - V) ratio, possibly inferring the existence of major dust
features in the Universe (e.g. as done in Lallement et al. 2018;
Green et al. 2019; Leike et al. 2021, 2022, for features in our
galaxy), a new method to the best of our knowledge.

This paper is organised as follows. Section 2 presents the
list of QSOs and QSOs candidates used as inputs to GravLens.
Section 3 describes how the GravLens algorithm clusters transits
(individual detections) mapping transits to sources along with
some remaining issues. Section 4 describes the resulting cat-
alogue, the field contents, and the new sources. Afterward, in
Sect. 5, we present the methods developed to create lens scores
and a list of candidates. Finally, we present our conclusions in
Sect. 6.

2. The list of QSOs

Our processing starts from an input list of QSOs. Since gravi-
tational lenses are rare, with less than ~80 lensed QSOs with
four images — quads hereafter — known today (Stern et al. 2021),
we want to make this input list of QSOs for the GravLens pro-
cessing as complete as possible to maximise our chances of
detecting new lenses. Therefore we tolerate moderate stellar or
galaxy contamination in this input list.

We merged some major catalogues of QSOs and candi-
date active galactic nuclei (AGN) published before 2022. These
include the data releases 6.4, 7.0, 7.1b, 7.4c, 7.5, 7.5b of the
Milliquas catalogue (Flesch 2021, 2019), the R90 and C75 selec-
tions of the AIIWISE catalogue (Assef et al. 2018), the catalogue
of AGN candidates from (Shu et al. 2019), a selection of
sources from Klioner et al. 2021 (priv. comm.), a subset of the
Gaia DR3 quasar_candidates table (Gaia Collaboration
2023a), and additional QSOs whose morphology was analysed
by Ducourant et al. (2023). Most of these catalogues contain
stellar contaminants.

The catalogues were cross-matched using a search radius of
3” and we only kept a single entry. The data priority follows
the order listed above such that if a source is found in Milliquas
7.4c and 7.1b, only Milliquas 7.4c will be recorded. The compila-
tion contains ~24 million total sources, of which ~5 million are
matched to a Gaia DR3 source.

Sources that are clearly stellar were eliminated by applying
a weak astrometric filter rejecting proper motions larger than
14 mas/yr or parallaxes larger than 6 mas. This filter was derived
from the astrometric properties of the multiply imaged QSOs by
gravitational lensing (Ducourant et al. 2018) and is intentionally
not severe because most QSOs are in the faint luminosity regime
of Gaia where the astrometry is less accurate and the potential
presence of a surrounding host galaxy can perturb the astrom-
etry of the central nucleus. We also filtered out objects brighter
than G = 14 magnitudes and excluded sources with colours com-
patible with stellar sources: (Ggp — G) > 1 & (G — Ggrp) > 0.8
& G < 20 (see Gaia Collaboration 2023a, Fig. 37). We thus
discarded ~ 21 000 sources judged stellar. The small number of
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Fig. 1. Sky distribution in galactic coordinates of the QSOs included in the input list. The cell of this map is approximately 0.2 deg?, and the colour

indicates the number of sources in each cell on a logarithmic scale.

discarded sources indicates that possibly some sort of astromet-
ric filtering had already been performed in the construction of
the original catalogues. Finally, sources in the direction of the
Magellanic clouds, of other large galaxies, or of major globular
clusters (Harris 2010) were removed.

The final list of QSOs and candidates contains 3 760480
sources with an entry in Gaia DR3 and we refer to the
list as the QSOs or the QSO catalogue. The original cata-
logue name (e.g. Milliquas 7.4c) for each source is stored in
lens_catalogue_name.

The sky distribution of the QSOs in our input list is shown
in Fig. 1 in galactic coordinates. The sky coverage of each of the
merged catalogues is heterogeneous, as is the resulting compiled
list. Most (81%) of the sources have a G magnitude fainter than
19.5 mag, as seen in Fig. 2. Figure 2 also shows the Gaia colour
Gpgp — Ggrp, the W1-W2 colour from catWISE (Eisenhardt et al.
2020), and the redshift distribution when available from Milli-
quas (~900 000 sources). The redshift distribution peaks at z ~
1.4 and extends to z ~ 6 for a small number of sources.

3. How GravLens searches for sources near QSOs

The all-sky coverage and ~180 mas angular resolution make
Gaia an exceptional instrument to search for lenses. Most
currently known lenses have image separations >1" (e.g.
Ducourant et al. 2018)!. Nevertheless, the expected distribution
of lenses should peak at smaller separations, <1”/, making most
of them quasi-undetectable from the ground (e.g. Finet & Surde;j
2016). Unfortunately, the Gaia DR2 and Gaia DR3 are incom-
plete at separations < 2 (e.g. Arenou et al. 2017, 2018; Fabricius
et al. 2021; Torra et al. 2021). This results from a severe selec-
tion on the astrometric and photometric quality indicators of the
sources that are published in these Data Releases.

1 See also https://research.ast.cam.ac.uk/lensedquasars/
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The primary goal of GravLens is to detect secondary sources
near QSOs and QSO candidates, and derive their mean astrom-
etry and raw photometry. In this context, each source that is
detected in a field centred on the coordinates of a QSO is named
component. The ensemble of all the components in a field is
named multiplets. The field centred on a QSO is designated by
quasar.

3.1. The adopted Gaia data

The instruments and focal plane of the satellite are well-
described in Gaia Collaboration (2016). Unlike most Gaia data
processing chains that assign transits to a single source exploit-
ing the Gaia cross-match (Torra et al. 2021), GravLens manip-
ulates upstream data and allows a finer clustering to separate
adjacent sources. The data adopted by GravLens comes from
the pre-processing step of Gaia treatment which is referred to
as Image Parameter Determination (IPD, Fabricius et al. 2016).
The purpose of IPD is to transform the raw spacecraft teleme-
try into basic astrometric and photometric measures for the Sky
Mapper (SM) and Astrometric Field (AF) windows. Our input
data is the Gaia DR3 IPD outputs (flux and positions). These
epoch positions are not the high-precision one-dimensional Gaia
astrometry, but approximate 2D positions with a resolution of
about one charge-coupled device (CCD) pixel. GravLens uses
the positions (right ascension and declination) of each transit,
the fluxes in the G-band measured in SM and AF windows, and a
rough on-board estimation of the G magnitude done in the Gaia
Video Processing Unit (VPU, de Bruijne et al. 2015; Fabricius
etal. 2016). GravLens identifies by itself all Gaia transits within
6” of each QSO, without relying on the Gaia standard cross-
matching since at this stage of the data processing, the Gaia

2 The resolution of the onboard estimation of the G magnitude is
0.015625 mag.
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Fig. 2. Distributions of (a) Gaia G magnitudes (phot_g mean_mag) from the Gaia DR3 gaia_source table, (b) Ggp — Grp colours
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from the input list.

cross-match is not yet known. The Gaia cross-match might sub-
sequently identify more additional sources in the field at the later
processing stages, but this is not included in GravLens.

3.2. The Gravlens clustering algorithm

GravLens uses the Density-Based Spatial Clustering of Appli-
cations with Noise (DBSCAN) algorithm (Ester et al. 1996)
for unsupervised clustering’. Without indicating the number of
clusters, as required, for example, for K-Means algorithms, it
identifies groups of connected points and outliers. The principle
of DBSCAN is to build a neighbourhood graph by connecting

3 We used the software implementation from the Apache Commons
Math library v.3.6.1.

points (which here are individual detections in right ascension
and declination) if their distance is smaller than a certain e.
Here, we adopt € = 100 mas, a value chosen empirically that is
within the PSF width of Gaia, thus corresponding to an angu-
lar distance that the instrument cannot physically resolve into
individual sources. The angular distances between the points are
calculated using the haversine formula (e.g. de Mendoza y Rios
1795).

While there are non-connected points within €, the algo-
rithm tries to connect them, and thus the graph grows. Other-
wise, the set of connected points remains as is. When at least
minPts = 3 (empirically chosen) points are connected, a cluster
is formed (called a component); otherwise, the points are con-
sidered outliers. All Gaia transits associated with an entry of
the QSO catalogue are then either outliers or within components
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Fig. 3. GravLens results for the Einstein cross G2237+0305
(DR3Gaia224030.229+032130.03 in our output). The black dots rep-
resent the five components and the blue crosses, red diamonds, green
crosses, and pink dots represent the four images of the QSO. The yellow
triangles show the Gaia transits on the deflecting galaxy. The informa-
tion is in the ra_obs, dec_obs fields of the lens_candidates and
lens_outlier tables.

(clusters). Once the clustering is complete, a sigma-clipping
filter based on the positions and the magnitude is applied to
the components, using 30 as the threshold. The GravLens pro-
cessing of the QSOs has produced a catalogue of ~4.7 million
components.

As an example of GravLens results, Fig. 3 illustrates the
application of the clustering algorithm on the well-known lens
Einstein cross G2237+0305 (Huchra et al. 1985). Five compo-
nents are found by GravLens, corresponding to the four images
of the QSO, and to the lensing galaxy that is also clearly
detected.

3.3. Clustering issues

The GravLens algorithm is efficient and, in most lensing con-
figurations reaches an optimal solution. However, occasionally,
it converges to sub-optimal solutions. Figure 4 illustrates some
examples of known issues.

We show in Fig. 4a the known quadruply imaged lens
(Krone-Martins et al. 2018; Wertz et al. 2019), that corresponds
to the multiplet DR3Gaiall13100.075-441959.69. Gaia DR3
identifies four distinct sources with their own source_id. In the
figure, all Gaia detections are plotted, and the two known com-
ponents in the top left were merged by GravLens, which only
outputs three components. The two components are connected
by detections closer than 100 mas, which causes the method to
group the two sources; this is a major drawback of DBSCAN.
The central point, identified as an outlier, could even bring some
physical information about the lens. The end user of the tables of
this Focused Product Release (FPR) should be aware that useful
information may be present in the table of outliers.

We show another example of a clustering issue
in Fig. 4b. This figure corresponds to the source
DR3Gaia235007.548+365434.45. This source is a known
doubly image QSO, but GravLens identified only one of its

A130, page 6 of 40

components. The component is 2.9” away from the QSO and
the individual detections at the QSO position were labelled as
outliers. Therefore, the information is not completely lost, but
present in the lens_outlier table. Five transits are near the
QSO but the distance between the transits is >e = 100 mas so
they are not considered to be a component. The astrometry may
have been perturbed by the deflecting galaxy and the Gaia DR3
astrometry is unreliable, presenting errors of ~17 mas.

We illustrate the case of a large planetary nebula (IC 351)
decomposed into many components in Fig. 4c. This figure repre-
sents the source DR3Gaia034732.982+350248.6. There are 3508
Gaia observations in this field. GravLens found 120 components
with 2768 detections, and 740 outliers. This example highlights
one of the causes of the large number of components in certain
fields when an extended object is decomposed.

Figure 4d shows another odd example of a large number
of detections (DR3Gaia082523.532+241524.53). In this case,
the central source is a very bright object (magnitude ~ 9.7).
GravLens detects 136 components in radial spokes from the
central source, based on 2481 observations, of which 1424 are
considered outliers. A halo of outliers is present around this
source.

3.4. Post-processing

After the GravLens processing, we perform a post-processing
stage. The post-processing can handle specific situations and
flag problematic sources or sources to be discarded. In partic-
ular, we observed an excess of doublets separated by less than
300 mas and with <5 observations of one of the components.
A small fraction of these are probably real sources but the major-
ity of them result from the excessive decomposition of single
sources into doublets by the clustering algorithm. The post-
processing gathered these nearby components into single sources
for ~200 000 doublets.

The post-processing aims at raising flags to indicate prob-
lematic multiplets or multiplets which are clearly not lensed
QSOs. The flags are raised at the QSO level £1ag and/or at the
component level component_flag.

The flag is a two-bit binary flag. The first bit is set to one
if the maximum difference of magnitude within the multiplet is
larger than 5 mag which indicates that it is very improbable that
this is a lensed QSO. The second bit is set to one if there are
more outliers than clustered observations, such as could be the
case for a galaxy and other extended objects, see, e.g. Fig. 4c.

The component_flag is also a two-bit binary flag. The first
bit is set to one if the standard deviation in right ascension or dec-
lination of a component is larger than 100 mas. A point source
should yield ora pec = 60 mas, at the order of the uncertainty of
the RA/Dec of the SM position. The second bit is set to one if
the standard deviation of the raw mean magnitude is larger than
0.4 mag. In both cases, component_flag points to unusually
high measurement uncertainty, possibly resulting from a bright
nearby source or several very nearby sources which are consid-
ered a single component. There are 4 444 145 components with
both flags set to 00, indicating no alert is raised. This represents
93% of all components.

4. The catalogue of sources around QSOs

GravLens has analysed 183368062 transits matched to the
3760480 QSOs from our list during the first 3yr of Gaia
operations. It attributed 171 545 519 transits to components and
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rejected 11 822 543 as outliers. GravLens did not converge in 448
cases. Within 6” of the 3 760032 QSOs, 4 760 920 sources were
found (see Table 1), including the QSOs.

These results are included in the lens_candidates
table. The data model of the catalogue is presented in
Appendix A. Additional information can be found in the table
lens_catalogue_name (see Sect. 2). The individual obser-
vations of each component and the outliers are found in the
lens_observation and lens_outlier tables*.

4.1. General properties

The distribution of the main properties of the components pub-
lished in the lens_candidates table is given in Fig. 5. The

4 See https://gea.esac.esa.int/archive/documentation/
FPR/ for a detailed description of all tables and fields.

number of sources detected in the fields of the QSOs along with
the number of components in the fields is given in Table 1.

The vast majority of the QSOs (87%) have no neighbour
within 6" and 9% are doublets. There are ~159 000 multiplets
with more than two components (4%). The search for quadruply
imaged QSOs will therefore focus on this sample of multi-
plets. There are ~9 000 multiplets containing a large number of
components (>10). They generally correspond to large galaxies
decomposed in many sources as seen in Sect. 3.3.

The distribution of magnitudes follows that of the QSOs in
the input list (see Fig. 2). This distribution reflects the fact that
the majority of the sources in our catalogue are not multiply-
imaged.

Components have a median of 36 observations, ranging from
three to 630 observations, and are time-resolved. Sources with
a very low number of observations should be considered with
caution and generally correspond to the faintest sources detected.

A130, page 7 of 40


https://gea.esac.esa.int/archive/documentation/FPR/
https://gea.esac.esa.int/archive/documentation/FPR/

Gaia Collaboration:

16 leb
1g§ le5
2 %
s
B led 5 led
o Wi
s G I
£ 1000 &g
F=1 o
E o =
3 3 —
Z 100 = 100
L r
10 [ ; 10 ‘ ‘
i |
il . S HE AAAEESRAN ‘}l“L.J. 1t S I| pepl
i o 5 10 20 50 100 200 & & 10 12

n_componant
Right ascension EE
" Declination M

leb

les

—

[

I
il
Ir

1000

Mumber of sources

=
=
(=]

10

—

10 100
ra/dec_std_component {(mas)

g_mag_component (mag)

A&A, 685, A130 (2024)

N | 1e5
w  led
- o
— v
=
3
" »51000
]
£
3 100
4
10
PRl IS - 1 WL P R 0T, L]
14 16 18 20 5 10 20 50 100 200 500
n_obs_component
led
les
3 M -
2 led
=1
(=}
& L
2 1000
b e
0
E L
Z 100
w} [ |
0.01 0.1 1

g_std_component (mag)

Fig. 5. Distributions of components’ main features provided in the lens_candidates table — (a) number of components found in the fields
analysed, (b) mean G magnitude of the components of all fields. (c) number of observations of the components. (d) standard deviation of mean
coordinates (ra_component, dec_component) and (e) standard deviation of mean G magnitude.

Table 1. Source counts in the lens_candidates table according to
the number of components in the field.

Selection Nb of QSOs  Nb of components
All 3760032 4760920
1 component 3258647 3258647
2 components 341551 683102
3—-10 components 149953 618 838
114+ components 9881 200333

4.2. Astrometry and photometry

GravLens astrometry and photometry are meant to complement
the information from the current Gaia Data Releases, especially
for the sources that are not present in the latter. GravLens mag-
nitudes and fluxes use uncalibrated onboard magnitudes, for
instance. For many GravLens sources not published in Gaia DR3
the measurements are poor, as these sources are usually faint.
The mean standard deviations are 62 mas and 57 mas, respec-
tively, for right ascension and declination and 0.15 mag for the
magnitudes.

The GravLens and Gaia DR3 positions and magnitudes for
common sources are compared in Fig. 6. A slight asymmetry is
present in RA and Dec, with (RAg, — RApg3) = —1.33mas and
Decgr — Decprs = —5.4mas, with dispersions of ~13 mas.

The GravLens magnitudes agree well with Gaia magni-
tudes with a mean difference of —0.06 mag and a standard
deviation of 0.15 mag. Around G = 12 + 0.5 mag, the GravLens
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magnitudes are slightly higher. This is a well-known effect of
the uncalibrated onboard magnitudes (Riello et al. 2018), and
for Gaia DR3 magnitudes 221, the GravLens magnitudes are
quite dispersed and generally lower (i.e. the magnitudes can be
overestimating the true brightness of the source).

The astrometry and photometry of the GravLens components
are based on the Gaia onboard detections. These data should be
much improved in solutions published in future Data Releases
when the individual components are properly handled.

4.3. New sources not in Gaia DR3

There are ~10500 Gaia DR3 sources in the vicinity of anal-
ysed QSOs (6”) that are not among the GravLens components,
representing less than 0.2% of all GravLens components. Mean-
while, there are 306 970 new sources that are not in Gaia DR3
among the 4760920 GravLens components. About ~200 000
new sources are either bright with g_mag_component<17.5 mag
or in crowded fields with n_components>20 (Fig. 7). The bright
new sources correspond to problems illustrated in Figs. 4c and
d. They are generally flagged either at the quasar level (flag)
or at the component level (component_flag) (see Sect. 3.4
for a description of the flags). After this process, ~103 000
new sources remain which are not flagged and believed to be
bona-fide sources.

4.4. Known lenses

We first compare the GravLens results to known lenses. The
GravLens catalogue includes ~450 known or candidate lenses
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published in the literature, 76 with four images (quads) and the
rest being doublets. For 67 quads out of the 76 quads, GravLens
complements the existing measures from Gaia DR3 by measur-
ing one or more additional components or the deflecting galaxy.
In total GravLens measured 1293 components in the fields of
known lenses while 1207 are present in Gaia DR3. The 86 newly
detected components in the fields of known lenses are mostly
faint real components lying around lenses with a previously
small number of Gaia DR3 counterparts.

We show two examples in Fig. 8. This figure shows images
from the Panoramic Survey Telescope and Rapid Response Sys-
tem (Pan-STARRS, Chambers et al. 2016) of two known lenses:
the Einstein cross G2237+0305 (Huchra et al. 1985) where
GravLens detects all four images of the QSO and the deflect-
ing galaxy while Gaia DR3 only contains two entries, and
2MASSJ13102005-1714579 (Lucey et al. 2018) where GravLens
detects the four images of the QSO and two central deflecting
galaxies that had no entry in Gaia DR3.
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Fig. 7. Density plot of the magnitudes of the GravLens components
not present in Gaia DR3 along with the number of components in the
multiplet. Coulour scale is logarithmic.

Some of the presently known lensed QSOs have been tar-
geted by the HST, and new structures can be found in the HST
source catalogue version 3 (Whitmore et al. 2016). However, of
the 476 known lenses, only 69 have space-borne measurements
from the HST catalogue.

5. Search for new lenses

To look for new lenses and help guiding the users of this FPR,
we developed two methods using artificial intelligence: an outlier
scoring algorithm (Sect. 5.1) and the application of Extremely
Randomised Trees (Delchambre et al. 2019, and Sect. 5.2). When
Gaia spectra are available, we also make use of this informa-
tion, and in Sect. 5.3 we explain the method that compares the
mean spectra obtained by Gaia slitless spectrophotometer (i.e.
BP and RP-spectra) using chi-squares and Wasserstein distances.
High-scoring multiplets are then visually inspected.

5.1. The Hesiod score for the input list of QS0Os

Only a small fraction of components near QSOs are expected to
be QSO images. So, analysing the QSOs from the list presented
in Sect. 2 to identify good lens candidates can be seen as an out-
lier detection or a one-class classification problem. Accordingly,
we can use these techniques to produce a lens score.

In these methods, distances, densities, and, in some
instances, labelled data are used to train to identify a class called
the positive class (see, e.g. Elkan & Noto 2008). The super-
vised or semi-supervised training assumes (a) that the learning
method has access to a reliable subset of positive examples such
as spectroscopically confirmed lenses and (b) that the data con-
tains positive and unknown examples (i.e. new lenses and other
objects).

To increase the reliability of the scores, photometric
and astrometric indicators from the Gaia DR3 data (Gaia
Collaboration 2023a) and public unWISE data (Lang 2014) were
calculated based on sources within 6” of each QSO. Missing
data patterns appear when sources lack Gaia DR3 or unWISE
data or when there is no unWISE counterpart for a Gaia
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Fig. 8. Pan-STARRS images (Chambers et al. 2016) of two known gravitational lenses with an indication of GravLens components in black (filled
circles) and entry in Gaia DR3 in red (squares). Left: the Einstein cross (G2237+0305). Right: 2MASSJ13102005-1714579. The central sources in
2MASSJ13102005-1714579 encompass two lensing galaxies recovered as GravLens components.

source. Missing data is a serious problem that prevents the adop-
tion of many approaches readily available in the literature (e.g.
Bekker & Davis 2020). So, to produce a score in this situation,
we developed a simple heuristic method that we call HESIOD for
Heuristical Ensemble Splitting Imputation and Organization of
Data that can be applied to large datasets as it is embarrassingly
parallel.

HESIOD assumes that the dataset can be described by a single
matrix D of n rows by d columns. Each row corresponds to an
astronomical source, and each column corresponds to a physical
parameter (e.g. astrometric and photometric measurements from
Gaia and unWISE, maximum and minimum angular distances
and colour differences between sources, etc.). D can be incom-
plete in that not all elements D;; are filled (i.e. data for one or
more column j can be missing in any row i). The binary vector
c € {0, 1}"* encodes the class of the ith row (ith source); ¢; = 1
if the source belongs to the positive class, here equivalent to a
known lens, and ¢; = 0 if the class is unknown. Only k£ compo-
nents of the vector ¢ are equal to one, with k < n. HESIOD is a
method JZ to estimate a vector 0 € R"|0 < 0; < 1,VYi € [1,n],
from D and ¢ (i.e. #7(D,c) — 0), such that o contains a score
0; for all n rows (sources) of D to indicate if the ith source can
belong to a different class than the positive class (the lenses).
HESIOD thus starts with the known lenses ¢ and ends with a new
real-valued vector 0. The vector o is initially an outlier score, that
is, a score for the source not being a lens, which we complement
(i.e. 1 — 0) to obtain a lens score.

Informally, HESIOD solves this problem by creating ensem-
bles of smaller problems that are easier to solve. It has two
steps, an initial ‘inner’ phase followed by an ‘outer’ phase, as in
UPMASK (Krone-Martins & Moitinho 2014). The inner phase
randomly splits the matrix D into a set of m smaller p X d
sub-matrices {S;|¥j € [1,m]}, without replacement. This cor-
responds to random partitions of the catalogue into random
samplings of sources (keeping all the associated data). Then,
an imputation method _¢ solves the less complex imputation
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problem for each sub-matrix (_Z(S;) — S j)- Afterward, a D
matrix is reassembled from the results of the imputations on the
S sub-matrices, and multiple outlier or one-class classification
methods % produce scores from D and the vector ¢, result-
ing in the matrix O containing the scores for each source (i.e.
€ (D,c) — 0).

The outer phase of HESIOD executes the inner phase g times,
resulting in a set of matrices {0Vl €1, ql}. This ensures diver-
sity in the imputation process due to the random splitting of D.
Then it runs the final scoring method & over the matrix O, where
O = 0,|..]10, (i.e. this matrix is the concatenation of the indi-
vidual matrices resulting from the g runs of the inner phase),
producing a final score for each source (i.e. &(0O) — o), where
o0 is a score for the source to be an outlier (i.e. not a lens), and
1 — o is the HESIOD score.

Since here the positive class is composed of lenses, which
corresponds to a small number of rows of the total dataset D, all
known lenses are concatenated with each sub-matrix S. This is
important to avoid significantly biasing the imputation process
against the lenses.

The HESIOD results depend on the choice of the ensembles of
methods used for imputation ¢ and classifications 4 and & In
this work, we adopted different methods based on ensembles of
decision trees. We adopted miceRanger (Wilson 2021) for the
imputation ¢ . This is a version of the Multiple Imputation by
Chained Equations method (van Buuren 2007) that uses a ran-
dom forest regression for individual imputations (Stekhoven &
Biithlmann 2011), as in Ducourant et al. (2017). For the outlier
scoring & we use three types of ensembles of decision trees as
there is usually no optimal method for all problems (e.g. Wolpert
1996; Wolpert & Macready 1997; Cortes 2021): the classic Isola-
tion Forest method (Liu et al. 2008), SciForests (Liu et al. 2010),
and Fair-Cut Forests (Cortes 2019). The final outlier score & also
uses Fair-Cut Forests. The resulting distribution of the HESIOD
scores is presented in Fig. 9. Known lenses were iteratively used
during the training, so it is expected that their scores would peak
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at high values, which indeed happens. The results on all 319296
sources for which the method produced results show a central
peak indicating more uncertain sources and two sharp peaks at
the low and high score extremes.

The HESIOD method seems effective in the present lens can-
didate scoring application since it was designed to deal with
large datasets with missing data and, moreover, to consider a
parameter space constructed from combinations of the measure-
ments of all sources around the analysed QSO. The parameter
space (i.e. columns of the matrix D) is constructed from sum-
mary information about distributions of the measurements of
all sources around the QSO, such as minimum and maxi-
mum differences in colour in all possible Gaia DR3, unWISE,
Gaia-unWISE W1 and W2 bands, astrometric errors, angular
distances, between the images, as well as global properties of the
parameter distributions as the minimum, mean and maximum
astrometric and photometric errors, astrometric excess noise,
Renormalised Unit Weight Error (RUWE), BPRP excesses and
signal to noise ratios (e.g. fluxes, positions, proper motions
and parallaxes over their errors) for all sources. As such, the
HESIOD score is assigned for the entire candidate system, com-
posed of multiple Gaia DR3 sources. This parameter space also
enables HESIOD to deal with more challenging lensing cases.
For instance, although gravitational lenses are achromatic, one
or more of the QSO images can be superposed with parts of
the lensing galaxy, and in the most extreme cases, the lensing
galaxy can be completely unresolved and mixed with one or
more images due to finite spatial resolution. In such cases, prop-
erty gradients (such as colour, and astrometry) could be expected
to exist within the candidate system, and HESIOD can deal with
such non-textbook lensing cases as long as there are similar
examples among the positive class sample in D.

5.2. Extremely Randomised Trees

Another technique for identifying strong gravitational lenses
assumes that multiplets whose positions and magnitudes can be
modelled by a singular isothermal ellipsoid in the presence of an
external shear (Kormann et al. 1994, hereafter SIEy lens model)
are good lens candidates. Whereas doublets do not yield a suffi-
cient number of constraints to properly assess if their component
positions and magnitudes can be reproduced through a SIEy lens
model, those composed of three or four images do. Classical lens
modelling tools, such as those from Keeton (2001) or Birrer et al.
(2015), are based on a sampling of log-posterior distributions,

which efficiently provide estimates of the lens model parame-
ters along with a thorough estimate of their uncertainties. As
we are not interested in those parameters but only in the abil-
ity they reproduce the multiplet positions and fluxes, we choose
to simulate the relative positions and magnitudes of quadruple
lenses using a SIEy lens model, then simulate random multiplets
and train a supervised machine learning model to identify the
simulated lenses from the random multiplets.

For this purpose, we use an updated version of the method
described in Delchambre et al. (2019), which is based on
Extremely Randomised Trees (Geurts et al. 2006, hereafter
ERT). The training used 112784 simulated quadruple lenses
drawn from a SIEy model. The simulations use random values
of the ellipticity and shear drawn from the distributions pro-
vided in Petit et al. (2023) and in Holder & Schechter (2003),
respectively. A Gaussian noise with a standard deviation of 0.3
mag was also added to the simulated magnitudes in order to
deal with the imperfection of the SIEy lens model (galaxy sub-
structures, micro-lensing, time delays, ...), see Delchambre et al.
(2019, Sect. 3.2) for details. We also simulated a similar number
of random multiplets using G magnitudes drawn from the empir-
ical Gaia DR3 distribution. Cross-validation tests, where 20% of
our simulations are kept as a test set and 80% of our simulations
are used for training, show that 90.4% of our simulated lenses are
recovered by the method if four images are present while 0.7%
of the random multiplets are falsely classified as lenses. These
numbers become 90.3% and 12.5% if triplets are considered”.
When only three out of the four lensed images are observed, we
do not know — a priori — which lensed image is not detected
(not necessarily the faintest). We test the four possibilities and
keep the highest score. Similarly, if a multiplet is composed of
more than three components, we consider all combinations of
three and four components out of this multiplet. This allows us
to identify quadruply imaged QSOs having a contaminating star
or (lensing) galaxy in their vicinity.

Figure 10 shows the ERT scores, Py, for all combinations
of three and four images of the GravLens multiplets. We can
see that 20/24 (83%) of the known lenses have P.y > 0.8 if
four components are available, while only 0.75% of the com-
binations of four components from the GravLens multiplets have
P > 0.8.

Regarding the combinations of three components, 91/117
(78%) of the combinations from known lenses have Pg, > 0.8
compared to 22.7% of all multiplets. This is in good agree-
ment with the identification performance estimated from cross-
validation tests. The differences for three components are mostly
explained by the fact that we keep the maximal score out of the
four ERT models (and explains the peak at P ~ 0.95 in the bot-
tom panel of Fig. 10). Misclassified lenses can either be due to
the inability of the SIEy model to reproduce the observed fluxes
or positions of the lens (e.g. if two lensing galaxies are present),
to extreme values of the eccentricity or shear (i.e. not covered by
our simulations) or to microlensing (see Delchambre et al. 2019,
for further discussions).

5.3. Comparison of mean BP/RP spectra

The most secure way of identifying strong gravitational lenses
is to compare the spectral energy distributions (SEDs) of their
images. Indeed, as the background QSO is unique and the lens-
ing phenomenon achromatic, all of the lensed images should

5 The areas under the receiver operating characteristic curve are equal
to 0.9958 and 0.9554 for the cases of four images and three images,
respectively.
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Fig. 10. Distribution of the ERT scores for the 56 398 multiplets (24
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nents, respectively, then all combinations of three and four components
are considered for computing the ERT scores.

have similar SEDs (except for any absorption by the deflect-
ing galaxy; intervening gas and lens time delays). Gaia provides
epoch spectro-photometry in the blue (300-700 nm, resp. BP)
and in the red (600-1100 nm, resp. RP) part of the optical
domain (Gaia Collaboration 2016), and hence should be a very
powerful tool to identify lenses. Gaia’s spectral resolution of
R = 1/AA < 100 with a full width at half maximum between
10 nm and 40 nm (Montegriffo et al. 2023), can however hardly
differentiate strongly lensed QSOs from QSO pairs, although
both have important applications in cosmology (see Mannucci
et al. 2022, for examples).

To compare components of a GravLens multiplet, we use the
Gaia epoch BP/RP spectra associated with each of the compo-
nents since we cluster components at the transit level. Each of
these epoch spectra has 60 fluxes, associated uncertainties, and
pixel positions in the along-scan (AL) direction. Pixel positions
are converted into wavelength positions using dedicated disper-
sion functions®. The spectra are not sampled on the same pixel
scale due to the geometric and flux calibrations that minimise
the discrepancies between otherwise similar spectra but acquired
over different CCD rows, CCD columns, or TDI gates (see
De Angeli et al. 2023, for details). We resample the epoch spec-
tra on a uniform pixel grid with xgp = {13,13.5,...,36} in BP
and xgp = {13, 13.5,...,49} in RP. These cover the wavelength
regions 394-690 nm in BP and 638-1022 nm in RP. For each
X € xgp O X € xgp, We first isolate epoch BP or RP fluxes falling
in the pixel range [x — 0.5, x + 0.5] and reject those for which
the distance to the median flux in this range is larger than 7.50.

6 Available at https://github.com/gaia-dpci/GaiaXPy/blob/
main/src/gaiaxpy/config/TabulatedDispersionFunction-
DR3-v375wiv142r_20200610.csv
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We then fitted a line to the remaining fluxes and take its value
at x as the value of the resampled flux, along with its associated
uncertainty. Since the resampling bins overlap, correlations exist
between the noise on the resampled fluxes that should be taken
in account. During resampling, we estimate the total fluxes of
each component, Figp and Fgp; their signal-to-noise ratio, S/Ngp
and S/Ngp; and a mean chi-square for the fit of the lines to the
epoch fluxes in each of the resampling bin, 3, and y2,. High
X1231> or /\(ZRP are indicative of the inability of our resampling to
fully model the variance seen in the epoch spectra. This could
be due to multiple effects, such as blended sources, unfiltered
cosmic rays, border effects, and high intrinsic variability of the
sources, to cite a few examples. The procedure is illustrated in
Fig. 11 for the case of the known lens GraL J065904.1+162909
(Delchambre et al. 2019; Stern et al. 2021).

The resampled spectra of N components are compared using
the method described in the appendices of Gaia Collaboration
(2023a)". If f; is the resampled BP or RP spectrum of the ith
component of the multiplet, then we aim to find a mean vec-
tor, m, and linear coefficients, s;, that minimise the reduced
chi-square defined by

1 N
)«3=;;||W,-[f,-—ms,-]ll2 (1)

where v are degrees of freedom of the problem and W; is the
inverse of the Cholesky decomposition of the covariance matrix
associated with f;, C;, such that wiTw; = ¢~ Absorption of
QSO light by the lens affects the colour of the lensed images so
Eq. (1) was evaluated separately for BP and RP before producing
a single reduced chi-square. Multiplets composed of compo-
nents having similar spectra thus have y?> ~ 1. Finally, to ease
the comparison of the X%, we use the well-known cubic root
transformation (Wilson & Hilferty 1931),

1) @

9y [,
£= 42+
g0 2 ( Ty,

which approximately follows a standard Gaussian distribution
that is independent of the degrees of freedom, v, once v is large
(here the mode of v is equal to 118).

We complement this chi-square approach by a comparison
based on the Wasserstein distance (Kantorovich 1942, 20006),
which is potentially more robust to outliers. Intuitively, the
Wasserstein distance corresponds to the minimal ‘effort’, or opti-
mal transport cost (e.g. Villani 2003, 2016; Peyré & Cuturi 2019),
that is needed in order to convert a pile of earth into another pile,
hence the reason why it is often called the earth mover’s distance.
Given two sets of epoch spectra, f and ¢, and their linear interpo-
lations in pixel space, f(x) and g(x), we define the 1-Wasserstein
distance between f and g as

I
R

G

Fo
where F, = f LS dxand G, = f ., 9(x) dx. Two components
with similar SEDs then have W; <« 1. No resampling is needed
here and we do not use the uncertainties on the epoch spectra as
the comparison is done on the overall shape of the epoch spectra
only.

dz 3)

5.4. Selection of the lens candidates

Focusing on providing a first non-exhaustive list of lens can-
didates based on the Gaia FPR data, we applied the methods

7 The Octave-Matlab source code is publicly available at https://
github.com/ldelchambre/gls_mean
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Fig. 11. Epoch and resampled BP and RP spectra of the first and third components of the quadruple lens system GraL J065904.1+162909
(Delchambre et al. 2019; Stern et al. 2021), corresponding to the GravLens multiplet DR3Gaia065903.826+162907.83. Points are the epoch BP/RP
spectra of each of the components (blue for BP, red for RP) while solid lines are the resampled BP/RP spectra, as described in Sect. 5.3. We also
provide the additional parameters derived during the resampling phase: mean resampling chi-square (y%p), integrated flux (Fxp) and signal-to-noise
ratio (S/Nxp) where XP stands for BP or RP. Both component spectra show strong Ly and C 1V emission lines that allow us to unambiguously

identify this multiplet as a lensed QSO.
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Fig. 12. Distribution of the combined score, S comp-

described above to the 491 504 multiplets with less than seven
components (Table 1) to provide scores quantifying if a multi-
plet is likely to be a strongly lensed QSO. As the scoring methods
have different limitations, not all scores are available for all mul-
tiplets. The selection of the most promising candidates is done
by isolating regions in the space defined by the parameters: P
score; minimal HESIOD score (Opmin); X%; gof and W,, with the
addition of the galactic latitude, b; maximal separation between
pair of components; G magnitudes; S/Nxp; integrated flux Fxp
and mean resampling chi-square, )&P. Instead of performing
cuts manually, we use machine learning to compute a combined
score, S comb, that reflects the similarities between the multiplets
and the set of known lenses. To do so, we use a cross-validation
procedure where we split the set of 1957559 combinations of
2-6 components from the 491 504 multiplets into 100 subsets
of approximately equal size. For each subset, we run a Random
Forest classifier (Breiman 2001) built on the set of known lenses
and on the combinations from the 99 other subsets. The com-
binations from these 99 subsets that are closer than 10” from
one of the combinations in the selected subset are discarded, as
the combinations from multiplets share input parameters (e.g.
G magnitudes, S/Nxp, ...). Figure 12 shows the distribution of
the combined score for all the 1957 559 combinations. The 869
combinations at S ¢omp > 0.9 correspond to combinations from
known lenses. As the known lenses are always included in the

Random Forest training sample, these will automatically have
S comb = 1. Most of the combinations, however, have S comp < 1,
and sorting by this score can drastically reduce the number of
combinations the user has to explore. The set of known lenses
is limited in number, and thus the score combination is natu-
rally biased due to the lack of coverage of the parameter space.
Thus, it is expected that some yet-to-be-discovered lenses may
have low S .omp Values. We hence encourage users of this FPR to
explore alternative selections.

The scores and discriminators we use to isolate the lens can-
didates are provided in Table 2. We concentrate our search on
multiplets having S comp > 0.01 but also consider each of the dis-
criminators from Table 2 separately. Finally, for deeper cleaning,
we cross-match the GravLens components with the Gaia DR3
in order to obtain information on proper motions, parallaxes,
redshifts, and source classification; and with the CatWISE2020
catalogue (Marocco et al. 2021) to obtain W1-W?2 colours. The
use of these two public catalogues allows us to discard some
obvious contaminants with large proper motions, large paral-
laxes, or low W1-W2 colours as well, as to select interesting
candidates based on components with nearly equal redshifts or
magnification biases (Turner 1980).

We finally selected 1307 candidates from Table 2 using loose
cuts on our discriminators so as to favour completeness. This
selection consists in a compilation of various subsets that were
independently drawn by the main authors of this paper and
is consequently very heterogeneous. These candidates however
share some common characteristics: |b| > 5°, W1-W2> 0.275,
maximal component separation< 6.5, gof < 3, W; < 6 and
S comb > 0.01; although not all candidates satisfy all these char-
acteristics at the same time. These candidates were then visually
ranked from A to D, where A corresponds to the most promising
candidates, where the lensing hypothesis is the most probable.
Out of these candidates, 621 were ruled out (ranked D) because
of one or more components exhibiting very large proper motions,
large parallaxes, low W1-W2 WISE colours, or because they
are spectroscopically confirmed as stars, nearby galaxies, or
AGN. 305 candidates are given a rank of C, because the visual
inspection tends to support the stars, QSO+star or QSO+galaxy
hypothesis, or fortuitous alignment of QSOs. 332 candidates
have interesting lens-like features and are classified as plau-
sible candidates (rank B). Rank A is further subdivided into
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Table 2. Extract of the table containing 1 957 559 combinations of 2—6 components out of the 501 385 multiplets including the scores calculated in

Gaia Collaboration: A&A, 685, A130 (2024)

this work.

# Name Comp. 1% ) Pet  Opin gof Wi Scomb
1 DR3Gaia052025.426+331443.46 1/2 80.1057322 33.2448383 0.615 -2.770 2.448 0.000
2 DR3Gaia084114.124+223614.72  1/2 130.3082652  22.6042005 0.521 -3.070 3.035 0.000
3 DR3Gaial02800.048+803922.91 1/2 157.0020369  80.6567414 0.628 0.577 4.126 0.000
4 DR3Gaia235819.841+482027.63 1/2 359.5817555  48.3413855 0.597 5.803 0.000
5 DR3Gaial92635.516+405005.98 1/2 291.6473954  40.8348653 0.642 1.247 4.707 0.000
6 DR3Gaia062751.407-253223.83 1/2 96.9646288 -25.5393739 0.374 6.391 4.224 0.000
7 DR3Gaia062751.407-253223.83 1/3 96.9642328 -25.5398715 5.097 4.224 0.000
8 DR3Gaia062751.407-253223.83  2/3 96.9638001 -25.5404539 0.374 1.278 4.224 0.000
9 DR3Gaia062751.407-253223.83  1/2/3 96.9642205 -25.5398998 0.060 0.374 5.646 4.224 0.000
10 DR3Gaial91906.417-110304.27 1/2 289.7765560 —11.0504709 0.377 21.999 0.000
1957557 DR3Gaial90225.249-311341.45 2/3/4  285.6043694 -31.2287627 0.580 0.705 -3.967 2.688 0.000
1957558 DR3Gaial90225.249-311341.45  1/2/3/4 285.6046004 -31.2289471 0.000 0.705 5.939 131.139 0.000
1957559 DR3Gaia201938.091-142206.89 1/2 304.9092924 —14.3684893 0.759 3.843 1.984 0.000

Notes. All combinations of components from the multiplets are considered here to enable the detection of cases consisting of multiple images of a
lens system, plus contaminants (e.g. deflecting galaxy or nearby star). Comp. are the component_id’s (from Table A.1) of the components in each

combination. The full table is available at the CDS.

two subcategories: A+ if all components have similar spectra,
image(s) that support the lensing hypothesis while exhibiting a
potential deflector and are ranked A— otherwise. Rank B can-
didates are similarly split into B+ and B—, depending of the
degree of confidence we put on the observed lens-like features.
The 381 candidates A and B are presented in Table 3 (available
at the CDS), highlighting the 49 candidates ranked A (see also
Appendix B). The rank A candidates have angular sizes from
1.03” to 5.97”, reaching minimal image separations of 0.41”.

We note that depending on the involved redshifts, lensing
galaxies, and image separations, the lensing galaxies can be
hard to detect from the currently available ground-based imag-
ing surveys. Thus, good candidates for lensed QSOs can present
no detectable lensing galaxy based on stamps from current
ground-based survey archives, such as PS1. However, the lens-
ing galaxy can later be identified in higher resolution and/or
deeper images or via absorption lines directly in spatially unre-
solved, slit-based, follow-up spectra. Moreover, some effects can
effectively bias the eye-detection of the lensing galaxy: first, we
use a default colour scale to display Dark Energy Spectroscopic
Instrument Legacy Surveys (DESI) and PanSTARRS images in
Appendix B, while sharper cuts or a more detailed inspection
of the individual g,r,i,z,y images can reveal hints of a lens-
ing galaxy in several cases (e.g. DR3Gaia014718.509-465709.04
or DR3Gaia020209.884-431922.09). Secondly, for more com-
pact lenses, the lensing galaxy is often blended with the lensed
images, and the HESIOD method then reports a high score,
likely due to a blue-red colour gradient in the system that does
not appear immediately by the eye (e.g. DR3Gaial15352.588-
252027.70).

6. Conclusions

The Gaia satellite has all-sky coverage with an angular resolu-
tion of ~0.18”. This is unprecedented for an astronomical survey
operating in optical wavelengths. In this article we describe the
Gaia Focused Product Release (FPR) aimed at detecting strongly
lensed QSOs and the results of the DPAC GravLens processing.
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We developed novel methods to analyse the Gaia detections near
QSOs and produce a list of secondary sources that complement
the current Gaia Data Releases. The methods produce a series of
scores that can guide the user in the selection of promising new
lensed QSO candidates.

A list of 3760480 QSO candidates from well-known cata-
logues (Sect. 2) was input to our GravLens pipeline. GravLens
uses the DBSCAN unsupervised clustering algorithm to pro-
duce a list of sources within a 6” radius of each QSO. It
identifies clusters of Gaia detections, referred to as compo-
nents, around the QSO and labels anomalous ones as outliers.
A list of point sources with mean positions, fluxes, and mag-
nitudes of the components are computed and stored in the
table lens_candidates. GravLens has analysed 183 368 062
transits around QSOs obtained during the first 3yr of Gaia
operations, and produced a catalogue of 4 760 920 sources of
which ~103 000 are new sources complementing those from
Gaia DR3. 87% of the QSOs were identified as single sources,
while 501 385 resulted in multiplets (doublets or more).

We developed scoring methods to guide the selection of the
best candidates for new lenses of different types, quads, and
doubles. Two of these are the HESIOD score (Sect. 5.1), an out-
lier detection algorithm, and an Extremely Randomised Tree
algorithm (ERT, Sect. 5.2). These methods use astrometric and
photometric data. When available, Gaia spectrophotometry was
used to ascertain whether a component was a probable image of
the QSO (Sect. 5.3). The outlier detection methods were trained
on real data from a set of known lenses, while the ERT method
was trained on a large number (~10°) of simulated lenses. The
methods are complementary as the ERT score works best for
quads and triplets, whereas HESIOD is particularly effective for
doublets. The scores accompany this Focused Product Release.

Finally, we use our scores complemented by visual inspec-
tion to derive a refined, non-exhaustive, list of 381 lensed QSO
candidates, each with assigned quality grades. Among these
candidates, 49 are particularly promising.

The spatial resolution and all-sky coverage make Gaia data
a treasure for lensing studies. This Focused Product Release



Gaia Collaboration: A&A, 685, A130 (2024)

Table 3. Most promising 49 lens candidates out of the 381 selected in this work.

# Name Grade a 1 Pt Omin gof Wy S comb
1186594 DR3Gaia010120.807-494324.36 A+ 15.3367775 —49.7228775 0.739 1.062 1.194 0.000
1410355 DR3Gaia015426.227-440213.66 A+ 28.6086993 —44.0372670 0.844  —1.701 1.501 0.003
1209020 DR3Gaia015739.213-683707.60 A+ 29.4137683 —68.6187615 1.000 -1.220 2.797 0.178
482036 DR3Gaia020209.884-431922.09 A+ 30.5410743 -43.3235545 -0.477  0.540 0.000
400875 DR3Gaia020501.994-323348.59 A+ 31.2589438 -32.5640445 -1.904 0.189 0.000
506340 DR3Gaia044652.260-310219.85 A+ 71.7179854 -31.0383946 1.000  -0.963  2.369 0.003
748543 DR3Gaia050613.596-253047.45 A+ 76.5561851 —25.5134752 0.621  -0.623  0.955 0.000
1879078 DR3Gaia060216.151-433540.97 A+ 90.5670711 —43.5945222 0.866 5.328 3.712  0.004
50830  DR3Gaial05221.613-195238.39 A+ 163.0900708 —19.8771667 0.754 8.572 7.774  0.088
1572115 DR3Gaial21504.295-200556.84 A+ 183.7681509 —-20.0992440 0.997 -0.912 4.616 0.153
48388  DR3Gaial51030.678-791857.87 A+ 227.6266420 -79.3157777 0.521 -3.740 1.952 0.000
1734022 DR3Gaial51723.117-241848.13 A+ 229.3462903 —24.3139543 0.796  —2.028 4.264 0.002
147896  DR3Gaial70842.333+064614.31 A+ 257.1758007 6.7705216 0.679  -2.583 4.762  0.000
1654705 DR3Gaial72201.867+201920.75 A+ 260.5075498  20.3222709 0.740 0.391 —2.150@ 5.784@ 0.000
294425 DR3Gaial93647.137-320217.79 A+ 294.1957241 -32.0385626 0.833 -2.110 1.282 0.000
602038 DR3Gaia210752.320-161131.67 A+ 316.9684944 —16.1922981 0.880 0.782 1.747® 4.827®» 0.003
1466139 DR3Gaia221540.110-520404.66 A+ 333.9167767 -52.0676474 0.998 0.143 0.877 0.176
700931 DR3Gaia230405.819-802805.72 A+ 346.0281735 -80.4686247 -0.419 1.415 0.000
141767  DR3Gaia014718.509-465709.04 A-— 26.8266523 —46.9530303 0.799 -0.124 1.573  0.000
884711 DR3Gaia021120.383+210749.64 A-— 32.8343751  21.1299320 0.090 0.634 0.474© 3.008© 0.000
559412 DR3Gaia031013.747+352414.86 A— 475561827 35.4045044 0.320 0.278 -2.067@ 4.703@ 0.000
1002146 DR3Gaia033001.688-441335.60 A— 52.5063646 —44.2268054 0.675 1.658 1.575 0.000
9023 DR3Gaia045755.331+124238.67 A- 74.4805842  12.7104176 0.603 2458 1.522  0.000
1420154 DR3Gaia055409.442-234754.13 A- 88.5387470 -23.7982264 0.610 3.493 1.395 0.000
771791  DR3Gaia070020.352+132813.68 A- 105.0851179  13.4707837 0.458 -1.776 2.121 0.000
1113851 DR3Gaia092321.265-020554.21 A- 140.8399647 —2.0980878 —4.474 3419 0.023
496839 DR3Gaiall0527.117-391343.61 A— 166.3628841 —39.2284930 1.000 -2.382 1.397 0.122
287077 DR3Gaialll221.158-201111.55 A- 168.0885649 —20.1865341 0.600 -1.452 1.381 0.010
1204565 DR3Gaiall4934.110-172651.95 A- 177.3923073 —17.4478355 0.709 1.989  4.780 0.036
1147299 DR3Gaiall5352.588-252027.70 A- 178.4693002 -25.3410790 0.747 2.111 2.093 0.051
13466  DR3Gaial24708.184-092332.50 A-— 191.7842239  -9.3921238 0.793 0925 6.682 0.057
399786 DR3Gaial25238.119-270906.98 A-— 193.1589992 -27.1514771 0.503 1.112 1.845 0.000
1938680 DR3Gaial33741.153-132524.24 A- 204.4217226 -13.4235215 0.630 0.855 6.103 0.029
950559 DR3Gaial34839.786+002343.29 A— 207.1655325 0.3946152 -3.192  3.462 0.000
787035 DR3Gaial50826.916+670544.68 A— 2271123665  67.0955375 0469 -0.758 2.561 0.023
468388 DR3Gaial60508.549+024739.44 A— 241.2857807 2.7943234 0.779  -1.242  3.677 0.052
651231 DR3Gaial61135.764+515346.43 A— 242.8993897  51.8965852 0.766 0.509 12918 0.019
726741 DR3Gaial73144.453+250232.26 A-— 262.9352928 25.0424432 0.639 1.918 5289 0.026
1741359 DR3Gaial75323.439+144702.74 A-— 268.3482034  14.7845840 0.280 0.587 -2.918@ 3.794©  0.000
675406 DR3Gaial80734.677+475943.60 A- 271.8948565  47.9953497 1.000 0.021
820377 DR3Gaial90007.256-624734.16 A— 285.0303752 —62.7924480 0.822 -0.214 22.185 0.001
1157981 DR3Gaia201951.245-062931.96 A-— 304.9638007 —6.4925101 0.367 1.034 1.331 0.000
628816 DR3Gaia202042.974-265023.86 A— 305.1794142 -26.8399389 0.780 6.270  2.452 0.009
173950 DR3Gaia202627.737+161850.69 A- 306.6157010  16.3144130 0.595 -1.076 3.107 0.000
1381292 DR3Gaia202710.607+060438.30 A-— 306.7943588 6.0773550 0.650 0260 2.325 0.033
937383 DR3Gaia204449.725-040357.87 A- 311.2067405 —4.0665789 0.441 -1.300  0.831 0.000
1401461 DR3Gaia220231.754-800425.40 A- 330.6355963 -80.0735089 0.696 0.181 0.633 0.000
1557618 DR3Gaia222638.124-521519.18 A- 336.6584846 —52.2557299 0.518 2.052 1.633  0.000
379838 DR3Gaia235506.238-455335.44 A- -45.8929542 0469  -1.552 3.957 0.001

358.7762969

Notes. Candidates with P, are quad candidates, others are doublet candidates. The resampled spectra and Dark Energy Survey or Pan-
STARRS1 images for this selection can be found in Appendix B. The candidate identifier (#) corresponds to the row identifier from Table 2.
@Taken from components 1 and 2 of DR3Gaial72201.867+201920.75 (#1654702). ’Taken from components 1 and 2 of DR3Gaia210752.320-
161131.67 (#602035). ©Taken from components 1 and 2 of DR3Gaia021120.383+210749.64 (#884708). "Taken from components 1 and 3 of
DR3Gaia031013.747+352414.86 (#559410). *Taken from components 2 and 3 of DR3Gaial75323.439+144702.74 (#1741358). The full table is
available at the CDS.
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provides a first list of new lens candidates and data beyond the
Gaia DR3 to establish an all-sky catalogue of multiply-imaged
QSOs at the full Gaia angular resolution. We anticipate that
the data products from this FPR and the upcoming Gaia Data
Releases can contribute to various realms of cosmology. After
identification and confirmation of lensed QSOs through spectro-
scopic analysis, these lenses can help to progress on the elusive
topics of dark matter and dark energy, and potentially offer
insights into the tension surrounding the determination of the
Hubble constant.
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Appendix A: Catalogue data model

The data model of the catalogue of sources in the vicinity of

QSOs is described in Table A.1.

Table A.1. lens_candidates table that presents the content of the table of all sources found in the fields of the QSOs analysed. For more
information about the data model please refer to https://gaia.esac.esa.int/dpacsvn/DPAC/docs/ReleaseDocumentation/FPR/FPR_

master.pdf
Name Content
solution_id Solution Identifier
source_id Unique source identifier of the quasar analysed
name Name of the multiplet corresponding to the coordinates of the quasar analysed
flag Flag at the quasar level (see 3.4 for detailed description)

n_components
component_id
n_obs_component
component_flag
ra_component
ra_std_component
dec_component
dec_std_component
g_flux_component
g_flux_component_error
g_mag_component
g_mag_std_component

Number of components found in the field of the quasar analysed
Index of the component for this quasar field

Number of valid observations used for this component

flag of this component

Mean right ascension of the component

Standard deviation of the right ascension of the component
Mean declination of the component

Standard deviation of the declination of the component

Mean G flux of the component

Uncertainty of the mean flux value for this component

Mean onboard G magnitude of the component

Standard deviation of the onboard G magnitude of the component

Appendix B: Lens candidates

This section compares the resampled spectra of the components
from some of the most promising lens candidates in Table 3 and
displays the associated Dark Energy Survey (Dey et al. 2019)
or Pan-STARRS1 (Chambers et al. 2016) images. Candidates
composed of three components either have spectra for two com-
ponents only (DR3Gaia021120.383+210749.64) or we decided
to discard one of the spectrum for clarity purpose. The discarded
spectrum is either the faintest (DR3Gaia031013.747+352414.86
and DR3Gaia210752.320-161131.67) or the most
contaminated (DR3Gaial72201.867+201920.75 and

DR3Gaia010120.807-494324.36, grade A+

DR3Gaial75323.439+144702.74). None of these discarded
spectra allows to rule out the lensing hypothesis.

0.25
Component 1 —— = 1533678 4 = —4D.T2288
Component 2 oo - € = 0.730 of = 1.062
0.2 |- s Wi=1.104 Seamt = 0.000
" 3
= 013
ERA
w
0.05
['} | | 1
300 400 300 600 TOO 800 900 1000 1100

Observed wavelength (nin)

Fig. B.1. Comparison of the resampled spectra of the DR3Gaia010120.807-494324.36 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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DR3Gaia014718.509-465709.04, grade A-
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Fig. B.2. Comparison of the resampled spectra of the DR3Gaia014718.509-465709.04 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.

DR3Gaia015426.227-440213.66, grade A+
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Fig. B.3. Comparison of the resampled spectra of the DR3Gaia015426.227-440213.66 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.

DR3Gaia015739.213-683707.60, grade A+
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Fig. B.4. Comparison of the resampled spectra of the DR3Gaia015739.213-683707.60 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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DR3Gaia020209.884-431922.09, grade A+
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Fig. B.5. Comparison of the resampled spectra of the DR3Gaia020209.884-431922.09 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.6. Comparison of the resampled spectra of the DR3Gaia020501.994-323348.59 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.

DR3Gaia021120.383+4+210749.64, grade A-
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Fig. B.7. Comparison of the resampled spectra of the DR3Gaia021120.383+210749.64 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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DR3Gaia031013.747+352414.86, grade A-
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Fig. B.8. Comparison of the resampled spectra of the DR3Gaia031013.747+352414.86 multiplet (Left) and associated Pan-STARRS1 image (Right)
(Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.9. Comparison of the resampled spectra of the DR3Gaia033001.688-441335.60 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.10. Comparison of the resampled spectra of the DR3Gaia044652.260-310219.85 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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DR3Gaia045755.3314+124238.67, grade A-
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Fig. B.11. Comparison of the resampled spectra of the DR3Gaia045755.331+124238.67 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.12. Comparison of the resampled spectra of the DR3Gaia050613.596-253047.45 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.13. Comparison of the resampled spectra of the DR3Gaia055409.442-234754.13 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.14. Comparison of the resampled spectra of the DR3Gaia060216.151-433540.97 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.15. Comparison of the resampled spectra of the DR3Gaia070020.352+132813.68 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.16. Comparison of the resampled spectra of the DR3Gaia092321.265-020554.21 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.17. Comparison of the resampled spectra of the DR3Gaial05221.613-195238.39 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.18. Comparison of the resampled spectra of the DR3Gaial10527.117-391343.61 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.19. Comparison of the resampled spectra of the DR3Gaial11221.158-201111.55 multiplet (Left) and associated Pan-STARRS1 image (Right)
(Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.20. Comparison of the resampled spectra of the DR3Gaia114934.110-172651.95 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.

DR3Gaial15352.588-252027.70, grade A-
0.3

Component 1 —— o= 17846930 § = —23.34108
0.25 | Component 2 o Grin = 0.747 of= 2,111
s W,y = 2.003 Seomn = 0051

0.2

=

—

ot
T

Secaled Mux

=
—

.05 -

[') e il ik 1 = o S i ik .
300 400 300 600 00 800 900 1000 1100

Observed wavelength {nm)

Fig. B.21. Comparison of the resampled spectra of the DR3Gaial15352.588-252027.70 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.22. Comparison of the resampled spectra of the DR3Gaia121504.295-200556.84 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.23. Comparison of the resampled spectra of the DR3Gaia124708.184-092332.50 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.24. Comparison of the resampled spectra of the DR3Gaial125238.119-270906.98 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.25. Comparison of the resampled spectra of the DR3Gaial33741.153-132524.24 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.26. Comparison of the resampled spectra of the DR3Gaia134839.786+002343.29 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.27. Comparison of the resampled spectra of the DR3Gaial50826.916+670544.68 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.28. Comparison of the resampled spectra of the DR3Gaia151030.678-791857.87 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.29. Comparison of the resampled spectra of the DR3Gaia151723.117-241848.13 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.30. Comparison of the resampled spectra of the DR3Gaial60508.549+024739.44 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.31. Comparison of the resampled spectra of the DR3Gaial61135.764+515346.43 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.32. Comparison of the resampled spectra of the DR3Gaial70842.333+064614.31 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.33. Comparison of the resampled spectra of the DR3Gaia172201.867+201920.75 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.34. Comparison of the resampled spectra of the DR3Gaial73144.453+250232.26 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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Fig. B.35. Comparison of the resampled spectra of the DR3Gaial75323.439+144702.74 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.36. Comparison of the resampled spectra of the DR3Gaia190007.256-624734.16 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left. Component
2 is presumably a contaminating source.
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Fig. B.37. Comparison of the resampled spectra of the DR3Gaia193647.137-320217.79 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.38. Comparison of the resampled spectra of the DR3Gaia201951.245-062931.96 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.39. Comparison of the resampled spectra of the DR3Gaia202042.974-265023.86 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.40. Comparison of the resampled spectra of the DR3Gaia202627.737+161850.69 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.

A130, page 33 of 40



Gaia Collaboration: A&A, 685, A130 (2024)

DR3Gaia202710.6074+060438.30, grade A-

(.25
Component 1 —— o= 306.79436 4 = 6.07736
Componept 2« o G = 0,650 of = —0.260
0.2 | A WRE 2395 B, = 0.033
o .
Z 015 F
T 01
oo
.05
[') e 1 1 L5 e

30 400 300 600 TO0 300 900 1000 1100
Observed wavelength (nim)

Fig. B.41. Comparison of the resampled spectra of the DR3Gaia202710.607+060438.30 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.42. Comparison of the resampled spectra of the DR3Gaia204449.725-040357.87 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.43. Comparison of the resampled spectra of the DR3Gaia210752.320-161131.67 multiplet (Left) and associated Pan-STARRS1 image
(Right) (Chambers et al. 2016). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.

A130, page 34 of 40



Gaia Collaboration: A&A, 685, A130 (2024)

DR3Gaia220231.754-800425.40, grade A-

.25
Component 1 ——[.5 o = 330.63560 & = —80.07351
Component 2 oo pifs g = 0.696 of=0.181
0.2 A Wy = (L633 Seomn = 0.000
b
= 015 F
E 01
w
.05 -
L L

[} 1
300 400 200 600 TO0 500 900 1000 1100
Observed wavelength (nim)

Fig. B.44. Comparison of the resampled spectra of the DR3Gaia220231.754-800425.40 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.45. Comparison of the resampled spectra of the DR3Gaia221540.110-520404.66 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.46. Comparison of the resampled spectra of the DR3Gaia222638.124-521519.18 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.47. Comparison of the resampled spectra of the DR3Gaia230405.819-802805.72 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” x 15.0”, north is up and east is left.
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Fig. B.48. Comparison of the resampled spectra of the DR3Gaia235506.238-455335.44 multiplet (Left) and associated Dark Energy Survey image
(Right) (Dey et al. 2019). Blue dots correspond to the GravLens components. The cutout size is 15.0” X 15.0”, north is up and east is left.
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the Set of Identifications, Measurements, and Bibliog-
raphy for Astronomical Data (SIMBAD, Wenger et al.
2000), the ‘Aladin sky atlas’ (Bonnarel et al. 2000; Boch
& Fernique 2014), and the VizieR catalogue access tool
(Ochsenbein et al. 2000), all operated at the Centre de
Données astronomiques de Strasbourg (CDS);

the National Aeronautics and Space Administration (NASA)
Astrophysics Data System (ADS);

the SPace ENVironment Information System (SPENVIS),
initiated by the Space Environment and Effects Section
(TEC-EES) of ESA and developed by the Belgian Insti-
tute for Space Aeronomy (BIRA-IASB) under ESA contract
through ESA’s General Support Technologies Programme
(GSTP), administered by the BELgian federal Science Pol-
icy Office (BELSPO);

the software products TOPCAT, STIL, and STILTS (Taylor
2005, 20006);

Matplotlib (Hunter 2007);

IPython (Pérez & Granger 2007);

Astropy, a community-developed core Python package for
Astronomy (Astropy Collaboration et al. 2018);

R (R Core Team 2013);

the HEALPix package (Goérski et al. 2005, http://
healpix.sourceforge.net/);

Vaex (Breddels & Veljanoski 2018);

the HIPPARCOS-2 catalogue (van Leeuwen 2007). The Hip-
PARCOS and Tycho catalogues were constructed under the
responsibility of large scientific teams collaborating with
ESA. The Consortia Leaders were Lennart Lindegren (Lund,
Sweden: NDAC) and Jean Kovalevsky (Grasse, France:
FAST), together responsible for the HIPPARCOS Catalogue;
Erik Hgg (Copenhagen, Denmark: TDAC) responsible for
the Tycho Catalogue; and Catherine Turon (Meudon, France:
INCA) responsible for the HIPPARCOS Input Catalogue
(HIC);

the Tycho-2 catalogue (Hgg et al. 2000), the construction of
which was supported by the Velux Foundation of 1981 and
the Danish Space Board;

The Tycho double star catalogue (TDSC, Fabricius et al.
2002), based on observations made with the ESA HIPPAR-
cosastrometry satellite, as supported by the Danish Space
Board and the United States Naval Observatory through their
double-star programme;

data products from the Two Micron All Sky Survey
(ZMASS, Skrutskie et al. 2006), which is a joint project
of the University of Massachusetts and the Infrared Pro-
cessing and Analysis Center (IPAC) / California Institute
of Technology, funded by the National Aeronautics and
Space Administration (NASA) and the National Science
Foundation (NSF) of the USA;

the ninth data release of the AAVSO Photometric All-Sky
Survey (APASS, Henden et al. 2016), funded by the Robert
Martin Ayers Sciences Fund,;

— the first data release of the Pan-STARRS survey

(Chambers et al. 2016; Magnier et al. 2020a; Waters
et al. 2020; Flewelling et al. 2020; Magnier et al. 2020b,c).
The Pan-STARRS1 Surveys (PS1) and the PS1 public sci-
ence archive have been made possible through contributions
by the Institute for Astronomy, the University of Hawaii,
the Pan-STARRS Project Office, the Max-Planck Society
and its participating institutes, the Max Planck Institute
for Astronomy, Heidelberg and the Max Planck Institute
for Extraterrestrial Physics, Garching, The Johns Hopkins
University, Durham University, the University of Edinburgh,
the Queen’s University Belfast, the Harvard-Smithsonian
Center for Astrophysics, the Las Cumbres Observatory
Global Telescope Network Incorporated, the National
Central University of Taiwan, the Space Telescope Science
Institute, the National Aeronautics and Space Administration
(NASA) through grant NNX08AR22G issued through the
Planetary Science Division of the NASA Science Mission
Directorate, the National Science Foundation through grant
AST-1238877, the University of Maryland, Eotvos Lorand
University (ELTE), the Los Alamos National Laboratory,
and the Gordon and Betty Moore Foundation;

the second release of the Guide Star Catalogue (GSC2.3,
Lasker et al. 2008). The Guide Star Catalogue II is a joint
project of the Space Telescope Science Institute (STScI)
and the Osservatorio Astrofisico di Torino (OATo). STSclI is
operated by the Association of Universities for Research in
Astronomy (AURA), for the National Aeronautics and Space
Administration (NASA) under contract NAS5-26555. OATo
is operated by the Italian National Institute for Astrophysics
(INAF). Additional support was provided by the European
Southern Observatory (ESO), the Space Telescope European
Coordinating Facility (STECF), the International GEMINI
project, and the European Space Agency (ESA) Astrophysics
Division (nowadays SCI-S);

the eXtended, Large (XL) version of the catalogue of Posi-
tions and Proper Motions (PPM-XL, Roeser et al. 2010);
data products from the Wide-field Infrared Survey Explorer
(WISE), which is a joint project of the University of
California, Los Angeles, and the Jet Propulsion Lab-
oratory/California Institute of Technology, and NEO-
WISE, which is a project of the Jet Propulsion Labora-
tory/California Institute of Technology. WISE and NEO-
WISE are funded by the National Aeronautics and Space
Administration (NASA);

the first data release of the United States Naval Obser-
vatory (USNO) Robotic Astrometric Telescope (URAT-1,
Zacharias et al. 2015);

the fourth data release of the United States Naval Obser-
vatory (USNO) CCD Astrograph Catalogue (UCAC-4,
Zacharias et al. 2013);

the sixth and final data release of the Radial Velocity Exper-
iment (RAVE DR6, Steinmetz et al. 2020a,b). Funding for
RAVE has been provided by the Leibniz Institute for Astro-
physics Potsdam (AIP), the Australian Astronomical Obser-
vatory, the Australian National University, the Australian
Research Council, the French National Research Agency,
the German Research Foundation (SPP 1177 and SFB 881),
the European Research Council (ERC-StG 240271 Galac-
tica), the Istituto Nazionale di Astrofisica at Padova, the
Johns Hopkins University, the National Science Foundation
of the USA (AST-0908326), the W.M. Keck foundation, the
Macquarie University, the Netherlands Research School for
Astronomy, the Natural Sciences and Engineering Research
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Council of Canada, the Slovenian Research Agency, the
Swiss National Science Foundation, the Science & Tech-
nology Facilities Council of the UK, Opticon, Strasbourg
Observatory, and the Universities of Basel, Groningen, Hei-
delberg, and Sydney. The RAVE website is at https://
WWW.rave-survey.org/;

— the first data release of the Large sky Area Multi-Object
Fibre Spectroscopic Telescope (LAMOST DRI, Luo et al.
2015);

— the K2 Ecliptic Plane Input Catalogue (EPIC, Huber et al.
2016);

— the ninth data release of the Sloan Digitial Sky Survey
(SDSS DRY, Ahn et al. 2012). Funding for SDSS-III has
been provided by the Alfred P. Sloan Foundation, the Par-
ticipating Institutions, the National Science Foundation, and
the United States Department of Energy Office of Science.
The SDSS-III website ishttp: //www.sdss3.org/. SDSS-
IIT is managed by the Astrophysical Research Consortium for
the Participating Institutions of the SDSS-IIT Collaboration
including the University of Arizona, the Brazilian Partic-
ipation Group, Brookhaven National Laboratory, Carnegie
Mellon University, University of Florida, the French Par-
ticipation Group, the German Participation Group, Har-
vard University, the Instituto de Astrofisica de Canarias,
the Michigan State/Notre Dame/JINA Participation Group,
Johns Hopkins University, Lawrence Berkeley National Lab-
oratory, Max Planck Institute for Astrophysics, Max Planck
Institute for Extraterrestrial Physics, New Mexico State
University, New York University, Ohio State University,
Pennsylvania State University, University of Portsmouth,
Princeton University, the Spanish Participation Group, Uni-
versity of Tokyo, University of Utah, Vanderbilt University,
University of Virginia, University of Washington, and Yale
University;

— the thirteenth release of the Sloan Digital Sky Survey (SDSS
DR13, Albareti et al. 2017). Funding for SDSS-IV has been
provided by the Alfred P. Sloan Foundation, the United
States Department of Energy Office of Science, and the Par-
ticipating Institutions. SDSS-IV acknowledges support and
resources from the Center for High-Performance Comput-
ing at the University of Utah. The SDSS web site is https:
//www . sdss.org/. SDSS-IV is managed by the Astrophys-
ical Research Consortium for the Participating Institutions of
the SDSS Collaboration including the Brazilian Participa-
tion Group, the Carnegie Institution for Science, Carnegie
Mellon University, the Chilean Participation Group, the
French Participation Group, Harvard-Smithsonian Center
for Astrophysics, Instituto de Astrofisica de Canarias, The
Johns Hopkins University, Kavli Institute for the Physics
and Mathematics of the Universe (IPMU) / University of
Tokyo, the Korean Participation Group, Lawrence Berke-
ley National Laboratory, Leibniz Institut fiir Astrophysik
Potsdam (AIP), Max-Planck-Institut fiir Astronomie (MPIA
Heidelberg), Max-Planck-Institut fiir Astrophysik (MPA
Garching), Max-Planck-Institut fiir Extraterrestrische Physik
(MPE), National Astronomical Observatories of China, New
Mexico State University, New York University, University
of Notre Dame, Observatario Nacional / MCTI, The Ohio
State University, Pennsylvania State University, Shanghai
Astronomical Observatory, United Kingdom Participation
Group, Universidad Nacional Auténoma de México, Univer-
sity of Arizona, University of Colorado Boulder, University
of Oxford, University of Portsmouth, University of Utah,
University of Virginia, University of Washington, University
of Wisconsin, Vanderbilt University, and Yale University;
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— the second release of the SkyMapper catalogue (SkyMap-
per DR2, Onken et al. 2019, Digital Object Identifier
10.25914/5¢ce60d31ce759). The national facility capability
for SkyMapper has been funded through grant LE130100104
from the Australian Research Council (ARC) Linkage Infras-
tructure, Equipment, and Facilities (LIEF) programme,
awarded to the University of Sydney, the Australian National
University, Swinburne University of Technology, the Uni-
versity of Queensland, the University of Western Australia,
the University of Melbourne, Curtin University of Technol-
ogy, Monash University, and the Australian Astronomical
Observatory. SkyMapper is owned and operated by The
Australian National University’s Research School of Astron-
omy and Astrophysics. The survey data were processed
and provided by the SkyMapper Team at the Australian
National University. The SkyMapper node of the All-Sky
Virtual Observatory (ASVO) is hosted at the National Com-
putational Infrastructure (NCI). Development and support
the SkyMapper node of the ASVO has been funded in
part by Astronomy Australia Limited (AAL) and the Aus-
tralian Government through the Commonwealth’s Education
Investment Fund (EIF) and National Collaborative Research
Infrastructure Strategy (NCRIS), particularly the National
eResearch Collaboration Tools and Resources (NeCTAR)
and the Australian National Data Service Projects (ANDS);

— the Gaia-ESO Public Spectroscopic Survey (GES, Gilmore
et al. 2022; Randich et al. 2022). The Gaia-ESO Sur-
vey is based on data products from observations made
with ESO Telescopes at the La Silla Paranal Observatory
under programme ID 188.B-3002. Public data releases are
available through the ESO Science Portal. The project
has received funding from the Leverhulme Trust (project
RPG-2012-541), the European Research Council (project
ERC-2012-AdG 320360-Gaia-ESO-MW), and the Istituto
Nazionale di Astrofisica, INAF (2012: CRA 1.05.01.09.16;
2013: CRA 1.05.06.02.07).

The GBOT programme (GBOT) uses observations col-
lected at (i) the European Organisation for Astronomical
Research in the Southern Hemisphere (ESO) with the VLT
Survey Telescope (VST), under ESO programmes 092.B-0165,
093.B-0236, 094.B-0181, 095.B-0046, 096.B-0162, 097.B-0304,
098.B-0030, 099.B-0034, 0100.B-0131, 0101.B-0156, 0102.B-
0174, 0103.B-0165, 0104.B-0081, 0106.20ZA.001 (OmegaCam),
0106.20ZA.002 (FORS2), 0108.21YF; and under INAF pro-
grams 110.256C, 112.266Q; and (ii) the Liverpool Telescope,
which is operated on the island of La Palma by Liverpool
John Moores University in the Spanish Observatorio del Roque
de los Muchachos of the Instituto de Astrofisica de Canarias
with financial support from the United Kingdom Science and
Technology Facilities Council, and (iii) telescopes of the Las
Cumbres Observatory Global Telescope Network.

In addition to the currently active DPAC (and ESA sci-
ence) authors of the peer-reviewed papers accompanying the
data release, there are large numbers of former DPAC mem-
bers who made significant contributions to the (preparations of
the) data processing. In addition to the DPAC consortium, past
and present, there are numerous people, mostly in ESA and in
industry, who have made or continue to make essential contribu-
tions to Gaia, for instance those employed in science and mission
operations or in the design, manufacturing, integration, and test-
ing of the spacecraft and its modules, subsystems, and units.
Many of those will remain unnamed yet spent countless hours,
occasionally during nights, weekends, and public holidays, in
cold offices and dark clean rooms. They are acknowledged in
the Gaia Documentation.
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http://archive.eso.org/scienceportal/home
https://gea.esac.esa.int/archive/documentation/GDR3/Data_processing/chap_cu3ast/sec_cu3ast_prop/ssec_cu3ast_prop_gbot.html
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