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1 INTRODUCTION

ABSTRACT

We report the discovery, spectroscopic confirmation, and preliminary characterization of 24
gravitationally lensed quasars identified using Gaia observations. Candidates were selected
in the Pan-STARRS footprint with quasar-like WISE colours or as photometric quasars from
Sloan Digital Sky Survey (SDSS), requiring either multiple detections in Gaia or a single
Gaia detection near a morphological galaxy. The Pan-STARRS grizY images were modelled
for the most promising candidates and 60 candidate systems were followed up with the William
Herschel Telescope. 13 of the lenses were discovered as Gaia multiples and 10 as single Gaia
detections near galaxies. We also discover 1 lens identified through a quasar emission line
in an SDSS galaxy spectrum. The lenses have median image separation 2.13 arcsec and the
source redshifts range from 1.06 to 3.36. 4 systems are quadruply imaged and 20 are doubly
imaged. Deep CFHT data reveal an Einstein ring in one double system. We also report 12
quasar pairs, 10 of which have components at the same redshift and require further follow-up
to rule out the lensing hypothesis. We compare the properties of these lenses and other known
lenses recovered by our search method to a complete sample of simulated lenses to show the
lenses we are missing are mainly those with small separations and higher source redshifts. The
initial Gaia data release only catalogues all images of 30 per cent of known bright lensed
quasars, however the improved completeness of Gaia data release 2 will help find all bright
lensed quasars on the sky.

Key words: gravitational lensing: strong—methods: observational —quasars: general.

The first Pan-STARRS data release (Chambers et al. 2016) has
provided arcsecond-resolution, multiwavelength (grizY) imaging of

There are currently fewer than 40 known gravitationally lensed
quasars with image separations over 2 arcsec. The multiple images
of these bright wider-separation systems can be monitored to deter-
mine time delays, which are used to calculate a time delay distance
and hence infer the Hubble constant (Refsdal 1966; Bonvin et al.
2017). This is a promising method to shed light on the apparent
tension between local distance measurements (Riess et al. 2016)
and CMB measurements (Planck Collaboration XI11 2016). Lensed
quasars are also powerful tools to probe the many facets of galaxy
evolution: lens mass distributions (Schechter & Wambsganss 2004;
Bate et al. 2008, 2011; Mediavilla et al. 2009), source quasar accre-
tion discs (Rauch & Blandford 1991; Pooley et al. 2007; Jiménez-
Vicente et al. 2015), source quasar host galaxies (Peng et al. 2006;
Bayliss et al. 2017; Ding et al. 2017), etc. However the results of all
these studies are currently hindered by the dearth of known lensed
quasars.

E-mail: cl522@ast.cam.ac.uk

three-quarters of the sky. This provides the perfect data set to in-
crease the number of bright lensed quasars through area alone.
Furthermore the multiwavelength data allow characterization and
pre-selection of the most promising candidates to spectroscopically
follow up through the use of residual features, goodness of fit, and
SED similarity. While many techniques exist for identifying lenses
from purely photometric data (Ostrovski et al. 2017; Schechter
et al. 2017; Williams et al. 2018), all are plagued by contaminant
systems that resemble lensed quasars. These include compact star-
forming galaxy pairs, binary quasars, and quasars projected close
to blue stars and galaxies. Additionally, the resolution of ground-
based imaging data often blends the separate components of lensed
quasars into just one catalogued object. This blending by the point
spread function (PSF) on the scale of the image separation leads to
contaminant systems being confused for lensed quasars. One way
to overcome this blending issue is to use the excellent resolution
of Gaia (Gaia Collaboration 2016a), which is able to separate two
point sources separated by 0.1 arcsec (Fabricius et al. 2016). Only
a catalogue of detections is currently released from the Gaia col-
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laboration (Gaia Collaboration 2016b), however this is enough to
quickly reduce the number of contaminants. Even though Gaia has
not catalogued all components of close pairs (Arenou et al. 2017),
the knowledge that a point source exists in a system removes some
star-forming galaxy contaminants from the search.

The selection, follow-up, and modelling of lensed quasars us-
ing Pan-STARRS and Gaia data form the basis of this paper. In
Section 2 we describe the search techniques and the starting photo-
metric quasar catalogues. Section 3 explains the observations and
their outcomes, and in Section 4 we create light profile and mass
models for the systems. Finally we discuss the individual systems
and summarize our findings in Sections 5 and 6. Wide-field Infrared
Survey Explorer (WISE) magnitudes are quoted in the AB system.
The conversions from Vega to AB for ALLWISE data are Wlag
= Wlyega + 2.699 and W2ag = W2\ega + 3.339, which are given
in Jarrett et al. (2011) and in the ALLWISE explanatory supple-
ment. When required, a flat cosmology with , = 0.3 and Hy =
70kms™! Mpc™! was used.

2 LENS CANDIDATE SELECTION

The following section describes the candidate selection process. The
declinationrange was limitedto  — 30, i.e. requiring grizY imaging
from Pan-STARRS. For the majority of searches we required the
systems to have a galactic latitude, [b| > 15, however in some right
ascension ranges (RA 80, along the galactic anticentre) this was
relaxed. Before a final sample was established, the local Gaia stellar
density for each candidate was required to be less than 50 000 stars
per square degree (calculated by counting Gaia sources within a
100 arcsec radius), in order to remove star clusters.

Two quasar candidate catalogues are created, and two Gaia-based
selection methods are applied to these catalogues to generate our
final sample, as described in the following subsections.

2.1 Photometric quasar candidate catalogues

2.1.1 1. WISE mid-infrared colours

Stern et al. (2012) have shown that the W1 and W2 bands of WISE
(Wright et al. 2010) can be used to select AGN by applying the
colour criterion of W1—W2 = 0.16 (AB). One advantage of this
selection technique is its simplicity and effectiveness (Wu et al.
2012; Schechter et al. 2017), however a downside for our purposes
is that lensed quasar photometry can be strongly affected by the
lensing galaxy, leading to WISE colours bluer than those of isolated
quasars.

To overcome this, we apply a looser WISE criterion of W1—-W2 =
—0.14. With this limit we do not expect an unreasonable number of
contaminants still meeting our Gaia detection criteria of Section 2.2.
The main contaminant created by this lower limit is quasar+star
projections.

We ensure that the WISE detections are robust in W1 and W2 by
requiring catalogue uncertainties and a W1 value brighter than 18.2.
After matching to Pan-STARRS and keeping objects with i-band
PSF magnitudes brighter than 21, our initial WISE-selected quasar
candidate list has 1298 877 objects with |b| > 15.

2.1.2 I1. SDSS GMM photometric quasars

Recent papers (e.g. Agnello et al. 2018a; Williams et al. 2018;
Ostrovski in preparation) have shown that the Sloan Digital Sky
Survey (SDSS) imaging data still contain bright lensed quasars,
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Table 1. Candidate numbers for the two quasar catalogues and the two
Gaia morphological selection methods.

WISE quasars (W1—W2>—0.14) 1298 877
MULTIPLES
Gaia matches < 2 arcsec 416 990
2 Gaia matches within 4 arcsec of each other 9125
Gaia astrometric excess noise (AEN) < 10 mas 8889
Stellar density < 50 000 per sq. deg 8447
SINGLES
Gaia matches <4 arcsec 428 559
Gaia singles with rpsg — rgron > 0.2 120 817
Gaia AEN < 10 mas 80595
Stellar density < 50 000 per sq. deg 80 206
SDSS GMM quasars 1158 557
MULTIPLES
Gaia matches < 2 arcsec 686 311
2 Gaia matches within 4 arcsec of each other 24 851
Gaia AEN < 10 mas 24 765
Stellar density < 50 000 per sq. deg 24749
SINGLES

Gaia matches < 4 arcsec 710 052
Gaia singles with rpsg — rgron > 0.2 54 352
Gaia AEN < 10 mas 50 491
Stellar density < 50 000 per sq. deg 50 488

which had not been targetted for spectroscopy and hence were
missed by the SDSS Quasar Lens Search (SQLS; Oguri et al. 2006).

Since the SDSS imaging data set includes u-band data — which
are particularly useful for selecting AGN — we create a complemen-
tary catalogue to the WISE selection above by applying Gaussian
mixture modelling (GMM) classification to SDSS objects as in Os-
trovski et al. (2018). This is a morphology-independent selection
based onu — g, g — i, and i —W1 colours. Classification is divided
into four classes: stars, galaxies, and low- and high-redshift quasars
(z 27andz 2.7, respectively). This classification is applied
to all SDSS objects with psf Mag_i < 21. Our final GMM quasar
candidate catalogue is composed of all objects that have a com-
bined (low and high redshift) quasar probability > 0.5. This results
in 1158557 quasar candidates.

2.2 Morphology selection

Once a set of photometric quasar candidates is selected, we attempt
to remove the objects that are not lensed quasars — mainly isolated
quasars or misclassified star-forming galaxies. To this end we use
Gaia data, which have a spatial resolution of 0.1 (Fabricius et al.
2016). Gaia is built to detect stars in our galaxy, but naturally detects
bright quasars as a by-product. Therefore we search our quasar
candidate catalogues for objects in which multiple Gaia sources are
detected, as would be expected for multiple-imaged quasars. While
this does not remove quasar+star projections from our candidates,
it removes many star-forming galaxies and isolated quasars, since
at most one Gaia detection is expected for these contaminants.
Since Gaia does not reliably detect all images of most lensed
quasars, we also describe a simple morphology selection using just
one Gaia detection (Lemon et al. 2017). While this selection nat-
urally removes fewer contaminants, it is able to recover 45 known
lenses. The details of the two methods are described below. They
are both applied to each of the quasar catalogues described in 2.1;
Table 1 shows the number of candidates each technique and quasar
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catalogue produced, given the selection criteria. Note that the num-
bers are not exclusive.

2.2.1 Multiple Gaia detections

Our first selection technique is to find quasar candidates with multi-
ple Gaia detections. We require at least two Gaia detections within
4 arcsec of each other. Lensed quasars with separations above this
are very rare (e.g. Oguri & Marshall 2010) and the number of con-
taminant systems increases roughly proportionally to the maximum
image separation allowed in a search. Furthermore Gaia is most
useful at combating the blending of smaller-separation systems in
ground-based optical survey data, in which lenses with images sep-
arated by more than 4 arcsec should already be deblended. This
technique is applied in a two-step process: first all quasar can-
didates are matched to Gaia within 2 arcsec of the Pan-STARRS
detection and secondly this is matched to Gaia again within 4 arcsec
of the initial Gaia position. We choose the first matching distance
to be only 2 arcsec since this retains all known lenses with two Gaia
detections while removing some single quasar candidates projected
near stars with Gaia detections.

2.2.2 Gaia detection near morphological galaxy

Cross-matching Gaia to known lensed quasars (Lemon et al. 2017)
demonstrates that only one in five small-separation lensed quasars
have all quasar images detected by Gaia, even when all images
should be detected. Although this fraction increases with separation
(one-third at the largest separations; Agnello 2017), requiring mul-
tiple Gaia detections will miss the majority of lenses. One way to
find some of these "missing’ lenses is to perform a search depending
on only one Gaia detection. We do this but require a morphological
galaxy within 4 arcsec of the quasar candidate, removing contami-
nation from wider-separation star+quasar projections. If the single
Gaia detection is indeed a quasar, a bright galaxy within 4 arcsec is
a strong candidate for acting as a foreground lens. We crossmatch
our quasar candidates to Gaia within 4 arcsec and then back to
Pan-STARRS within 4 arcsec of our original quasar candidate but
requiring the criterion of rpsg — rgron = 0.2 for the new match.
This extended object can be the original quasar candidate.

2.3 Final lens candidate catalogue

After applying the Gaia multiple and single detection techniques to
the two quasar candidate catalogues, we apply two further filters.
The first is requiring the astrometric excess noise (AEN; Lindegren
etal. 2012, 2016) for each Gaia detection to be less than 10 mas. The
AEN is a useful indicator for point source/galaxy separation (Be-
lokurov et al. 2016; Koposov, Belokurov & Torrealba 2017) which
holds for known lensed quasars (Lemon et al. 2017). Therefore we
can remove many star-forming galaxies from our search by apply-
ing the simple cut AEN<10 mas. The second filter is removing all
candidates with local Gaia stellar densities above 50 000 stars per
square degree. This is calculated by counting all Gaia detections
within 100 arcsec.

The catalogues are then stacked and duplicates from the two
quasar candidate selection techniques are removed, leaving 109 941
Gaiasingles and 31486 Gaia pairs. After selecting 200 of the most
promising candidates through visual inspection, the Pan-STARRS

grizY images are modelled simultaneously as described in Sec-
tion 4.1. This is to ensure the postulated quasar images have similar
colours and to prioritize systems with residual features consistent
with a lensing galaxy.

3 OBSERVATIONS

Spectra of 60 candidates were taken with the Intermediate disper-
sion Spectrograph and Imaging System (ISIS) on the 4.2-m William
Herschel Telescope (WHT) on the nights of 2017 March 31, April
1, September 12 and 13 . Since we only needed to identify broad
emission line features, we used the low-resolution gratings, R158
(121 A mm~1/1.81 A pixel™?) for the red arm and B300 (64 A
mm~1/0.86 A pixel=!) for the blue arm. Each lens candidate was
positioned along a 1-arcsec-wide slit to capture both quasar im-
ages. Multiple position angles were used for one quad candidate,
J1721+8842.

After masking cosmic rays and subtracting the sky background,
the spectra were visually inspected for broad emission lines in the
separated peaks and 1-D spectra were extracted using Gaussian
apertures with 0.5 arcsec width.

3.1 Results

Table 2 shows a summary of the observations with sky positions,
candidate selection method, outcome of the observation, and WISE
and Gaia magnitudes.

We have classified 24 objects as lensed quasars since the spectra
reveal the presence of (at least) two quasars at the same redshift and
the pixel modelling of the Pan-STARRS images reveals a lensing
galaxy. Fig. 1 shows Pan-STARRS gri cutouts of the confirmed lens
systems with Gaia detections overlaid. Fig. 2 shows the component
spectra for each lens. We are able to establish the lens galaxy redshift
for four lenses.

We further discover 10 systems consisting of pairs of quasars at
the same redshift, shown in Fig. 3. Their spectra are shown in Fig. 4.
However in these systems, the residuals after PSF subtraction do
not convincingly demonstrate a lens, or the spectral features rule
out the lensing hypothesis. See Section 5.1 for details on individual
systems. Summaries of key characteristics of lensed quasars and
nearly identical quasars are shown in Tables 3 and 4 respectively.

4 MODELLING

4.1 Pixel modelling

In this section we model the Pan-STARRS grizY imaging data for
each lens system to derive simple component shapes, positions, and
colours. In the next section we use the image and galaxy positions
and flux measurements to fit simple lens models to each system.
The PSF is derived by fitting a Moffat profile (Moffat 1969) to a
nearby star. The grizY Pan-STARRS images are modelled simulta-
neously with each quasar image fit with a PSF, and galaxies fit with
Seérsic profiles (Sérsic 1963) convolved with the PSF. In all lens
systems, the presence of a lens galaxy is apparent from the colour
image, except for J0630-1201 and J1606-2333. The free parameters
for the pixel modelling are the positions of the quasar images and
the lensing galaxy, as well as the flattening, size, and Sérsic index
of the galaxy, all of which we assume to be the same across bands.
The log likelihood is sampled using the emcee package Foreman-
Mackey et al. (2013) to determine statistical uncertainties. Finally
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Table 2. Summary of observations. NIQ=nearly identical quasar, assigned to systems of quasars at the same redshift but without photometric detection of a
lensing galaxy. Selection shows the quasar catalogue and Gaia technique with which the candidate was selected: S=single, D=double, T=triple. All dates are

in 2017. WISE magnitudes and colours are given in the AB system.

Name RA Dec. Selection W1 —Ww2, Wi Gaia G Date, Exp. Time Outcome
J0003+4555 0.96401 45.92215 D+WISE 0.37,17.95 17.61, 18.97 12 Sep, 600s quasar+star

J0011—0845 2.83435 —8.76407 D+GMM/WISE 0.10, 17.89 20.31, 20.35 12 Sep, 1200s  lens, z=1.70
J0028+0631 7.09369 6.53195 S+GMM/WISE 0.16, 16.86 18.95 12 Sep, 1200s  lens, z=1.06
J0030—1525 7.56378 —15.41752 S+WISE —0.09, 17.01 19.30 13 Sep, 1200s  quad lens, z = 3.36
J0123—0455 20.84084 —4.93266 S+GMM/WISE 0.21,17.28 20.29 12 Sep, 2100s  lens, z = 1.38
J0127—-1441 21.78539 —14.68861 D+WISE 0.61, 18.14 20.15, 20.50 12 Sep, 1200s  NIQ,z=1.76
J0139+3526 24.88888 35.43658 D+WISE 0.47, 16.52 19.46, 19.65 12 Sep, 600s  NIQ, z=0.65
J0140—-1152 25.01231 —11.872 S+WISE 0.19, 17.07 18.41 12 Sep, 1800s  lens, z = 1.80
J0140+4107 25.20420 41.13331 S+WISE 0.27,16.82 17.54 12 Sep, 1200s  NIQ,z =250
J0146—1133 26.63691 —11.56113 D+WISE 0.46, 16.87 18.39, 18.66 12 Sep, 1800s  lens, z = 1.44
J0232—2429 38.06565 —24.49433 S+WISE 0.48, 17.14 17.99 13 Sep, 600s  quasar+star

J0235—2433 38.86431 — 24.55356 D+WISE 0.34,16.70 18.12, 18.85 12 Sep, 1800s  lens, z = 1.44
J0259—2338 44.88961 —23.63388 D+WISE 0.13,16.91 19.23,20.34 12 Sep, 2400s  lens,z =1.19
J0322+5024 50.71298 50.41402 D+WISE 0.17,17.49 18.82,19.11 12 Sep, 600s  stars

J0417+3325 64.49682 33.41700 S+WISE 0.34, 16.87 19.22 13 Sep, 1200s  lens, z = 1.41
J0511—0351 77.91098 —3.85049 D+WISE 0.57,18.20 19.25, 19.99 13 Sep, 600s  quasar+other
J0515+0652 78.75772 6.86855 S+WISE 0.35,18.15 18.98 13 Sep, 1200s  quasar+other
J0616+4912 94.13678 49.20712 S+WISE 0.45, 16.49 18.33 12 Sep, 600s  star+quasar

J0630—1201 97.53796 —12.02223 T+GMM 0.24, 16.89 19.61, 19.76, 19.95 1 Apr, 1200s  5-image lens, z = 3.34
J0659+5217 104.92159 52.28907 D+WISE 0.13, 17.99 18.60, 19.63 12 Sep, 600s  stars

J0723+4739 110.93660 47.65259 S+WISE 0.39,17.35 19.60 12 Sep, 1200s  inconclusive

J0740+2926 115.05603 29.44677  D+GMM/WISE 0.66, 16.81 18.20, 19.64 12 Sep, 1200s  NIQ, z=0.98
J0812+3349 123.22844 33.83062 S+GMM 0.55, 18.22 19.75 13 Sep, 1500s  NIQ,z =1.49
J0822+6659 125.57509 66.99985  D+GMM/WISE 0.29, 16.75 18.77,19.20 31 Mar, 900s  stars

J0823+4929 125.87600 49.48748  D+GMM/WISE 0.17, 16.99 19.41, 19.99 1 Apr, 600s quasar pair, z = 0.52, 0.86
J0826+7002 126.53489 70.04488 S+WISE 0.03, 15.90 17.50 13 Sep, 600s inconclusive, quasar(+star?)
J0840+3550 130.13842 35.83334 S+GMM/WISE  —0.12,17.21 19.95 31 Mar, 1200s  lens, z = 1.77, zjens=0.26
J0941+0518 145.34378 5.30664 SDSS spectra —0.05, 16.68 - 31 Mar, 1200s  lens, z = 1.54, zens=0.34
J0949+4208 147.47830 42.13381 D+GMM/WISE 0.14, 16.72 18.94, 19.81 31 Mar, 1200s  lens, z = 1.27, zjens = 0.51
J1139+4143 174.94610 41.73088  D+GMM/WISE 0.32, 18.05 19.46, 19.62 1Apr,1200s  NIQ,z=2.23
J1147+3634 176.89300 36.57819 D+GMM 0.79, 18.62 19.16, 20.23 31 Mar, 600s  quasar + star
J1239—2216  189.83645 —22.27778 S+GMM/WISE 0.61,17.81 18.28 1 Apr, 750s quasar + galaxy
J1440+3736 220.20396 37.61107 S+WISE 0.43,16.91 19.27 1 Apr, 600s galaxy + star
J1508+3844 227.18253 38.73934  D+GMM/WISE 0.11, 17.28 20.21,20.92 31 Mar, 2700s  lens,z = 1.68
J1536+3629 234.01479 36.49226 S+GMM —0.36, 19.93 20.51 1 Apr, 600s galaxy atz =0.111
J1540+4445 235.10759 44.75457  D+GMM/WISE 0.09, 17.37 19.73, 20.37 1 Apr, 600s NIQ,z =0.61
J1551+3157 237.77584 31.95027 S+GMM/WISE 0.04,17.41 20.48 31 Mar, 1200s inconclusive, (z = 2.27?)
J1554+2616 238.54871 26.27657  D+GMM/WISE 0.07,17.88 18.95, 20.03 31 Mar, 600s  quasar + star
J1602+4526 240.70535 45.43528 S+GMM —0.23, 17.50 20.17 31 Mar, 2700s  lens, z = 2.16, zjens = 0.43
J1606—2333  241.50074 —23.55612 D+WISE 0.64, 16.42 18.74, 18.88 31 Mar, 2400s  quad lens, z = 1.69
J1611+5756 242.98266 57.93872 S+GMM/WISE 0.09, 17.74 20.24 31 Mar, 600s  galaxies at z = 0.257
J1617—2146  244.25462 —21.76683 D+WISE 0.65, 18.15 19.75, 20.39 1 Apr, 1500s inconclusive, likely stars
J1617—2305  244.34009 —23.09620 D+WISE 0.73,18.19 18.95, 19.23 13 Sep, 1200s  quasar-+star

J1640+1045 250.07549 10.75175  D+GMM/WISE 0.13, 17.02 18.12, 19.87 31 Mar, 3000s  lens,z=1.7
J1709+3828 257.36966 38.46700 D+WISE —0.01,17.31 20.07,20.33 31 Mar, 2650s  lens,z = 1.38
J1710+4332 257.74257 43.54287 S+GMM —0.50, 18.27 20.49 31 Mar, 2100s  lens, z = 3.08
J1721+8842 260.45419 88.70621 D+WISE 0.28, 15.65 17.97,18.24 13 Sep, 4800s  quad lens, z = 2.37
J1821+6005 275.37642 60.09062 S+WISE 0.53,18.20 19.96 13 Sep, 1800s  NIQ,z =2.05
J1831+5447 277.86360 54.79965 D+WISE 0.10, 16.23 18.79, 19.86 12 Sep, 1200s  lens, z = 1.07
J2018—3015  304.73256 —30.26574 T+WISE 0.32,16.21 18.26, 18.52, 19.72 12 Sep, 900s  stars+galaxy
J2032—2358  308.15741 —23.97291 D+WISE 0.72, 17.59 19.04, 19.17 13 Sep, 1200s  NIQ,z=1.64
J2057+0217 314.46696 2.29683  D+GMM/WISE 0.81, 18.17 20.06, 20.10 12 Sep, 1200s  NIQ,z =152
J2058—0744  314.53051 —7.74705 D+WISE 0.51, 17.97 19.72, 19.75 13 Sep, 600s  quasar+star

J2111+1349 317.80707 13.82978 S+WISE 0.70,17.83 19.74 13 Sep, 600s quasar+star

J2124+1632 321.07029 16.53841 S+GMM/WISE 0.40, 16.48 19.11 12 Sep, 1200s  lens, z=1.28
J2302—2813 345.74028 —28.22055 S+WISE 0.80, 17.67 18.40 12 Sep, 600s quasar-+star

the fitting is repeated with a different PSF star to determine the
systematic error for a possible PSF mismatch.

Fig. 5 shows the Pan-STARRS gri images and the residuals after
modelling each system as the relevant sum of quasars and galaxies.
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Table 2 — continued
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Name RA Dec. Selection W1 -—Ww2, Wi Gaia G Date, Exp. Time Outcome
J2305+3714 346.48273 37.23932 D+WISE 0.25, 16.35 17.55, 18.71 12 Sep, 1200s  lens,z=1.78
J2327+2238 351.75343 22.63698 D+GMM/WISE 0.12,17.38 20.68, 20.75 13 Sep, 600s  quasar pair, z=0.53, 0.55
J2332—1852  353.08034 —18.86853 S+WISE 0.32,17.44 19.48 12 Sep, 1200s  lens, z =1.49
J2350—1930  357.58645 —19.51585 D+WISE 0.50, 18.08 19.49, 20.71 13 Sep, 600s  quasar+star
J0011-0845 J0028+0631 J0030-1525 J0123-0455 J0140-1152 J0146-1133 J0235-2433 J0259-2338
o 2 o - 9 v o »
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Figure 1. Pan-STARRS gri colour images of the confirmed lenses with Gaia detections overlaid with red crosses. Cutouts are 10 arcsec on the side.

4.2 Mass modelling

We fit all the systems with singular isothermal elipsoids (SIE) us-
ing our own pyTHON-based image-plane modelling code, which has
been checked for consistency with lensmodel (Keeton 2001). We
use the two-step process of modelling the pixels to find positions
and fluxes, and then deriving a lens model. This is to ensure that
if the system is not well-described by a singular isothermal ellip-
soid, it does not affect the PSF subtraction. Furthermore we can
quantify the chi-squared contributions fromTAB positions and flux
ratios robustly. For all the doubly imaged lenses, we start from two
image positions and a galaxy position (six parameters). However,
to constrain a singular isothermal ellipsoid (galaxy position, mass,
ellipticity, position angle and source position; seven parameters),
we require one further observable. For this we use the image flux
ratio. We take the median flux ratio from the griz bands and in-
clude a 20 per cent uncertainty on the input fluxes since optical
flux ratios depend not only on the lensing geometry but also on
extinction, quasar variability over the time delay, microlensing, etc.
Using these pixel-based measurements and their uncertainties, the
lens parameters are inferred through image-plane sampling. Given
the extra information in quads, we are able to use more realistic
models with more parameters. We use SIE+shear models for these
systems.

The lens model parameters (medians with 1¢ limits) and chi-
squared contributions are listed in Table 5. For the three quadruply
imaged lensed quasars, we include a 50 per cent uncertainty on
the input fluxes for the two saddle point images in each system,
in accordance with their increased susceptibility to microlensing
(Schechter & Wambsganss 2002).
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Systems with significantly elliptical SIE fits and a large image-
position chi-squared are indicative of a strong external shear if the
lens is not elliptical in the photometry.

5 DISCUSSION

5.1 Notes on individual systems
5.1.1 J0030—1525

The Pan-STARRS gri image for this object shows two bright PSFs
and a galaxy significantly offset from where it should lie to create a
double-image system. However, a better seeing VST i-band image
(Fig. 6) resolves four objects including a faint blue PSF next to an
extended red object. This is consistent with a flux-ratio anomaly
fold-configuration quad with the faint PSF being the counterimage.
We model the Pan-STARRS data for photometry of A+B, C, and
D+G, given in Table Al. However, for the mass model we use the
VST r-band data given its excellent seeing and resolution of the
counterimage. The PSF is inferred from the data due to the lack of a
nearby star. We find that the data are fit by models with the merging
pair consisting of a bright image north-west of a faint image or
vice versa. The former is much more plausible, given that saddle
points are more commonly demagnified than maxima and minima
(Schechter & Wambsganss 2002) and so this is the mass model
we report in Table 5. The best fit mass model gives flux ratios of

7:7:3:1 while the measured flux ratios are  7:0.5:4:1, i.e. a 14x
decrease for image B.



24 lensed quasars from Gaia 5065

Figure 2. Spectra of the confirmed gravitationally lensed quasars. Quasar emission lines are labelled in blue, and lens galaxy absorption lines in green where

identified.

Figure 3. Pan-STARRS gri colour images of the nearly identical quasars.
Cutouts are 10 arcsec.

5.1.2 J0127—1441

DECaLS data reveal two faint red objects between the two PSFs
that could be responsible for the lensing. These are detected only
in the z-band data and each has a magnitude of 24. Comparing
to mock lenses from Oguri & Marshall (2010) with similar source
redshift and image separation, the faintest i-band lens magnitudes
are  22. While the multiple component nature of this putative

lens complicates the comparison, the faintness and large separation
suggest either a binary quasar or high-redshift group lens. Deeper
data will help to secure the magnitudes of these objects.

5.1.3 J0139+3526

While this was a promising candidate given the similar SEDs and
residuals consistent with a lensing galaxy, the redshift of the quasars
is low (z = 0.65) and the [O mi] emission lines are significantly dif-
ferent. There is no discernible redshift difference from the spectra,
so this system is likely a quasar merger in which we are seeing the
onset of AGN activity. The residuals are probably associated with
the quasar host galaxies interacting. A nearby bright star makes this
system ideal for adaptive optics follow-up.

5.1.4 J0140-1152

This lens has been independently identified in the VST-ATLAS
survey by Agnello et al. (2018b), who report a lens redshift of
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