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1 INTRODUCTION

ABSTRACT

We report upon the follow-up of 34 candidate lensed quasars found in the Dark Energy Survey
using NTT EFOSC, Magellan-IMACS, KECK-ESI, and SOAR-SAMI. These candidates were
selected by a combination of double component fitting, morphological assessment, and colour
analysis. Most systems followed up are indeed composed of at least one quasar image and
13 with two or more quasar images: two lenses, four projected binaries, and seven nearly
identical quasar pairs (NIQs). The two systems confirmed as genuine gravitationally lensed
quasars are one quadruple at z; = 1.713 and one double at z; = 1.515. Lens modelling of these
two systems reveals that both systems require very little contribution from the environment to
reproduce the image configuration. Nevertheless, small flux anomalies can be observed in one
of the images of the quad. Further observations of nine inconclusive systems (including seven
NIQs) will allow to confirm (or not) their gravitational lens nature.

Key words: gravitational lensing: strong —techniques: image processing — surveys —quasars:
general.

swell & Weymann 1979). Gravitationally lensed quasar systems
are exceptional astrophysical and cosmological laboratories (e.g.

The space and time distortion produced by a massive galaxy in
close projection to the line of sight of a distant object may pro-
duce multiple images of the background source. While this was
predicted/theorized by Einstein (1936) and Zwicky (1937), it took
over four decades to discover the first lensed quasar (Walsh, Car-
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Courbin, Saha & Schechter 2002), and as such, have been sought
after ever since.

Unfortunately, lensed quasars systems are very rare phenomena,
since they require the chance alignment of a (rare) quasar with a
(rare) foreground massive deflector. Their density on the sky is es-
timated to be a tenth per square degree or less, at the typical limit
of present and upcoming surveys (Oguri & Marshall 2010). Thus,
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finding lensed quasars requires wide area data sets and advanced
techniques to sift through the large number of potential contami-
nants and false positives (e.g. Browne et al. 2003; Oguri et al. 2006).
Until now, of order a couple of hundred lensed quasars are known,
including a couple of dozens of quadruply imaged systems, which
are the most valuable for many applications owing to their high in-
formation content. Therefore, most applications of lensed quasars
are limited by sample size.

The current generation of wide field imaging surveys provides
an opportunity to dramatically expand the samples of known lens
quasars and thus benefit all of their scientific applications. The
STRong lensing Insights into the Dark Energy Survey (STRIDES;
strides.astro.ucla.edu) collaboration (Agnello et al. 2015; Treu et al.
2018) was formed to find gravitationally lensed quasars in the Dark
Energy Survey (Dark Energy Survey Collaboration 2016, hence-
forth DES) with three broad ultimate goals: analysis of the dark
matter content of the lensing galaxies (e.g. Schechter et al. 2014),
analysis of the structure of the lensed quasars (e.g. Anguita et al.
2008a), and measurement of a ‘local’ Hubble constant via time
delays (e.g. Bonvin et al. 2017).

Different groups within the STRIDES collaboration adopted
complementary approaches to identifying lensed quasar systems,
In all but a few cases the DES data alone do not suffice to classify
a system as a ‘secure’ lens and follow-up observations are needed.
Treu et al. 2018 give an overview of the 2016 follow-up campaign
and report on results from two of the identification techniques. Here,
we report results from a third such technique. Ostrovski et al. (in
preparation) report results from a fourth technique.

While all four techniques begin with the some kind of colour
selection, in the present approach that criterion is very broad, in-
cluding many hundreds of thousands of objects. The second step
is the automated decomposition of the selected sources into pairs
of objects, which are then evaluated on morphological and refined
colour criteria to produce candidate lensed systems. Operationally,
the method ultimately involved the excision and analysis of more
than a million grizY cutouts to produce a list of objects for visual
inspection and possible follow-up.

In Section 2, we discuss the selection process. In Section 3, we
describe the follow-up spectroscopic and imaging observations. In
Section 4, we discuss 2 systems that can securely be classified as
lensed quasars and 23 systems that cannot. In Section 5, we discuss
nine systems for which the observations are inconclusive, including
seven nearly identical quasar pairs (NIQs).

For all sections, a flat cosmology with €, = 0.3 and
Hy = 70kms~' Mpc~' was assumed unless otherwise specified.

2 SAMPLE SELECTION

To select our sample, we began with the WISE (Wright et al. 2010)
catalogue and extracted 12 arcsec x 12 arcsec DES grizY cutouts
for objects with my 5,,m < 14.45 and m3 gpm — M45.m > 0.7 on the
Vega system. Stern et al. (2012) have shown that colour selection
produces a sample of quasars of relatively high completeness and
high purity. The low resolution of the WISE survey constitutes a
virtue for our purposes: it ensures that the photometry does not
suffer from partial resolution of the multiple lensed quasar images,
which are typically separated by less than 2 arcsec. As such, close
separation systems are identified as single objects and magnitude
errors that arise from systems in close proximity, which are not
deblended and treated separately, are avoided.

Rather than excise cutouts from the co-added DES images, we
used the single best image in each filter as gauged by the effective
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exposure time f.g (see Table 1). 7. is the ratio between the actual
exposure time and the exposure time necessary to achieve the same
signal to noise for point sources in nominal conditions (Morgan-
son et al. 2018). To test if the object was indeed a multicompo-
nent source, it was then split into two components as described by
Schechter et al. (2017). Magnitudes were obtained for the two com-
ponents by forcing the same splitting on all filters, taking the two
components to have a common quasi-Gaussian surface brightness
profile but deriving it from the pair itself, rather than using the local
PSF as determined by the DES pipeline. If the quasi-Gaussian is
substantially larger than the local Point Spread Function (PSF), the
split object is rejected as a pair of galaxies.

When the signal-to-noise permitted, a second test was applied,
using separate quasi-Gaussians for each component. If area inside
half maximum of the quasi-Gaussians was more than two pixels
greater than that of the local PSF in each of three filters, the pair
was rejected. These two morphological rejection criteria run the
risk of rejecting systems in which the light for the lensing galaxy
makes a significant contribution. It was also found to fail for roughly
20 per cent of the known quasars in the analysed footprints, with
two or three images being treated as a single extended image. This
shortcoming was subsequently addressed by splitting objects into
triplets when possible.

For the surviving pairs, a linear fit was obtained for the flux ratios
(expressed in magnitudes) as a function of log A. As described by
Schechter et al. (2017) they were given scores based on the slope
of the fit and the scatter about the fit (hereafter, ufom). The highest
scores were given to systems with small scatter and a slight slope in
the flux ratio, favouring systems in which the fainter component is
redder. Systems with scores less than 0.3 were not carried forward.

Combined magnitudes were computed by adding the fluxes of
the two components using the calibration parameters produced by
the DES pipeline; these were embedded in the fits headers. The
griz colour combinations from these total magnitudes were then
analysed using a Gaussian mixture model similar to that used by
Ostrovski et al. (2017). Each pair was assigned relative probabilities
p(s), p(g), and p(q) of having star, galaxy, and quasar colours, re-
spectively. Systems with p(q) < 0.5 were not carried forward (with
a few exceptions as shown in Table 2).

The grizY cutouts for those systems with scores greater than 0.3
and p(q) > 0.5 were examined visually, as were all systems with
scores greater than 0.5. Pairs were culled for a variety of somewhat
subjective reasons. A final sample of 54 candidates resulted from
the selection.

The DES cutouts were analysed in two groups, drawn, respec-
tively, from the first and second year footprints of the DES (Flaugher
2005; Sanchez & DES Collaboration 2016). Note, however, that all
imaging data used in this work resulted from the Y3A1 processing
pipeline. The details of the DES imaging of the systems presented
in this paper are shown in Table 1.

3 FOLLOW-UP

Thirty-four of the selected systems were followed up. Out of them,
32 spectroscopically. Twenty-two of them with NTT EFOSC2,'!
eight with ESI, and two with IMACS. Table 2 indicates the data
obtained for each followed-up system. The details of each observing
run are given in the 2016 STRIDES campaign overview paper (Treu
et al. 2018), however, for completeness we describe them here as

PIDs 097.A-0473 and 098.A-0395, PI: ANGUITA.
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Table 2. The 34 lensed candidate systems followed up, split into ‘Conclusive’” and ‘Inconclusive’ (those whose nature has been confirmed and those that it
has not) as well as their classification. The columns show respectively: Name (ID), g- band magnitude of the faintest image (g), separation between the two
images of the system in arcseconds (A#), magnitude difference between the faintest and brightest image, respectively (ggir), ufom score as described in the text
(ufom), quasar colour probability as described in the text (p(g)), spectroscopic follow instrument (Spec.), imaging follow-up instrument (Ima.), and measured

quasar redshift if available (redshift). Redshift uncertainties are o, < 0.001.

A6
1D g (arcsec) gdif ufom p(q) Spec. Ima. Redshift
Conclusive Lens DESJ 0405—3308 22.25 - —0.84 1.5 4e—3¢ IMACS SAMI, IMACS z=1.713
DESJ 0407—5006 19.63 1.69 —1.27 0.67 0.76 EFOSC2 IMACS z=1.515
Proj. Bin. DESJ 0215—-4728 19.99 1.07 —1.16 0.43 0.60 EFOSC2 71 = 1.692, 2, = 0.467
DESJ 0240—0208 19.22 0.94 —0.48 0.3 0.72 ESI 71 = 1.685, 2 = 1.058
DESJ 0425—-4539 20.73 1.90 —1.08 0.41 2e—6" EFOSC2 71 = 1.020,z =0.913
DESJ 2303—4844 20.93 2.21 —1.52 0.34 0.95 EFOSC2 71 =2.020,z, = 1.164
QSO + Star DESJ 0053+0020 18.78 1.12 —0.85 0.62 - ESI z=1.320
DESJ 0325—4518 21.14 2.13 —1.44 0.33 0.60 EFOSC2 z=10.695
DESJ 0516—6020 19.65 2.52 —1.21 0.67 0.97 EFOSC2 z=1.039
DESJ 2103—5800 20.08 2.15 —0.67 0.37 0.02¢ EFOSC2 z=10.905
DESJ 2154—4410 19.50 1.94 —1.84 0.51 0.73 EFOSC2 z=1.750
DESJ 2217+0138 20.93 1.84 —1.82 0.38 0.95 EFOSC2 z=1.693
DESJ 2306—5657 19.92 2.17 —1.74 0.35 0.87 EFOSC2 z=1.010
QSO + Gal. DESJ 0043—4110 21.91 3.17 —1.81 0.53 091 EFOSC2 z=0.882
DESJ 0438—3416 20.77 2.09 —1.60 0.46 0.92 EFOSC2 z=1.097
DESJ 0444—3718 20.50 3.53 —2.08 0.39 0.77 EFOSC2 z=1.345
DESJ 2326—4805 20.94 1.84 —2.36 0.59 0.70 EFOSC2 z=1.364
Em. Gal. DESJ 0137—-0222 20.31 0.85 —0.27 0.39 0.52 SAMI
DESJ 0253—0504 20.59 0.95 —1.32 0.46 0.58 ESI
DESJ 0402—1523 20.23 1.87 —0.60 0.36 0.79 ESI
DESJ 0440—2008 19.23 1.49 —0.97 0.33 0.56 ESI
DESJ 0443—3308 19.58 0.91 —2.84 0.30 0.96 SAMI
DESJ 0451-3410 21.39 0.99 —1.90 0.34 0.94 EFOSC2
DESJ 0600—2847 20.97 0.98 —1.47 0.31 0.81 ESI
DESJ 2047—4801 20.14 3.70 —0.87 0.56 091 IMACS
Inconclusive NIQ DESJ 0058—6120 20.10 3.03 —2.49 043 0.95 EFOSC2 SAMI z=1.322
DESJ 0120—4354 19.97 0.84 —0.15 0.38 0.86 EFOSC2 z=1910
DESJ 0544—5922 18.93 1.24 —0.15 0.41 0.93 EFOSC2 IMACS z=1.319
DESJ 2141—-4629 20.46 0.91 —0.54 - 0.55 IMACS SAMI z=1.762
DESJ 2200—4719 19.78 3.60 —2.09 0.53 0.94 EFOSC2 z=1.608
DESJ 2250—6047 21.02 2.02 —1.31 0.46 0.70 EFOSC2 SAMI z=1.080
DESIJ 2337+0056 20.39 1.35 —-0.91 0.79 0.93 EFOSC2 IMACS z=0.710
Other DESJ 0230—-0704 18.05 0.57 —0.70 0.37 0.67 ESI SAMI QSO z =2.01 + point source
DESJ 0509—-2350 19.94 1.99 —2.16 0.38 0.75 ESI SAMI QSO z =2.08 + point source

“Flagged for observation due to quad nature, despite low p(g).

Flagged for observation due to the strong photometric variability observed, despite low p(q).

“No i band available, precluding a p(g) measurement.
4Flagged for observation due to fairly blue colour (g—i = 0.18), despite low p(q).

¢g- band fitting failed due to large seeing so no ufom measurement available. g magnitude difference extrapolated from the r, i, and z magnitude differences.

well. Table 2 shows the selection and follow-up parameters of all
systems.

Note that for all spectroscopic observations, the slit angle was not
defined at the parallactic angle but by the angle defined between the
multiple lensed point-like images. As such, significant slit losses
are expected in the spectra. Nevertheless, the validity of the flux
ratio between multiple images should hold. Due to the nature of the
observations, extraction was performed with custom routines: two
Gaussian profiles were fitted wavelength wise on the data iteratively
until residuals were minimized.

In addition, higher resolution imaging (than that provided by
DES) was obtained for 11 systems (two of them without spectro-
scopic follow-up). Eight were observed with the 4.1 m Southern As-
trophysical Research Telescope (SOAR) SAMI instrument at Cerro
Pachon with its adaptive optics (AO) system SAM (Tokovinin et al.
2016). Imaging was carried out in the redder SAMI bands to max-
imize AO correction and optimize the contrast between quasar and

MNRAS 480, 5017-5028 (2018)

deflector galaxy. The pixel scale was 0.09 arcsec pix~' (2 x 2 bin-
ning of 0.045 arcsec pix ! pixels) and the typical exposure time was
3 x 180 s. Four systems were observed with Magellan IMACS in
its imaging mode.

4 CONCLUSIVE SYSTEMS

Twenty-five systems have had their nature confirmed by our spec-
troscopic follow-up. A summary of their properties and follow-up
data is shown in Table 2.

4.1 Lenses

Two systems have been confirmed as genuine gravitationally lensed
quasars. These two systems, besides having identical spectra of the
two components, show evidence of a galaxy between them after
subtraction of the quasar images. However, no absorption lines are
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Figure 1. Left: DESJ 0405—3308 SOAR SAMI z image with naming con-
vention. Right: Contrast enhanced (10x) version of the same image with
PSFs of the four quasar images subtracted.

Table 3. PSF fitting IMACS photometry (g, r, and i) SAMI (z) for the
DES J0405—3308. The position of lensed quasar images was fixed to po-
sitions fitted with the high-resolution SAMI z image. Typical photometric
uncertainty is 0.03 (mag).

Image g r i z

A 21.41 20.52 19.75 19.51
B 21.54 20.60 19.87 19.62
C 21.63 20.76 19.99 19.74
D 22.25 21.15 20.36 20.00
G 22.73 21.95 20.76 19.43

identified in the spectra of the systems, so no redshift measurement
is available for their lensing galaxies. For these two systems we
have performed PSF fitting to obtain the astrometry of the quasar
images and lens galaxy in order to construct lens models. The PSF
fitting was carried out using a purpose-built program that incor-
porates subroutines from the program DoPHOT (Schechter, Mateo
& Saha 1993). It creates a tabulated PSF using a nearby star and
simultaneously fits the tabulated PSF to the quasar images and a
quasi-Gaussian to the central object. The lens models were per-
formed using GLAFIC (Oguri 2010) and isothermal mass profiles.

4.1.1 DESJ 0405—3308

DESJ 0405—3308 follow-up imaging was obtained with Magellan
IMACS in bands g, r, and i on 2016 November 29 and with SOAR
SAMI in bands R, V, and z on 2016 December 3. The z- band image
was used for PSF fitting astrometry measurements. The photometry
for the lensed images and galaxy (see Fig. 1 for naming scheme)
is shown in Table 3. A single slit was used on Magellan IMACS
through images B and C. Fig. 2 shows the extracted spectra and
the identified lines at a redshift of z = 1.713 % 0.001. The relative
astrometry of the system is shown in Table 4.

In making the lens model, we have selected a singular isothermal
ellipsoid (SIE) for the mass profile and have obtained a good fit
within the astrometric uncertainties. The constraints used in the lens
model are only the relative position of the quasar images and the lens
galaxy. The best-fitting SIE parameters obtained were an Einstein
radius Rg = 0.69 arcsec and an ellipticity e = 0.17 at a position angle
epa = 29° (see Fig. 3). The secondary parameters obtained through
the mass model are shown in Table 4. The small ellipticity result for
the mass profile fit is consistent with the almost circular shape of the
lensing galaxy. As such, no additional external perturbation (shear)
was required for the model. We do note, however, that the range
of allowed ellipticities for our lens model is 0.15 < e < 0.55 at a
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Figure 2. DESJ 0405—3308 Magellan IMACS spectra. Segmented lines
show the identified emission lines used to measure the redshift shown above
the figure panel. The lower panel shows the flux ratios between the quasar
images.

90 per cent confidence level. Some rough consistency can be seen
in the measured flux ratios (uncertainty smaller than 10 per cent)
and the modelled flux ratios of images A and B, however, this
is not the case with images C and D. In the case of image C,
the almost negligible wavelength dependence of the observed flux
ratios suggest that difference between the observed and modelled
ratios might be due to substructure in the lens or environmental
contributions, especially considering that no emission line residual
is observed in the spectroscopic flux ratio between images C and B.
In image D, the observed flux ratio increases by a factor 1.4 from
the g to the z band. This chromatic variation could be explained by
as well as differential dust extinction projected in front of image D
(see e.g. Anguita et al. 2008b; Yonehara, Hirashita & Richter 2008).
We note that both images C and D are saddle point images in the
lens model and thus more prone to microlensing flux fluctuations
(Schechter & Wambsganss 2002). Exploring these anomalies goes
beyond the scope of this paper. Further space based and/or AO
imaging along deeper spectroscopy will allow more detailed mass
and flux models for the system.

4.1.2 DESJ 0407—5006

Follow-up imaging for DESJ 0407—5006 was obtained with Mag-
ellan IMACS in the i band on 2016 December 1. The photometry
for the lensed images and galaxy is shown in Table 5 (see Fig. 4
for naming scheme). Follow-up spectra were obtained with NTT
EFOSC?2, as described above, with an exposure time of 600 s. Fig. 5
shows the extracted spectra and the identified emission lines at a
redshift of z = 1.515 & 0.001. A slight emission line residual and
chromaticity can be observed in the spectroscopic flux ratio. Al-
though the significance of the signal does not allow us to draw
any conclusions regarding microlensing in this system, it cannot be
ruled out. Using the IMACS data and our PSF fitting technique we
obtain the relative astrometry shown in Table 6.

The light profile fit shows a nearly circular shape for the lensing
galaxy. Given the reduced number of positional constraints of this
double system, we have selected a singular isothermal sphere plus
external shear as a mass model and we have added the spectroscopic
flux ratio measured on top of the CiIir] and MgII emission lines as a
constraint (we avoid using the CIV since it is very close to the edge of

MNRAS 480, 5017-5028 (2018)

020z 1shBny €0 Uo Jasn ojned 0%, ?1S ap epepisiaAiun Aq 1228905/ L 0S/¥7/08 /108 1Sqe-joe/Seiull/woo dnooiwapeoe//:sdiy woll papeojumod



5022 T Anguita et al.

Table 4. Observed and best-fitting modelled parameters for DESJ 0405—3308. Astrometry, flux ratios, and time delays with respect to image B. Since we do

not have the redshift of the lensing galaxy, time delays are scaled such that A,

Ar(1+ 21)1%S days.

Comp Astrometry Flux ratios Model output parameters

ARA ADec. Error g r i ARA ADec. K 4 o FR
A —1.211 0.674  0.040 1.13 1.08 1.12 —1.209 0.669  0.45 0.45 9.30  1.06 0.15
B 0.0 0.0 0.0 1.0 1.0 1.0 0.0 0.0 0.44 0.44 882 1.0 0.0
C —0.349 0.819 0.050 0.92 0.86 0.90 —0.363 0.822  0.55 0.55 —-927  1.05 1.02
D —1.060 —0.311 0.070 0.52 0.60 0.64 —1.010 —0.343 058 0.58 —-6.05 0.69 2.12
G —0.680 0.216 0.120 —0.679 0.176

2.5 arcsec

DES] 0405-3308

AJ (arcsec)

0.0 -0.2 -04 -0.6 -0.8 -1.0 -1.2 -1.4
Aa (arcsec)

Figure 3. DESJ 0405—3308 lens model. Caustics are shown as solid lines
and the critical curve as a segmented line. The source quasar and lensed
images are labelled. The middle ellipse depicts the lensing galaxy.

Table 5. Photometry for the DES J0407—5006. No galaxy was detected in
the DES imaging so no photometry for the lensing galaxy is available. As
the lensing galaxy was not fitted in the DES imaging, the flux of the lensed
images is subject to contamination by it. Typical photometric uncertainties
for Magellan and DES imaging are respectively 0.03 and 0.06 (mag).

Image DES IMACS
g r i z i

A 18.35 18.07 18.00 18.10 18.01

B 19.62 19.36 19.19 19.19 19.26

G - - - - 19.97

the CCD) to the relative positions of the quasar images and the lens
galaxy. We conservatively measure a flux ratio of A/B =3.0 £ 0.2,
which is consistent with the observed i-band flux ratio. The best
fit requires Einstein radius of Rg = 0.87 arcsec, together with a
small external shear (y < 0.06 at 90 per cent confidence) at 130
deg measured north to east (see Fig. 6). The secondary parameters
obtained through the mass model are shown in Table 6. We note that
due to the very small shear, even when the best-fitting position angle
is at 130 deg east from north, the allowed range for this direction is
poorly constrained to 45 deg. As with DESJ 0405—3308, further
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Figure 4. Left: DESJ 0407—5006 Magellan IMACS i image with the nam-
ing convention. Right: Contrast enhanced (30x) version of the same image
with PSFs of the two quasar images subtracted.
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Figure 5. DESJ 0407—5006 NTT EFOSC2 spectra. Segmented lines show
the identified emission lines used to measure the redshift shown above the
figure panel. The lower panel shows the flux ratios between the quasar
images.

space based and/or AO imaging along with deeper spectroscopy
will allow more detailed mass and flux models of the system.

4.2 Contaminants

Several interlopers have been identified from our spectroscopic
follow-up. These are all listed in Table 2. In particular, four projected
double quasars are identified. Their spectra with line identification
are shown in Fig. 7. Most of the confirmed contaminants (15) in-
clude at least one quasar (4 quasar pairs, 4 quasar—galaxy pairs, and
7 quasar—star pairs), with the 8 remaining being galaxies: 6 with
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Table 6. Observed and best-fitting modelled parameters for DESJ 0407—5006. Astrometry, flux ratios, and time delays with respect to image B. Since we do

not have the redshift of the lensing galaxy, time delays are scaled such that A,

A1+ z) 5k days.

Flux
Component Astrometry ratio Model output parameters
ARA ADec. Error i ARA ADec. K y nw FR
A —0.863 1.437 0.002 3.17 —0.862 1.437 0.38 0.40 4.48 3.00 —25.46
B 0.0 0.0 0.004 1.0 0.0 0.0 0.81 0.84 —1.50 1.00 0.0
G —0.331 0.424 0.06 —0.331 0.424

DESJ 0407-5006
1.5 A

1.0
o
Q .
0 .
O ':
© 0.5 :
=) : ]
< ' !
0.0

0.5 0.0 -0.5 -1.0
A« (arcsec)

Figure 6. DESJ 0407—5006 lens model. Caustics are shown as solid lines
and the critical curve as a segmented line. The source quasar and lensed
images are labelled. The central ellipse depicts the lens galaxy.

measured strong narrow emission lines and 2 due to their extended
shape from high-resolution SOAR SAMI imaging.

5 INCONCLUSIVE SYSTEMS

Despite the follow-up campaign, the nature of 9 out of the 34
systems still remains inconclusive. However, two subcategories of
inconclusive systems are identified. A summary of their properties
and follow-up data is shown in Table 2.

5.1 Nearly identical quasar pairs

NIQs are the systems followed up where we have obtained two
resolved nearly identical quasar spectra of candidates, but we have
not been able to identify a lensing galaxy in imaging. Seven of the
systems in our follow-up sample are classified as NIQs. Most of
these systems should be considered as very likely lensed quasars
but we currently lack the imaging and/or spectroscopic observa-
tions to confirm them as such. The spectra of the image pairs in
this category are shown in Fig. 8. Table 7 shows a crude estimation
of the minimum brightness of the unidentified lens galaxy between
the candidate lensed images using the image separation and source

redshift (see description of the method in Treu et al. 2018). Even
though this is only an estimation, we note that several lens galaxies
should have been bright enough for detection in the survey imag-
ing (i < 21.0). Furthermore, out of the seven systems in the NIQ
category, two show spectroscopic evidence supporting the interpre-
tation of two different quasars at identical redshifts (i.e. physical
binaries) as discussed below. However, conservatively and due to
lack of evidence we still classify them as nearly identical pairs.

5.1.1 DESJ 0120—4354

This system at z &~ 1.91 shows a very broad double absorption
blueward of the CIV line. At first sight this might be attributable
to a lower redshift intervening system in between the two quasar
images. However, the strength and broadness of the lines is not
consistent with any known doublets. Another explored possibility
was that they are two strong intervening MgII systems, however due
to the small separation of the two quasar images (0.84 arcsec) these
systems would appear in quasar image B. Furthermore, the profile
of the Sirv+O1V lines shows a difference that could not be attributed
to microlensing (see e.g. Sluse et al. 2012). Finally, image B shows
a slightly lower redshift at z = 1.909 (versus image A atz = 1.911).
As such, both quasar images could indeed be different systems, one
of them a double BAL (Korista et al. 1993). This system has also
been independently discovered by Ostrovski et al. (in preparation).

5.1.2 DESJ 2141—4629

Close inspection of the CIV emission line reveals very strong differ-
ences. In particular, the peak of the CIv emission in each image is
red- and blueshifted, respectively. Furthermore, each peak coincides
with an absorption in the other (see e.g. Hennawi et al. 2006). Two
absorption systems have been identified at z = 0.711 and z = 1.420
from Fer triplet (~2370 A), Fer doublet (~2600 A), and MgI1 dou-
blet (~2800 A) absorption. Given our current interpretation of the
quasar spectra along the fact that the absorption lines resulting from
these systems are too narrow to be due to a massive galaxy, we do
not believe these are indicative of a lensing galaxy (see e.g. the dis-
cussion of broadness of absorption lines due to intervening systems
in lensed quasars in Auger et al. 2008).

5.2 Otherwise inconclusive

Two additional systems followed up contain at least one image that
has been confirmed to have a quasar spectrum. The spectroscopic
flux obtained for the fainter image does not allow to identify its
nature and as such also remain inconclusive.
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Figure 7. Projected binaries spectra. Segmented lines show the identified emission lines used to measure the redshifts shown above each panel.

6 SUMMARY AND CONCLUSIONS

We have followed up 34 lensed quasar candidate systems selected
by a mixture of multiband PSF fitting and colour selection in the
fields of the DES. From this follow-up, two systems have conclu-
sively been classified as gravitationally lensed quasars (one quadru-
ple and one double). Seven systems are likely double lensed quasars
based on almost indistinguishable spectra between the two candi-
date images, but a hitherto unidentified lensing galaxy between them
(NIQs). Two systems remain inconclusive since only one spectrum
of the pairs is identified as a quasar. The remaining 23 systems have
been confirmed as non-lensed systems (15 are indeed quasars with
non-identical companions and 8 are pairs of compact low-redshift
emission regions). Thus, removing the two completely inconclusive
systems, we see our selection has a effectiveness of 30 per cent se-
lecting identical pairs of quasars, or 50 per cent considering pairs
of quasars (since 4 of the non-lensed systems are projected double
quasar systems).

The two lensed quasar systems have been identified, thanks
to deeper higher resolution images where a lensing galaxy could
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be clearly identified, even when no absorption lines from them
have been identified in the spectra. Deeper and higher resolution
spectroscopy will allow us to measure their redshifts. Neverthe-
less, simple lens models were performed for both systems, and
they reveal that a very minor quadrupole (internal or external) is
required in order to reproduce the positional constraints, consis-
tent with the observed light profile of the lensing galaxy. For the
quadruply imaged quasar DES J0405—3308 two images show mild
flux ratio inconsistencies with respect to the lens model, which
could be consistent with microlensing or dust extinction from the
lens galaxy. The same is true to an event lesser extent for DES
J0407—-5006.

We have estimated the minimum brightness in the griz SDSS
photometric bands for the possible lensing galaxy in the seven
NIQs. Our estimations show that, if indeed lensed quasars, at least
three of them should have been detected in the survey imaging
image subtraction (i < 21.0). As such, priorities for follow-up
should include a prior on image separation (larger separations imply
brighter lenses, and thus lower probability of being lensed quasars
if not detected in the survey imaging). We do note, however, that
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Figure 8. NIQs spectra. Segmented lines show the identified emission lines used to measure the redshifts shown above each panel. The lower panel shows the

flux ratios between the quasar images.
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Figure 8. continued.

Table7. Maximum magnitude in the SDSS g, r, i, and z band for the possible
lenses between the NIQs, obtained from the lensing mass expected due to
the image separation of the candidate lensed images and their measured
redshifts.

ID g r i z

DESJ 005817.0—612004 24.6 21.9 20.6 19.6
DESJ 012006.4—435441 28.7 26.2 24.6 23.3
DESJ 054430.6—592237 26.5 23.8 22.5 21.6
DESJ 214148.9—462946 25.9 23.1 21.8 20.5
DESJ 220039.1—471900 25.1 22.2 21.0 19.7
DESIJ 225007.9—604724 24.3 22.1 20.7 20.2
DESJ 233713.7+005611 23.2 21.4 20.3 19.7

our magnitude estimates depend on several assumptions includ-
ing lens redshifts. Furthermore, lens galaxies could well be hiding
under the PSF wings of the, sometimes, much brighter quasar im-
ages, rendering the nominal depth optimistic. None the less, some
of these systems are still worthy of follow-up to confirm their
nature.
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