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Abstract

We present the first results from a new survey for high-redshift (z 5) gravitationally lensed quasars and close
quasar pairs. We carry out candidate selection based on the colors and shapes of objects in public imaging surveys,
then conduct follow-up observations to confirm the nature of high-priority candidates. In this paper, we report the
discoveries of J0025–0145 (z = 5.07), which we identify as an intermediately lensed quasar, and J2329–0522
(z = 4.85), which is a kiloparsec-scale close quasar pair. The Hubble Space Telescope (HST) image of J0025–0145
shows a foreground lensing galaxy located 0 6 away from the quasar. However, J0025–0145 does not exhibit
multiple lensed images of the quasar, and we identify J0025–0145 as an intermediate lensing system (a lensing
system that is not multiply imaged but has a significant magnification). The spectrum of J0025–0145 implies an
extreme Eddington ratio if the quasar luminosity is intrinsic, which could be explained by a large lensing
magnification. The HST image of J0025–0145 also indicates a tentative detection of the quasar host galaxy in the
rest-frame UV, illustrating the power of lensing magnification and distortion in studies of high-redshift quasar host
galaxies. Object J2329–0522 consists of two resolved components with significantly different spectral properties
and a lack of lensing galaxy detection under subarcsecond seeing. We identify it as a close quasar pair, which is the
highest confirmed kiloparsec-scale quasar pair to date. We also report four lensed quasars and quasar pairs at
2< z< 4 and discuss possible improvements to our survey strategy.

Unified Astronomy Thesaurus concepts: Quasars (1319); Double quasars (406); Gravitational lensing (670)

1. Introduction

Gravitationally lensed quasars are rare and valuable objects
that enable important studies in extragalactic astronomy and
cosmology. Measuring the time lags between the lensed images
of the background quasar gives independent constraints on key
cosmological parameters like the Hubble constant (e.g., Shajib
et al. 2020; Wong et al. 2020). Microlensing events caused by
stars in the lensing galaxy have been used to probe the structure
of quasar accretion disks (e.g., Kochanek 2004; Cornachione
et al. 2020). Analyzing the lensing model puts constraints on
the properties of dark matter (e.g., Gilman et al. 2020).
Measuring the absorption features in the spectra of the lensed
quasar images probes the structure of the foreground galaxy’s
circumgalactic medium (e.g., Cashman et al. 2021). With the
help of lensing magnification, lensed quasars offer unique
opportunities to measure the properties of quasars with
enhanced sensitivity (e.g., Yang et al. 2019a, 2022) and
investigate the small-scale structures in the quasar host galaxies
(e.g., Bayliss et al. 2017; Paraficz et al. 2018; Yue et al. 2021b).

Physical pairs of quasars are another population of valuable
objects that provide critical information about the evolution of
supermassive black holes (SMBHs) and their host galaxies.
Quasar pairs with separations of 100 kpc have been used to

measure the clustering of quasars up to z∼ 5 (e.g., McGreer
et al. 2016; Eftekharzadeh et al. 2017). Kiloparsec-scale quasar
pairs are likely the result of ongoing galaxy mergers, in which
the SMBHs in both progenitor galaxies are ignited by the
merging event (for a recent review, see De Rosa et al. 2019).
Comparison between detailed observations of close quasar
pairs (e.g., Green et al. 2010) and zoom-in hydrodynamical
simulations of galaxy mergers (e.g., Capelo et al. 2017) helps
us to understand how galaxy mergers trigger quasar activities.
The statistics of quasar pairs (e.g., the fraction of close pairs
among all quasars) encode information about the coevolution
of SMBHs, their host galaxies, and their close environments
(e.g., Steinborn et al. 2016; Volonteri et al. 2016; Shen et al.
2023).
Given the importance of these objects, there have been

intensive efforts to search for gravitationally lensed quasars
(e.g., Inada et al. 2012; More et al. 2016; Anguita et al. 2018;
Lemon et al. 2018, 2019, 2020; Treu et al. 2018; Fan et al.
2019) and quasar pairs (e.g., Hennawi et al. 2006, 2010;
Silverman et al. 2020; Tang et al. 2021; Chen et al. 2022a).
Most of these studies use public imaging surveys such as the
Sloan Digital Sky Survey (SDSS; York et al. 2000) to select
candidates that have colors and shapes consistent with lensed
quasars or quasar pairs and then confirm the nature of the
candidates with follow-up spectroscopy and/or high-resolution
imaging. Interestingly, the observational features of arcsecond-
scale quasar pairs are very similar to those of doubly imaged
lensed quasars with faint lensing galaxies (e.g., Shen et al.
2021). As a result, surveys for lensed quasars naturally lead to
discoveries of close quasar pairs (e.g., Lemon et al. 2023), and
vice versa (e.g., Chen 2021).
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In the past few years, the Gaia mission (Gaia Collaboration
et al. 2016) has revolutionized searches for lensed quasars and
close (arcsecond-scale) quasar pairs. Gaia is an all-sky imaging
and spectroscopic survey that primarily aims at mapping the
stars in the Milky Way. Using a space-based telescope, Gaia
delivers an effective angular resolution of ∼0 4 in Data
Release (DR) 2 (Gaia Collaboration et al. 2018). The
astrometric properties measured by Gaia, especially the
parallaxes and proper motions of objects, are useful in
identifying lensed quasars and suppressing the contamination
of galactic stars (e.g., Lemon et al. 2017). Lemon et al. (2023)
showed that the number of known lensed quasars at redshift
z< 1.5 with separations Δθ> 1″ that are detected in the Gaia
survey is consistent with model predictions, suggesting a high
completeness for Gaia-based lens searches.

Despite the success of previous studies, to date, it is still
unclear how to efficiently find high-redshift lensed quasars and
quasar pairs. Although some lensed quasars at z∼ 4 have been
discovered using Gaia data (e.g., Desira et al. 2022), most z 5
quasars are too faint to be detected in the Gaia survey. In
addition, the relatively poor physical resolution of most
observations makes it challenging to find kiloparsec-scale
quasar pairs at high redshifts. So far, only one lensed quasar
has been reported at z> 5 (Fan et al. 2019), and only one
kiloparsec-scale quasar pair has been confirmed at z> 3 (Tang
et al. 2021). These numbers are much lower than predictions
from simulations (e.g., Oguri & Marshall 2010; De Rosa et al.
2019).
In order to draw a comprehensive picture of lensed quasars

and quasar pairs, we need to investigate how to efficiently
identify faint, distant lensed quasars and quasar pairs from
imaging surveys. This task is urgent, given upcoming wide-
area sky surveys like the Vera C. Rubin Observatory Legacy
Survey for Space and Time (LSST; Ivezić et al. 2019) and the
Euclid survey (Scaramella et al. 2021). In particular, LSST will
deliver imaging that is several magnitudes deeper than Gaia,
meaning that Gaia-based survey methods will be less useful in
the LSST era.

The above considerations motivate us to design and carry out
a new survey for lensed quasars and close quasar pairs, with a
focus on high-redshift ones (z 5). We explore strategies that
make the most use of current imaging surveys, which can also
be applied to upcoming sky surveys like LSST. This paper
reports the lensed quasars and close quasar pairs discovered in
the initial stage of this survey.

The layout of this paper is as follows. We describe the data
sets and the method we use for candidate selection in Section 2.
We describe how we confirm the nature of candidates with
follow-up observations in Section 3. We then present the
discoveries of an intermediately lensed quasar at z = 5.07
(J0025–0145; Section 4) and a kiloparsec-scale quasar pair at
z = 4.85 (J2329–0522; Section 5). We also report a few lensed
quasars and close quasar pairs at lower redshifts in Section 6.
We discuss future work to improve this survey in Section 7.
We use a flat ΛCDM cosmology with H0= 70 km s−1 Mpc−1

and ΩM= 0.3.

2. Building the Candidate Sample

This section briefly summarizes the public data sets and
candidate selection method used in our survey. Figure 1
presents a flowchart of the candidate selection pipeline.

2.1. Data Sets

2.1.1. The Parent Sample and Multiband Photometry

We construct our parent sample of candidates using a
number of optical and infrared sky surveys. The public surveys
we use in this work are summarized in Table 1. Specifically, we
start with objects in the Dark Energy Survey DR2 (DES; DES
Collaboration et al. 2021) and the Pan-STARRS1 survey DR2
(PS1; Chambers et al. 2016). The DES covers ∼5000 deg2 of
high galactic latitude area in the southern Galactic cap,
providing deep imaging in the g, r, i, z, and y bands. The
PS1 covers sky areas at δ> −30° with g-, r-, i-, z-, and y-band
imaging.
We obtain near-infrared (NIR) photometry from the Vista

Hemisphere Survey (VHS; McMahon et al. 2013), the UKIRT
Infrared Deep Sky Survey (UKIDSS; Lawrence et al. 2007),
and the UKIRT Hemisphere Survey (UHS; Dye et al. 2018).
The VHS covers most parts of the southern hemisphere in the
Y, J, H, and Ks bands. UKIDSS covers 7000 deg2 in the
northern hemisphere with the Z, Y, J, H, and K bands, and UHS
observes the area at 0° < δ< 60° in the J and K bands that is
not included in UKIDSS. When we started the candidate
selection, UKIDSS had finished all of the observations, while
UHS had only released the J-band photometry and VHS had
only released the J- and Ks-band photometry for most sky
areas. As a result, the exact photometry available for an object
depends on its position on the sky. We further obtain the Wide-
field Infrared Survey Explorer (WISE) W1 and W2 magnitudes
from the CatWISE2020 catalog (Marocco et al. 2021), which
was the deepest WISE data release available when the
candidate selection was carried out.
Most lensed quasars and kiloparsec-scale quasar pairs have

separations of 3″ (e.g., Collett 2015). To include flux from all
of the components of these objects, we use aperture magnitudes
with a diameter of 5″ in our candidate selection, with the
exception of the WISE W1 and W2 bands that have point-
spread function (PSF) sizes of ∼6″. We use a matching radius
of 2″ when cross-matching the survey catalogs.
We then construct the parent sample of objects by selecting

objects at high galactic latitudes with good photometry. The
exact criteria are
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Here we do not have a requirement on the g-band magnitude
error, as quasars at z 5 have little or no flux at wavelengths
bluer than the redshifted Lyα (e.g., Worseck et al. 2014). This
parent sample goes into the candidate selection pipeline
described in Section 2.2.
We divide the parent sample into point sources and extended

sources. For objects in the DES field, we use
spread_model_z< 0.005 as the criterion of the point sources
(e.g., Sevilla-Noarbe et al. 2018); for objects in the PS1 field,
the criterion is zPSFMag− zApMag< 0.1, which is deter-
mined using the same approach as Farrow et al. (2014).

2.1.2. Morphological Information

The morphological information of the objects is crucial in
surveys of lensed quasars and quasar pairs (e.g., Oguri et al.
2006). In this work, we obtain morphological information from

2

The Astronomical Journal, 165:191 (17pp), 2023 May Yue et al.



the Dark Energy Spectroscopy Instrument (DESI) Legacy
Imaging Survey (hereafter the Legacy Survey; Dey et al. 2019)
DR8. The Legacy Survey provides g-, r-, and z-band imaging
for ∼20,000 deg2 of sky areas at |b|> 18°, which is used in the
target selection of DESI (DESI Collaboration et al. 2016). The
z‐band imaging has a PSF FWHM of ∼1 1, which is the
sharpest among the three bands. Starting from DR8, the Legacy
Survey also includes the DES g-, r-, and z-band images,
reduced using the same Legacy Survey photometric pipeline.

The Legacy Survey measures the magnitudes and best-fit flux
profiles of objects using Tractor (Lang et al. 2016). Tractor is a
python-based image-fitting and photometry tool. Briefly speak-
ing, Tractor fits the images of an object as a point source and a
Sérsic profile, then picks up the best-fit model based on the
reduced χ2. Tractor also generates residual images for the best-
fit model. The source detection and fitting pipeline can be
executed iteratively; i.e., new sources can be detected in the
residual image of the previous iteration. In this way, the Legacy
Survey can detect faint objects close to a bright object.

The best-fit image models and the residuals provided by
Tractor are useful in identifying objects with close compa-
nions. Specifically, many lensed quasars and kiloparsec-scale
quasar pairs have separations of Δθ 1″ (e.g., Shen et al.
2023; Yue et al. 2022a) and are blended in ground-based
images. When fitted as a PSF or Sérsic profile, these objects

will exhibit large image-fitting residuals. We thus obtain the
residual images of objects and the corresponding reduced χ2

from the Legacy Survey for candidate selection.5

2.2. Candidate Selection

The candidate selection method in this work is based on the
colors and shapes of objects. Specifically, we first identify
objects with colors consistent with a lensed quasar or a quasar
pair, and then we select candidates that have shapes suggestive
of lensing structures or close companions.

2.2.1. Color Classification

For each object in the parent sample, we use a probabilistic
random forest (PRF; Reis et al. 2019) to predict the probability
of the object being a lensed quasar, normal galaxy, or galactic
star. Close quasar pairs have colors similar to lensed quasars
with faint deflector galaxies and are thus covered by the class
of lensed quasars. The PRFs are variations of random forests
(RFs), a class of supervised machine-learning algorithm that is
widely used in classification and regression. Unlike RFs, where

Figure 1. Flowchart of the candidate selection pipeline.

Table 1
Information of Public Surveys Used in the Candidate Selection

Survey Filtersa PSF Sizeb Depthc Reference
(arcsec) (mag)

DES g, r, i, z, Y 1.11, 0.95, 0.88, 0.83, 0.90 25.4, 25.1, 24.5, 23.8, 22.4 DES Collaboration et al. (2021)
PS1 g, r, i, z, y 1.31, 1.19, 1.11, 1.07, 1.02 23.3, 23.2, 23.1, 22.3, 21.3 Chambers et al. (2016)
VHS J, Ks 0.99, 0.91 20.8, 20.0 McMahon et al. (2013)d

UKIDSS J, H, K <1.2 19.9, 18.6, 18.2 Lawrence et al. (2007)
UHS J <1.2 19.9 Dye et al. (2018)
WISE W1, W2 6, 6 18, 17 Marocco et al. (2021)

Legacy g, r, z 1.29, 1.18, 1.11 23.95, 23.54, 22.50 Dey et al. (2019)
Gaia G 0.4 21 Gaia Collaboration et al. (2018)

Notes. We use the Legacy Survey to gather morphological information on the objects and Gaia to obtain their parallaxes and proper motions. The other surveys are
used to obtain the magnitudes of the objects.
a Magnitudes used in the color classification (except for the Legacy Survey and the Gaia survey).
b The FWHM of the PSF in arcseconds.
c The 5σ depth for point sources. We use AB magnitudes for the g, r, i, z, and y(Y) bands and Vega magnitudes for the J, H, K(Ks), W1, and W2 bands.
d See also https://www.eso.org/rm/api/v1/public/releaseDescriptions/144.

5 Note that the Legacy Survey covers the whole DES footprint starting from
DR8. Although some objects in the PS1 survey are not covered by the Legacy
Survey, these objects have low galactic latitudes (|b|  20°) and are not
included in the parent sample (Section 2.1.1).
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the features of the data points have no errors, PRFs take the
errors of the features into account by considering each data
point as a probabilistic distribution. Thus, PRFs are the ideal
choice for classifying and fitting noisy data.

We construct training sets for galactic stars and normal galaxies
using point and extended sources from the parent sample.
Specifically, we select objects with magnitude errors smaller than
0.1 in all bands as training set objects. We notice that these training
sets might contain objects that are not galactic stars or normal
galaxies, e.g., quasars and blended pairs of stars. Nevertheless,
these objects have little impact on the color classification, as
normal stars and galaxies dominate the training sets.

We generate training sets for lensed quasars using simulated
quasars and galaxies. We do not use observed lensed quasars
due to their limited numbers, especially at high redshifts.
Specifically, we use SIMQSO (McGreer et al. 2013) to
generate mock quasars at z> 4.5 following the method in Yue
et al. (2022a) and simulated galaxies from the JAGUAR mock
galaxy catalog (Williams et al. 2018) to model the foreground
deflector galaxies. We estimate the velocity dispersion σ of the
simulated galaxies using their stellar mass and Sérsic
parameters based on the relation in Bezanson et al. (2011).
We then calculate the Einstein radius θE of all pairs of mock
quasars and simulated galaxies by assuming a singular
isothermal sphere (SIS) lensing model,

( )q p
s

=
c

D

D
4 , 2E

2
ds

s

⎛
⎝

⎞
⎠

where σ is the velocity dispersion of the galaxy, Ds is the
angular diameter distance from the observer to the source, and
Dds is the angular diameter distance from the deflector to the
source. In SIS lensing models, the strong-lensing cross section
of a deflector galaxy is pqE

2 . Accordingly, we generate mock
lensed quasars by randomly drawing 1000 simulated galaxies
as deflectors for each mock quasar using a weight of qE

2 .
For the purpose of color classification, we only need the

colors of the mock lensed quasars instead of the accurate
lensing models. We thus randomly draw a magnification μ
from the distribution P(μ)= 8/μ3 for each mock lensed quasar.
This distribution corresponds to SIS deflectors and is a good
approximation for galaxy-scale lensing systems (e.g., Yue et al.
2022b). We then calculate the synthetic magnitudes of the
lensing system by summing the spectra of the deflector galaxy
and the magnified spectra of the background quasar.

Because there are multiple optical and NIR imaging surveys
used to construct the parent sample, it is necessary to train
several PRFs to account for the differences in the filter response
curves between the imaging surveys. To be specific, we
consider the following combinations of filters that cover all
objects in the parent sample:

1. PS1 g, r, i, z, y + UHS J + WISE W1, W2;
2. PS1 g, r, i, z, y + UKIDSS J, H, K + WISE W1, W2;
3. PS1 g, r, i, z, y + VHS J, Ks + WISE W1, W2; and
4. DES g, r, i, z, Y + VHS J, Ks + WISE W1, W2.

We then randomly draw 106 objects from each training set to
train the PRFs. We use flux ratios between other bands and the
z band as features of the PRFs. We use the PRFs to predict the
probabilities for each parent sample object being a star, galaxy,
or lensed quasar and select objects that satisfy

( ) ( ) ( )< >P Pstar 0.1 and lensQSO 0.3. 3

This criterion selects nonstellar objects that have some chance
of being a lensed quasar. We set a relatively low threshold in P
(lensQSO) to include deflector-dominated lensed quasars that
may have high P(galaxy) values. Objects selected by this
criterion enter the morphological selection described in the
following subsection.

2.2.2. Morphological Selection

The second step of the candidate selection is to identify
objects that have shapes indicative of a possible lensing
structure or close companions. In imaging surveys, lensed
quasars and quasar pairs should either be resolved into multiple
components or appear to be one object that cannot be well
described by regular flux profiles (e.g., a PSF and a Sérsic
profile). Accordingly, we match the objects that pass the color
classification to the Legacy Survey DR8 Tractor catalog using
a matching radius of 4″ and select two samples of candidates.
(1) Resolved candidates. For objects that are resolved into

multiple components in the Legacy Survey (i.e., with more than
one match in the Tractor catalog), we measure the smallest
separation between the resolved components ( )qD min and select
objects with qD < 3min as candidates. This separation limit is
set to reduce the contamination from projected pairs of objects,
as most lensed quasars and kiloparsec-scale quasar pairs have
separations less than 3″.
(2) Unresolved candidates. We select objects with large z-

band image-fitting reduced χ2 (rchisq_z) as candidates of
small-separation (i.e., unresolved) lensed quasars and quasar
pairs. Here we use the z-band image-fitting residual because the
z band has a sharper PSF than the g and r bands. We note that
the distribution of rchisq_z depends on the magnitudes of
the objects, as the imperfectness of the flux models has a higher
statistical significance for brighter objects. In this work, we
adopt a selection criterion of rchisq_z >
1.55+ 0.05× |mag_z− 20.5|4.5, where mag_z is the z-band
magnitude in the Legacy Survey. This criterion is tuned to
include at least 90% of the known lensed quasars6 (Lemon
et al. 2019) in the parent sample. We note that objects with
close companions may also be selected into this candidate
sample, which allows us to include large-separation lensed
quasars that have one component poorly fitted by a single flux
profile (e.g., when the lensing galaxy is blended with one of the
lensed quasar images).
Table 2 lists the number of candidates that pass each step in

the candidate selection. The columns represent different
combinations of photometric surveys, as described in
Section 2.2.1. About 0.1% of the parent sample candidates
pass the color and morphological selections, and the selection
efficiency depends on the depth and seeing of the imaging
surveys. We visually inspect the selected candidates to identify
high-priority ones (Section 2.2.3). We note that the current
candidate selection criteria (especially the color selection) are
designed to include as many candidates as possible while
keeping visual inspection feasible. In the future, the color and
morphological selections will be improved by adopting new
data releases from sky surveys and updating the candidate
selection methods, and the visual inspection can be replaced by
machine-learning-based methods. More discussions about

6 Obtained from https://research.ast.cam.ac.uk/lensedquasars/.
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possible improvements to the candidate selection can be found
in Section 7.

2.2.3. Visual Inspection

We visually inspect the images and spectral energy
distributions (SEDs) of the candidates and subjectively classify
the candidates into priority 1 (likely), 2 (unsure), and 3 (not
likely). For resolved candidates, we pay special attention to the
fluxes and positions of the resolved components. Objects that
contain multiple point sources with similar colors are assigned
high priorities, where the point sources may be lensed images
of the same quasar or two quasars at the same redshift. For
unresolved candidates, if a candidate exhibits the typical
features of a quasar, i.e., a power-law SED and bumps in the
SED suggesting broad emission lines, it is assigned a high
priority. As shown in Table 2, the majority of the visually
inspected candidates are low-priority candidates, which include
irregular galaxies, galaxy mergers, pairs of galaxies, pairs of
point sources with starlike colors, and pairs of a galaxy and a
starlike point source.

We also match the candidate list to the Million Quasar
Catalog (Flesch 2021) to identify known quasars. We assign
priority 1 to known quasars that exhibit a lenslike structure or
have a companion with similar colors. We further use the
parallax and proper motion from the Gaia DR2 (Gaia
Collaboration et al. 2018) to exclude galactic stars. Specifically,
if an object has a nonzero parallax ϖ, defined as

( )v s> v3 , 4

or a nonzero proper motion μ, defined as

( )m m m s s= + > +a d m ma d
3 , 52 2 2 2

the object is rejected from the candidate list. We do not require
a candidate to be detected in the Gaia survey.

Note that our candidate sample contains lensed quasars and
quasar pairs at low redshifts (z 5), though the primary targets
of this project are those at high redshifts. In this work,
candidates that exhibit features of low-redshift lensed quasars
and quasar pairs are also assigned high priorities.

The visual inspection returns 88 priority 1 candidates and
136 priority 2 candidates. We then carry out follow-up imaging
and spectroscopy for these candidates to confirm their nature,
as described in Section 3. Limited by the telescope resources,
we do not observe priority 3 candidates in this project.

We end this section by briefly discussing the survey
completeness. The completeness of color selection is a function
of the redshifts and SEDs of the quasar and, for lensed quasars,

the fluxes of the lensing galaxy and the lensing magnification.
The morphological selection relies on the image reduction
pipeline of the Legacy Survey and the Tractor algorithm, and
quantifying their effects on the completeness function is
beyond the scope of this paper. The visual inspection further
complicates the completeness function. In addition, the
completeness function will change as we improve the candidate
selection method in the future (Section 7). We thus leave
quantitative analyses of the completeness function to subse-
quent papers and only provide rough estimates here. Our
morphology selection is similar to that of the SQLS, which has
a completeness of ∼50% (∼90%) for simulated lensed quasars
with separation Δθ= 0 8 (1″; Oguri et al. 2006). Previous
quasar surveys have reported a high completeness for RF-based
color selection (95%; e.g., Schindler et al. 2018; Khramtsov
et al. 2019). We thus expect that the completeness of our color
and morphological selection is 80% for marginally resolved
(θ 1″) lensed quasars. The completeness of quasar pairs
might be higher, as there is no flux contamination from
foreground lensing galaxies.

3. Follow-up Observations

In semesters 2021A and 2021B, we successfully observed 66
priority 1 candidates and 10 priority 2 candidates. Generally
speaking, we carry out imaging and spectroscopy for each
candidate with sufficient spatial resolution, where the candidate
is resolved into multiple components. The imaging gives the
positions and fluxes of the resolved components, and the
spectroscopy reveals if these components are quasars. Depend-
ing on the angular sizes of the candidates, the observations may
be carried out using ground-based telescopes under good
seeing conditions (0 7), ground-based telescopes with
adaptive optics, or the Hubble Space Telescope (HST).
We then classify all candidates into four categories based on

their images and spectra as follows (also see the discussion in,
e.g., Chen 2021; Lemon et al. 2023).

1. Lensed quasars. Quadruply lensed quasars are confirmed
if the lensing structure is clearly resolved in the images.
For doubly lensed quasars, we require that the two lensed
images are resolved and have similar emission line
profiles and that the lensing galaxy is detected in the
image.

2. Physical quasar pairs. Physical quasar pairs are con-
firmed if the two quasars are resolved, have a line-of-
sight velocity difference of Δv< 2000 km s−1 (e.g.,
Hennawi et al. 2006), and show significant differences
in their spectra. We further require that no lensing galaxy

Table 2
Number of Candidates Selected in Each Step for Each Subset

PS1+UKIDSS PS1+UHS PS1+VHS DES+VHS

Parent sample 12,240,526 22,613,325 27,100,453 29,417,942
Pass color selection 52,810 54,290 158,168 78,616
Pass morphological selectiona 17,492(r) + 8837(u) 11,462(r) + 9185(u) 19,993(r) + 7610(u) 11,728(r) + 5136(u)

Pass visual inspectionb 88 (priority 1) + 136 (priority 2)

Notes. Each column in this table corresponds to a subset of candidates. The subsets are determined by the photometry used in color selection. For example, the subset
“PS1+UKIDSS” contains objects that have photometry from the PS1 and UKIDSS. See Section 2.2.1 for details. Also note that WISE photometry is available for all
candidates.
a Here “r” stands for resolved candidates, and “u” stands for unresolved candidates.
b We do not distinguish the subsets of candidates when performing visual inspection.
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is detected in the field. We discuss the meaning of
“significant difference” below with more details.

3. Nearly identical quasars (NIQs). If a candidate contains
two quasar images at the same redshift but does not meet
the criteria for a lensed quasar or a physical quasar pair,
the candidate is classified as an NIQ (e.g., Anguita et al.
2018). The NIQs may be physical quasar pairs or doubly
lensed quasars with a faint deflector galaxy, and existing
data cannot rule out either hypothesis. These objects are
referred to as “lensless twins” in Schechter et al. (2017).

4. Contaminants. The main contaminants in this project are
emission line galaxies (ELGs), projected pairs of galaxies
and stars, and projected pairs of stars. Specifically, the
narrow emission lines in ELGs generate features similar
to the broad emission lines of quasars in broadband
photometry; late-type stars have long been recognized as
the main contaminants in surveys of high-redshift quasars
due to their red colors (e.g., Yang et al. 2019b). A few
contaminants turn out to be projected pairs of a quasar
and a star or a single quasar without evidence of strong
lensing.

To help understand why we adopt the above criteria, it is
worth discussing the long-standing problem in distinguishing
close quasar pairs and doubly lensed quasars (e.g., Shen et al.
2021). If a candidate contains two quasar images at the same
redshift and no lensing galaxy is detected, we cannot rule out
the possibility that the system is a physical quasar pair, even if
the two quasar images have nearly identical spectral profiles.
Meanwhile, for lensed quasars, microlensing and differential
reddening of the lensing galaxy can lead to small differences
between the spectra of the lensed images of the same
background quasar (e.g., Sluse et al. 2012). An apparent pair
of quasars with subtle differences in spectral features might be
a doubly lensed quasar with an undetected deflector (e.g., a
heavily obscured galaxy). More discussions can be found in
Schechter et al. (2017), Shen et al. (2021), and Yue et al.
(2021a).

As such, we require the detection of the deflector galaxy to
confirm a doubly lensed quasar. Low-redshift quasar pairs can
be confirmed by detecting their merging host galaxies (e.g.,
Silverman et al. 2020; Chen et al. 2022b). At higher redshifts, it
becomes difficult to detect the quasar host galaxies even with
HST (e.g., Yue et al. 2021a). In this case, confirming a physical
quasar pair requires significant differences in spectral shapes
that cannot be explained by microlensing and differential
reddening. Examples of such features include large velocity
offsets between emission lines, different broad absorption line
(BAL) features, and very different line widths and/or flux
ratios. It is still unclear how to confirm a quasar pair if there are
only subtle differences in the spectra of the two quasars. In this
work, we consider the features of each object individually; they
are presented in Sections 4–6.
So far, we have discovered 10 lensed quasars and quasar pairs

in this survey. Among these objects, three lensed quasars (J0803
+3908, J0918–0220, and J1408+0422) were independently
reported in Lemon et al. (2023), and one NIQ was reported in our
previous paper (J2037–4537 at z= 5.66; Yue et al. 2021a). In this
paper, we report the discoveries of an intermediately lensed
quasar at z = 5.07 (J0025–0145; Section 4) and a kiloparsec-
scale quasar pair at z = 4.85 (J2329–0522; Section 5). We also
mention four lensed quasars and quasar pairs at z< 4 found in
our survey in Section 6. Table 3 summarizes the observations of
the lensed quasars and close quasar pairs, and Table 4 lists the
properties of these objects. The data are available upon request to
the corresponding author. Unless further specified, all of the
spectra are reduced using PypeIt (Prochaska et al. 2020), and
the PSF models of the images are generated using IRAF task
psf based on isolated stars in the field.

4. J0025–0145: An Intermediately Lensed Quasar
at z = 5.07

Object J0025–0145 was initially reported in Wang et al.
(2016) as a luminous quasar with M1450= −28.63. The top
panels of Figure 2 show the images of J0025–0145. The object
is modeled as a point source in the Legacy Survey DR8, and

Table 3
Summary of Observations

Object Telescope Instrument Filter/Grating R Seeing texp
a

Spectroscopy

J0025–0145 Magellan/Clay, Magellan/Clay,
Magellan/Baade

LDSS3,
LDSS3, FIRE

VPH-All, VPH-Blue
Echelle

645,
1425, 6000

0 7,
0 7, 1 0

1 × 600, 4 × 900,
1 × 900 s

J0402–4220 Magellan/Clay LDSS3 VPH-All 645 0 7 3 × 900 s
J0954–0022 Magellan/Clay LDSS3 VPH-All 645 0 7 1 × 600 s
J1051+0334 Magellan/Clay LDSS3 VPH-All 645 0 7 3 × 600 s
J1225+4831 LBT LUCI1 HKSpec 645 0 4 20 × 60 s
J2329–0522 Magellan/Clay, Magellan/Baade LDSS3, FIRE VPH-Red Echelle 1357, 6000 0 7, 0 7 3 × 1200, 9 × 909 s

Imaging

J0025–0145 HST ACS/WFC F435W, F606W L 0 08, 0 08 4 × 516 s
J0402–4220 Magellan/Clay LDSS3 z L 0 7 1 × 60 s
J0954–0022 Magellan/Clay LDSS3 z L 0 7 1 × 60 s
J1051+0334 Magellan/Clay LDSS3 z L 0 7 1 × 60 s
J1225+4831 LBT LUCI1 K L 0 35 2 × 60 s
J2329–0522 Magellan/Clay LDSS3 z L 0 7 1 × 30 s

Note.
a The total exposure time in the form of (number of exposures) × (length of a single exposure).
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the residual image indicates a close companion next to the
quasar. The HST Advanced Camera for Surveys Wide Field
Camera (ACS/WFC) observed J0025–0145 in the F435W and
F606W bands (Proposal 16460; PI: Yue). In the F606W image,
J0025–0145 is resolved into a point source (i.e., the quasar) and

an extended source, separated by 0 60. The F435W only
detects the extended source.
Note that objects at z> 5 have essentially no flux at rest-

frame λ< 820Å due to the absorption of the intergalactic
medium (IGM; e.g., Worseck et al. 2014). The bottom panel of

Table 4
Properties of the Lensed Quasars and Quasar Pairs

Object Redshift Δθa NGaia
b Comment Componentc R.A. Decl. Magnitude

J0025–0145 5.07 L 1 Lensed quasar Q 00:25:26.83 −01:45:32.48 mF606W = 20.782 ± 0.001
G 00:25:26.79 −01:45:32.51 mF606W = 21.34 ± 0.03

J0402–4220 2.88 1 27 1 Lensed quasar Q1 04:02:22.16 −42:20:52.82 mz = 18.948 ± 0.002
Q2 04:02:22.06 −42:20:53.44 mz = 20.44 ± 0.02
G 04:02:22.08 −42:20:53.40 mz = 20.60 ± 0.03

J0954–0022 2.27 1 21 1 Lensed quasar Q1 09:54:06.97 −00:22:25.08 mz = 19.92 ± 0.01
Q2 09:54:06.96 −00:22:26.28 mz = 21.06 ± 0.04
G L L L

J1051+0334 2.40 0 99 0 NIQ Q1 10:51:32.43 +03:34:17.71 mz = 19.76 ± 0.01
Q2 10:51:32.37 +03:34:17.59 mz = 19.82 ± 0.01

J1225+4831 3.09 0 89 2 NIQ Q1 12:25:18.62 +48:31:16.15 = m 15.77 0.01Ks

Q2 12:25:18.63 +48:31:17.03 = m 16.88 0.01Ks

J2329–0522 4.85 1 55 0 Quasar pair Q1 23:29:15.07 −05:22:35.88 mz = 19.95 ± 0.02
Q2 23:29:15.18 −05:22:35.96 mz = 20.80 ± 0.04

Notes. Coordinates and magnitudes are from the best-fit galfit model. The F606W and z-band magnitudes are AB magnitudes, and the Ks-band magnitudes are Vega
magnitudes. The information about the lensing galaxy in J0954–0022 is not included, as the parameters do not converge when fitting. See text for details about image
fitting.
a The separation between the two quasar components.
b The number of Gaia objects matched with a radius of 2″.
c Components Q1 and Q2 are quasar components, and component G is the lensing galaxy for lensed quasars.

Figure 2. Top: images of J0025–0145. From left to right: Legacy Survey grz, Legacy Survey residual, HST ACS/WFC F435W, and HST ACS/WFC F606W. Object
J0025–0145 is modeled as a point source in the Legacy Survey, while the residual image indicates a nearby companion. The HST images show the existence of a
foreground galaxy. The separation between the quasar and the galaxy is 0 60. Bottom: LDSS3 spectrum of J0025–0145. This spectrum is a combination of a VPH-
Blue spectrum (λ < 5500 Å) and a VPH-All spectrum (λ > 5500 Å). We also plot the response curve of the HST filters and mark the rest-frame wavelengths. The
background quasar has no flux at rest-frame λ < 820 Å, and the F435W image only captures the flux from the foreground lensing galaxy. The F606W image shows
both the quasar and the lensing galaxy.
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Figure 2 shows the spectrum of J0025–0145 taken by the Low
Dispersion Survey Spectrograph7 (LDSS3) on the Magellan/
Clay telescope, where we also plot the response curves of the
ACS/WFC filters. Since the extended source is detected in the
F435W filter, the object must be a foreground galaxy. The
small separation between the quasar and the foreground galaxy
suggests that the background quasar must be magnified by the
galaxy. Interestingly, there is only one point source in the
F606W image, meaning that the background quasar is not
multiply imaged. We thus report J0025–0145 as an inter-
mediate lensing system, i.e., a lensing system that does not
have multiple images but has a significant magnification, in
contrast with weak and strong lensing (e.g., Mason et al. 2015).

To further investigate the structure of J0025–0145, we fit the
F606W image by a PSF plus a Sérsic profile using galfit (Peng
et al. 2002). The result is presented in Figure 3. The foreground
galaxy has a high ellipticity of e= 1− b/a= 0.53. Deflectors
of such high ellipticities can generate large magnifications
(μ? 2) without producing multiple images of the source (e.g.,
Keeton et al. 2005). Also note that the residual image shows
irregular structures in the galaxy, suggesting a complex mass
profile for the deflector galaxy.

Another noticeable feature is the positive flux residual
around the quasar. The bottom right panel of Figure 3 shows
the relative difference between the model and the real image.

The relative difference reaches 50% for the regions with
positive residual flux, which is much higher than the PSF
variances in the ACS/WFC images (3% for individual pixels;
e.g., Bellini et al. 2018). Using an aperture of 0 6 centered at
the quasar’s position (marked by the solid yellow circle in
Figure 3), we estimate the residual flux to be mF606W= 24.2,
i.e., about 4.4% of the total quasar flux. In comparison, the 5σ
magnitude limit for this aperture is mF606W= 25.8.
The most plausible scenario is that the positive flux comes

from the emission of the quasar host galaxy. Lensing
magnification increases the angular size of the host galaxy,
making it easier to detect. Moreover, some regions in the
galaxy might have large magnifications up to infinity.
Detecting the rest-frame UV emission from quasar host
galaxies at z 5 has never been successful with HST and is
very difficult even with the James Webb Space Telescope
(JWST; e.g., Marshall et al. 2020; Ding et al. 2022). Object
J0025–0145 illustrates the power of lensing magnification in
studies of high-redshift quasar host galaxies.
We note that naked-cusp lenses can generate multiply

imaged lensing systems with infinitely small lensing separation
(e.g., Fujimoto et al. 2020). We thus consider the possibility
that J0025–0145 is a naked-cusp lens with a tiny lensing
separation. Specifically, we use a singular isothermal ellipsoid
(SIE) deflector plus an external shear to model the lensing
potential, where we fix the ellipticity of the SIE to be e = 0.53.
Note that we are not able to fit the HST image due to the
limited spatial resolution; instead, we tune the model
parameters to test if we can reproduce systems that resemble
the features of J0025–0145.
We find that, in order to generate compact lensing systems

with lensing separations Δθ 0 1, we need a large external
shear (γ 0.1) and fine-tuning of the source position. In
addition, such models always generate positive flux residuals at
the north or south side of the quasar, which is inconsistent with
the HST images, where the flux residual lies on the east side
(Figure 3). We thus conclude that the naked-cusp lensing
model is disfavored by existing data.
With only one image of the background quasar, we are not

able to build the lensing model and reconstruct the source plane
emission for J0025–0145. Instead, we use the apparent
Eddington ratio (λEdd) of J0025–0145 to estimate its lensing
magnification. Specifically, the Eddington ratio follows the
relation λEdd∝ Lbol/MBH, where Lbol is the bolometric
luminosity of the quasar. The SMBH mass, MBH, is usually
measured using broad emission line widths and continuum
luminosities (e.g., Vestergaard & Osmer 2009):

( )l
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The scaling factor, 10zp, depends on the exact line used in the
measurement. For lensed quasars, lensing magnification
changes the luminosities (Lbol and λLλ) but does not influence
the line width. Combining the above relations gives
λEdd∝ μ0.5; i.e., the observed Eddington ratio is higher than
the intrinsic value if the lensing magnification is not corrected.
We use the Mg II emission line to measure the SMBH mass

for J0025–0145. The left panel of Figure 4 shows the Mg II line
of J0025–0145 taken by the Folded-port InfraRed Echelle8

Figure 3. The galfit model of J0025–0145. Top left: HST ACS/WFC F606W
image. Top right: model image (one PSF and one Sérsic profile). Bottom left:
residual image. Bottom right: relative residual map. There is no evidence for a
second lensed image of the background quasar. The deflector galaxy has a high
ellipticity (e = 0.53) and exhibits irregular structures. The quasar shows
positive flux in the residual image, which cannot be explained by PSF
inaccuracies and thus indicates a detection of the quasar host galaxy (see text
for details). The residual flux in the yellow aperture (diameter 0 6) is
mF606W = 24.2.

7 https://www.lco.cl/?epkb_post_type_1=index-2 8 http://web.mit.edu/~rsimcoe/www/FIRE/
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(FIRE) on the Magellan/Baade telescope. We fit the region
around the Mg II line using a power-law continuum plus a
single Mg II line and a series of Fe II lines. We use the Fe II line
template from Tsuzuki et al. (2006) and Gaussian functions to
describe the profiles of the emission lines. The best-fit model
gives FWHMMg II= 1798± 37 km s−1 and L3000= 1.56
× 1047 erg s−1. Using the relation in Vestergaard & Osmer
(2009), we estimate the black hole mass to be
MBH= 9.24× 108 Me without correcting the magnification
effect. The error of MBH is about 0.55 dex and dominated by
the scatters of the empirical relation (Equation (6)). We
estimate the bolometric luminosity using the bolometric
correction suggested by Runnoe et al. (2012), which gives
Lbol= 8.26× 1047 erg s−1.

The right panel of Figure 4 shows the distribution of SMBH
masses and bolometric luminosities of quasars at 4.9< z< 5.3
from the SDSS DR16 quasar catalog (Wu & Shen 2022). The
median Eddington ratio of these quasars is 0.4, and most
quasars have Eddington ratios consistent with or smaller than 1.
In contrast, J0025–0145 has a high apparent Eddington ratio of
λEdd= 9 before correcting for lensing magnification. Again, the
error of λEdd is 0.55 dex and dominated by the scatters of
Equation (6). Assuming that the quasar has an intrinsic
Eddington ratio of λEdd= 1 (i.e., Eddington-limit accretion),
we need a magnification of μ= 84. Even if J0025–0145 is
accreting at a super-Eddington rate of λEdd≈ 3, we still get a
magnification of μ≈ 9.

We notice that the estimation above is subject to several
systematic uncertainties, in particular the errors in the SMBH
mass measurement and bolometric correction. Nevertheless,
the result indicates that J0025–0145 has a high magnification
of μ? 1. Future observations with the Atacama Large
Millimeter/Submillimeter Array will characterize the lensed
arc of the quasar host galaxy, enabling accurate lens modeling
of this system. If the high magnification is confirmed by the
lensing model, J0025–0145 will offer unique opportunities to
investigate a distant quasar host galaxy with high spatial
resolution.

5. J2329–0522: A Kiloparsec-scale Quasar Pair at z = 4.85

Figure 5 shows the images and spectra of J2329–0522. In the
Legacy Survey DR8, J2329–0522 is modeled as a de
Vaucouleurs profile, and the large image-fitting residual
suggests that the flux model is incorrect. Object J2329–0522
was observed using LDSS3 in both imaging mode and
spectroscopy mode under a seeing of ∼0 7. The LDSS3 z-
band image is well described by two point sources, showing no
signs of a lensing galaxy in the field. The two point sources are
separated by 1 55. The bottom panel of Figure 5 shows the
spectra of the two point sources, both of which exhibit features
of quasars at z = 4.85. The NIR part (λ> 1 μm) of the spectra
was taken with FIRE. The two components have different
spectral shapes, with the fainter component (Q2) being redder.
The broad emission line profiles of the two components also
show significant differences. In particular, Q1 has a prominent
C III] line, which is nearly absent in the spectrum of Q2. The
C IV profiles of the two components also look different.
To further investigate the possibility of J2329–0522 being a

doubly lensed quasar, we fit the Si IV, C IV, and C III] lines
using a power-law continuum plus a Gaussian profile. We also
fit the Mg II lines using the method described in Section 4.
Figure 6 presents the result, and Table 5 summarizes the best-fit
parameters. The Mg II and Si IV redshifts of Q2 are higher than
those of Q1, while Q2 has a lower C IV redshift than Q1. There
is a 2.8σ difference between the FWHM of the C IV lines of the
two components. The C III] line of Q2 is only marginally
detected, and the C III] equivalent width (EW) of Q1 is about
six times larger than that of Q2. Meanwhile, the EWs of the
two C IV lines only differ by ∼50%. It is implausible that the
FWHM and EW differences between the two quasars in
J2329–0522 are the result of microlensing. For instance, Sluse
et al. (2012) reported the microlensing effect of 17 lensed
quasars, where the microlensing magnifications of different
broad emission lines are similar. Also, note that differential
reddening has no impact on the FWHM and EW of emission
lines.

Figure 4. Left: Mg II line of J0025–0145, taken by the Magellan/Baade FIRE spectrograph. We fit the region around the Mg II line as a power law plus a Gaussian
profile and a series of Fe II lines. The best-fit model gives FWHMMg II = 1798 ± 37 km s−1; using this, we calculate the SMBH mass of J0025–0145 to be
MBH = 9.24 × 108 Me (before correcting for the magnification effect). See text for details. Right: MBH−Lbol distribution of quasars. The red open square marks the
apparent value (i.e., without correcting for the lensing magnification) of J0025–0145, and the gray circles represent SDSS DR16 quasars at 4.9 < z < 5.3 from Wu &
Shen (2022). Cyan dashed lines mark the constant Eddington ratios. Most quasars have Eddington ratios smaller than or consistent with 1, while J0025–0145 has a
large apparent Eddington ratio of λEdd = 9. The red dashed line illustrates how lensing magnification moves a quasar in this diagram. A magnification of μ = 84 is
needed to move J0025–0145 onto the line of λEdd = 1 (filled red square).
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We thus conclude that J2329–0522 is a physical quasar pair.
The projected separation is 9.88 kpc at z = 4.85, and
J2329–0522 is the first quasar pair with a projected separation
of Δd< 10 kpc confirmed at z> 3.2. The mass ratio of the two
SMBHs is close to unity, which is similar to J2037–4537 (an
NIQ at z = 5.66) reported in Yue et al. (2021a)9 and consistent
with the prediction of hydrodynamical simulations (e.g.,
Capelo et al. 2017). The small separation between the two
quasars suggests that the two quasar host galaxies are in the
progress of merging. According to the analysis in Yue et al.
(2021a), the clustering of quasars cannot explain the existence

of kiloparsec-scale quasar pairs at z∼ 5. As such, the two
quasars in J2329–0522 are likely triggered by the ongoing
galaxy merger.

6. Low-redshift Lensed Quasars and Quasar Pairs

In this section, we present the low-redshift (z< 4) lensed
quasars and quasar pairs found in our survey.

6.1. J0402–4220: A Lensed Quasar at z = 2.88

Figure 7 shows the images and spectra of J0402–4220. It is
modeled as a point source in the Legacy Survey DR8, and the
residual image indicates the existence of a close companion.
Object J0402–4220 was observed using LDSS3 in both
imaging and spectroscopic mode. Under a seeing of ∼0 7,
J0402–4220 is clearly resolved into two components separated
by 1 27. The two traces exhibit broad emission lines at the

Figure 5. Top: images of J2329–0522. From left to right: Legacy Survey grz image, Legacy Survey residual, LDSS3 z-band image, and two-PSF residual of the
LDSS3 image. Object J2329–0522 is modeled as a de Vaucouleurs profile in the Legacy Survey DR8. The two-PSF residual of the LDSS3 image shows no evidence
of a foreground lensing galaxy. Bottom: spectra of J2329–0522. These spectra are combinations of LDSS3 VPH-Red (λ < 1 μm) and FIRE (λ > 1 μm) spectra. The
emission line profiles of the two quasars show significant differences, and we classify this object as a physical quasar pair (see text for details).

Figure 6. The Si IV, C IV, C III], and Mg II lines of J2329–0522. We fit the lines as a power-law continuum and Gaussian profile emission line, except for the Mg II
line, where we add a series of Fe II lines. The best-fit models are demonstrated by the black lines, and the best-fit parameters are listed in Table 5. These emission lines
show vastly different EW ratios between the two quasars, which is difficult to explain by microlensing. In particular, the C III] line is prominent in Q1 but only
marginally detected in Q2. In addition, the two quasars show a 2.8σ difference in the C IV FWHM. These features suggest that J2329–0522 is a physical pair of
quasars instead of a doubly lensed quasar.

9 Yue et al. (2021a) reported J2037–4537 as an NIQ (or a “candidate” quasar
pair), as the two components in J2037–4537 show similar emission line profiles
and the lensing scenario cannot be fully excluded based on current data.
However, Yue et al. (2021a) ruled out lensing galaxies with mF850LP < 26.7
and showed that J2037–4537 cannot be explained by lensing galaxies with
regular mass and dust distribution.
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same redshift, z = 2.88, and the line profiles are similar. This
feature suggests that J0402–4220 is a doubly lensed quasar.

To test the strong-lensing scenario, we fit the LDSS3 z-band
image as two PSFs. The residual image clearly shows a lensing

galaxy lying between the two PSF components, which confirms
J0402–4220 as a lensed quasar. We also fit the image as two
PSFs plus a de Vaucouleurs profile, and the best-fit de
Vaucouleurs profile has a half-light radius of Re= 0 37 and an
axis ratio of q = 0.23. The small radius and extreme axis ratio
indicate that the lensing galaxy is only marginally resolved in
the image. Since the ellipticity of the deflector might be
inaccurate, we do not carry out lens modeling for J0402–4220
in this paper. Object J0402–4220 was also reported by Lemon
et al. (2020) as an inconclusive candidate, where this object
was modeled as a quasar blended with a galaxy without the
decisive features of strong lensing.

6.2. J0954–0022: A Lensed Quasar at z = 2.27

Object J0954–0022 (Figure 8) was initially reported by
Croom et al. (2001) as a luminous quasar. The Legacy Survey
image indicates that J0954–0022 consists of two components
with similar colors. It was observed using LDSS3 under a seeing
of ∼0 7. In the LDSS3 z-band image, J0954–0022 is resolved
into two components with a separation of 1 21. The broad
emission line profiles of the two components are nearly identical.
We fit the LDSS3 image as two PSFs, and the fitting residual

shows a faint lensing galaxy lying between the two PSFs. We
thus confirm J0954–0022 as a lensed quasar. We also try to add
a de Vaucouleurs profile or an exponential profile to the model,
but the fitting does not converge. We argue that the current
image does not have sufficient spatial resolution and/or depth
to characterize the foreground lensing galaxy, and we do not
perform lens modeling for J0954–0022.

6.3. J1051+0334: A Lensed Quasar at z = 2.40

Figure 9 shows the images and spectra of J1051+0334. It
was observed using LDSS3 under a seeing of ∼0 6. In the
LDSS3 z-band image, J1051+0334 is resolved into two
components with a separation of 0 99. The spectroscopy

Table 5
Emission Line Properties of J2329–0522

Component Q1 Q2

Si IV Line

Redshift 4.8643 ± 0.0011 4.8725 ± 0.0062
FWHM (km s−1) 5506 ± 156 5421 ± 887
EW (Å) 60 ± 2 21 ± 4

C IV Line

Redshift 4.8410 ± 0.0005 4.8396 ± 0.0023
FWHM (km s−1) 5099 ± 65 6034 ± 332
EW (Å) 132 ± 2 77 ± 6

C III] Line

Redshift 4.8363 ± 0.0030 [4.8363]
FWHM (km s−1) 6449 ± 416 [6449]
EW (Å) 123 ± 10 18 ± 4

Mg II Line

Redshift 4.857 ± 0.001 4.868 ± 0.005
FWHM (km s−1) 4549 ± 103 4586 ± 580
EW (Å) 246 ± 5 46 ± 6

Other Properties

( )M Mlog BH, MgII 9.49 9.42

M1450 −26.1 −25.1
M3000 −27.5 −27.1

Note. The fit does not converge for the C III] line of Q2 if we keep all
parameters free. We thus fix the FWHM and the central wavelength to the best-
fit values of Q1 when fitting the C III] line of Q2.

Figure 7. Top: images of J0402–4220. From left to right: Legacy Survey grz image, Legacy Survey residual image, LDSS3 z-band image, and two-PSF residual of the
LDSS3 image. Object J0402–4220 is modeled as a point source in the Legacy Survey DR8. The two-PSF residual of the LDSS3 image shows another source between
the two point sources, i.e., the lensing galaxy. Bottom: LDSS3 spectra of J0402–4220, clearly showing that the two components are two quasars at the same redshift,
z = 2.88. The spectrum of the fainter component (Q2+G) is scaled by a factor of 2.
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shows that both components are heavily reddened BAL quasars
at z = 2.40. The emission line profiles and BAL features of the
two components are similar, while quasar Q1 shows stronger
emission lines than quasar Q2.

The LDSS3 z-band image of J1051+0334 can be well fitted
by two PSFs, and no foreground lensing galaxy is detected.
However, it is extremely unlikely to have a close pair of BAL
quasars exhibiting spectra so similar to each other. The
difference in the emission line strengths can be explained by
the microlensing effect on the broad-line region. We thus
classify this object as a lensed quasar. A similar case is reported
in Hutsemékers et al. (2020).

6.4. J1225+4831: An NIQ at z = 3.09

Object J1225+4831 was initially reported in Schindler et al.
(2018) as a luminous quasar and selected as a grade A
candidate of lensed quasars and quasar pairs in Dawes et al.
(2022). It was observed using the Large Binocular Telescope
(LBT) LUCI110 in both imaging and spectroscopic mode. We
enabled the enhanced seeing mode (ESM) in the observing
runs, which delivered a PSF size of ∼0 35. The images and
spectra are shown in Figure 10. In the LUCI1 K-band image,

Figure 8. Same as Figure 7 but for J0954–0022. It is modeled as a single point source in the Legacy Survey DR8. The two-PSF residual of the Legacy Survey image
shows the existence of a lensing galaxy, and the spectra of both components exhibit features of a quasar at z = 2.27.

Figure 9. Same as Figure 7 but for J1051+0334. It is modeled as a Sérsic profile in the Legacy Survey DR8. The spectra of both components exhibit features of a
BAL quasar at z = 2.40. The emission line shapes of the two components are similar, while Q1 has larger emission line fluxes than Q2. Although we do not see clear
evidence of a lensing galaxy in the two-PSF residual of the LDSS3 image, the nearly identical BAL features suggest that J1051+0334 must be a lensed quasar.

10 https://scienceops.lbto.org/luci/
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J1225+4831 is clearly resolved into two point sources
separated by 0 89. The LUCI1 spectra show that both
components exhibit features of a quasar at z= 3.095.

As a side effect of the ESM observation, the PSF of the
LUCI1 image depends on the position on the image.
Consequently, we cannot use field stars to construct the PSF
model. To test if J1225+4831 can be well described by two
point sources, we fit the image as two Moffat profiles, where
we force the two components to have the same profile. The
residual is shown in Figure 10, which does not exhibit signs of
a lensing galaxy.

We notice that the line profiles of the two components in
J1225+4831 are different; specifically, the Hβ peak of Q1 is
higher than the [O III] peak, while for Q2, the peaks of the two
lines are close. This difference can be explained by a
microlensing effect on the broad-line region. We thus classify
this object as an NIQ.

Object J1225+4831 is an extremely luminous quasar with
mr = 17.9 (PS1). We thus test the possibility that the high
luminosity of J1225+4831 is a result of lensing magnification.
Following the argument in Section 4, if J1225+4831 is a
lensed quasar, the apparent Eddington ratio estimated using the
total spectrum (i.e., the sum of components A and B) will be
μ0.5 times the intrinsic Eddington ratio. We thus fit the total
spectrum as a power law plus three Gaussian profiles, which
represent the Hβ, [O III] 4959Å, and [O III] 5007Å lines. We
fix the flux ratio of the [O III] 5007 and [O III] 4959Å lines to
be 3 and require the two lines to have the same redshift and
FWHM. This fitting gives FWHMHβ= 7130 km s−1 and
L5100 Å= 4.56× 1046 erg s−1. Using the SMBH mass estimator
given by Vestergaard & Peterson (2006) and the bolometric
correction given by Runnoe et al. (2012), we estimate the
apparent Eddington ratio of J1225+4831 to be 0.3. This

apparent Eddington ratio is not indicative of a large lensing
magnification.

7. Discussion and Future Work

In this work, we present six lensed quasars and quasar pairs
discovered in the initial stage of our survey. In addition to these
objects, we have also independently found three lensed quasars
that were reported earlier in Lemon et al. (2023) and one NIQ
that is reported in Yue et al. (2021a). We thus estimate the
current survey efficiency to be 10/76≈ 13%. All of these
objects are priority 1 candidates; if we count priority 1
candidates only, the efficiency is 10/66≈ 15%. Recent Gaia-
based surveys for lensed quasars and close quasar pairs have
efficiencies of ∼30% (e.g., Lemon et al. 2020; Chen et al.
2022a). Since our survey includes faint candidates that are not
detected in Gaia, a selection efficiency of ∼15% is reasonable.
The candidate selection method of this work relies on the

colors and shapes of objects, which is similar to the approach of
the SQLS (e.g., Oguri et al. 2006; Inada et al. 2012). There are
two major differences between the SQLS and this work. First,
the parent sample of the SQLS consists of spectroscopically
confirmed SDSS quasars, while this work uses color-selected
quasar candidates. By applying relatively loose color selection
criteria, we can include lensed quasars with bright deflector
galaxies. Second, the morphological selection in the SQLS
identifies quasars that cannot be well described by PSFs, while
in this work, we select objects that can be well fitted by neither
PSFs nor Sérsic profiles. The stricter morphological selection
of this work reduces the contamination from regular galaxies,
resulting in a viable number of candidates for visual inspection.
Recent searches for lensed quasars and close quasar pairs

heavily rely on the Gaia survey, which offers high spatial

Figure 10. Top: images of J1225+4831. From left to right: Legacy Survey grz, Legacy Survey residual, LBT/LUCI1 K-band image, and two-PSF residual of the
LUCI image. Object J1225+4831 is modeled as two PSFs in the Legacy Survey DR8. The K-band image has a PSF FWHM of 0 35 and is well fitted by two PSFs.
Bottom: LBT/LUCI1 HKspec spectrum of the two components, showing that both components are quasars at z = 3.09.
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Table 6
Candidates with Follow-up Spectroscopy

Name R.A. Decl. Priority Spectral Type Comment

J0025–0145 00:25:26.83 −01:45:32.51 1 Quasar Intermediately lensed, z = 5.07
J0032+0120 00:32:18.14 +01:20:36.30 1 Galaxy
J0054+0133 00:54:00.42 +01:33:52.46 1 Star May be two stars blended
J0101+0034 01:01:31.34 +00:34:12.07 1 Star May be a star and a galaxy blended
J0109–0524 01:09:13.82 −05:24:01.52 1 Inconclusive No trace
J0118–1915 01:18:44.60 −19:15:02.57 1 Star May be a star and a galaxy blended
J0124+0553 01:24:09.69 +05:53:43.06 1 Star + galaxy
J0125+0142 01:25:21.41 +01:42:17.21 1 Star May be two stars and a galaxy blended
J0127–0701 01:27:48.00 −07:01:07.84 1 Star
J0133–5804 01:33:07.19 −58:04:26.91 1 Quasar + inconclusive Quasar at z = 3.08
J0134–2308 01:34:57.48 −23:08:54.57 1 Star
J0151–2242 01:51:41.26 −22:42:09.43 1 Star + galaxy
J0154–0250 01:54:56.09 −02:50:54.87 1 EmGal z = 0.39
J0158+1541 01:58:03.99 +15:41:50.08 1 Star
J0205+0357 02:05:01.41 +03:57:07.02 1 Star + galaxy
J0212–1548 02:12:34.63 −15:48:21.45 1 Quasar z = 4.75, no sign of lensing
J0223–4709 02:23:06.75 −47:09:02.72 1 Quasar z = 5.0, no sign of lensing
J0234–0652 02:34:15.83 −06:52:08.58 1 Star + galaxy
J0240–0019 02:40:25.00 −00:19:36.52 1 Star Two stars blended but unresolved in the spectrum
J0256–1817 02:56:29.09 −18:17:27.37 1 AGN + star AGN at z = 1.22
J0307–0108 03:07:15.57 −10:18:28.47 1 Galaxy
J0311–2343 03:11:54.69 −23:43:24.18 1 Galaxy + star
J0315–1710 03:15:33.62 −17:10:05.34 1 Quasar z = 2.79, no sign of lensing
J0348–0438 03:48:37.24 −04:38:14.26 1 Galaxy
J0352–2145 03:52:10.62 −21:45:45.03 1 Quasar z = 5.1, no sign of lensing
J0402–4220 04:02:22.13 −42:20:53.03 1 Quasar Lensed, z = 2.88
J0408–6442 04:08:49.69 −64:42:32.41 1 Star
J0449–3143 04:49:43.33 −31:43:04.13 1 Quasar + inconclusive Quasar at z = 2.07, blended with a starlike point source
J0453–6059 04:53:33.73 −60:59:54.79 1 Star
J0504–3311 05:04:40.51 −33:11:05.75 1 Inconclusive May be a FeLoBAL
J0527–2958 05:27:50.65 −29:58:52.23 1 Star
J0532–3005 05:32:20.43 −30:05:22.33 1 AGN z = 0.36
J0803+3908 08:03:57.75 +39:08:23.06 1 Quasar Lensed (z = 2.98), also reported in Lemon et al. (2023)
J0841+2804 08:41:19.99 +28:04:01.82 1 Star
J0846+2752 08:46:00.51 +27:52:43.06 1 Star
J0848+2630 08:48:34.94 +26:30:42.77 1 Star
J0918–0220 09:18:43.37 −02:20:07.41 1 Quasar Lensed (z = 0.8), also reported in Lemon et al. (2023)
J0927+0955 09:27:42.73 +09:55:24.07 1 Star
J0933–0752 09:33:50.65 −07:52:26.71 1 Galaxy
J0936–0837 09:36:43.21 −08:37:50.65 1 Star + galaxy
J0954–0022 09:54:06.97 −00:22:25.39 1 Quasar Lensed, z = 2.27
J1003+0715 10:03:04.20 +07:15:03.95 1 Star
J1034–0821 10:34:14.90 −08:21:44.91 1 Galaxy
J1051+0334 10:51:32.40 +03:34:17.66 1 Quasar Lensed, z = 2.40
J1102+0109 11:02:41.96 +01:09:40.79 1 Star + star
J1225+4831 12:25:18.67 +48:31:16.14 1 Quasar NIQ, z = 3.08
J1240+2249 12:40:20.56 +22:49:01.81 1 Inconclusive Unrecognized spectral features
J1250+2827 12:50:43.45 +28:27:14.82 1 Inconclusive Unrecognized spectral features
J1302–0849 13:02:48.24 −08:49:42.81 1 EmGal z = 0.75
J1304+1156 13:04:56.94 +11:56:24.59 1 Inconclusive Very faint trace
J1305+2017 13:05:18.95 +20:17:28.92 1 Star May be two stars blended
J1402+2052 14:02:52.54 +20:52:01.24 1 EmGal z = 0.36
J1408+0422 14:08:33.76 +04:22:28.04 1 Quasar Lensed (z = 3.005), also reported in Lemon et al. (2023)
J1415–0852 14:15:15.44 −08:52:53.23 1 Quasar + star Quasar at z = 4.5
J1432–0717 14:32:22.30 −07:17:49.87 1 EmGal + galaxy EmGal at z = 0.83
J1442+1540 14:42:08.59 +15:40:42.63 1 EmGal + galaxy EmGal at z = 0.45
J1507–0248 15:07:25.36 −02:48:54.96 1 Star + star Two M stars
J1619+0033 16:19:39.62 +00:33:54.35 1 Star
J1633+1802 16:33:11.08 +18:02:38.51 1 Star
J1634+1405 16:34:26.71 +14:05:10.44 1 Star
J1658+2507 16:58:46.87 +25:07:21.76 1 Star
J2037–4537 20:37:21.27 −45:37:48.46 1 Quasar NIQ (z = 5.66), reported in Yue et al. (2021a)
J2045–0033 20:45:59.26 −00:33:24.58 1 Star
J2046–0822 20:46:35.96 −08:22:30.11 1 Star
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resolution (0 4) and high-precision parallax and proper-motion
measurements. Techniques used in these studies include (1)
searching for quasars that have multiple matches in the Gaia
catalog (e.g., Agnello 2017; Ducourant et al. 2018), (2)
selecting quasars that have abnormal astrometry (e.g., Lemon
et al. 2017; Chen et al. 2022a), and (3) selecting quasars that
show differences between Gaia and ground-based photometry
(e.g., Lemon et al. 2017).

Since the primary targets of our survey are quasar pairs and
lensed quasars at z 5, in this work, we do not require
candidates to be detected in Gaia. The reason is that Gaia
mainly covers the optical wavelengths, while high-redshift
quasars have little flux at the blue side of Lyα due to IGM
absorption. Candidate selection methods based on object colors
and morphology help us to find lensed quasars and quasar pairs
beyond the flux limit of Gaia. Indeed, three quasar pairs and
NIQs discovered in our survey (J1051+0334, J2329–0522, and
J2037–4537) are not detected in Gaia DR3.

In the future, we will adopt new data releases from public
surveys (e.g., the Legacy Survey DR9 and Gaia survey DR3)
and improve the candidate selection method. In particular,
some candidates are resolved into multiple components in the
Legacy Survey, though the survey catalog incorrectly describes
the candidates as single-component objects. Objects
J2329–0522 (Figure 5), J0402–4220 (Figure 7), J0954–0022
(Figure 8), and J1051+0334 (Figure 9) are all examples of such
cases. It is thus useful to reprocess the images of candidates
using optimal source deblending algorithms, which will
provide the flux of the resolved components. We note that
one major source of contaminants is projected pairs of objects
(e.g., galaxy+galaxy, galaxy+star, star+star, and quasar
+star). Reprocessing the images from public surveys will help
us to get accurate SEDs of the resolved components and
exclude projected pairs of objects in the color selection.

Another critical improvement to make is to develop
automatic algorithms in place of visual inspection. For
example, neural networks have been found useful in finding
lensed galaxies (e.g., Lanusse et al. 2018), as well as quadruply
lensed quasars (e.g., Akhazhanov et al. 2022). However, the
application of deep learning in searching for high-redshift
lensed quasars and quasar pairs has been poorly explored.
Developing these algorithms is necessary to handle the large
candidate sample from the LSST and the Euclid survey, as well
as to estimate the survey completeness and correctly analyze

the statistics of lensed quasars and quasar pairs found in this
survey.

8. Summary

We present the first results from a new survey for high-
redshift lensed quasars and close quasar pairs. The candidate
selection is based on broadband photometry from a number of
public imaging surveys and morphological information from
the Legacy Survey DR8. We use PRF classifiers to identify
objects that have colors consistent with a lensed quasar or a
quasar pair. We further select objects that have close
companions or large image-fitting residuals in the Legacy
Survey as candidates. We visually inspect the candidates and
carry out follow-up imaging and spectroscopy for high-
priority ones.
In semesters 2021A and 2021B, we observed 66 priority 1

candidates and 10 priority 2 candidates, from which we
independently discovered 10 lensed quasars and close quasar
pairs. Three out of the 10 objects discovered in this survey are
not detected in Gaia. In this paper, we highlight J0025–0145 at
z = 5.07 (an intermediately lensed quasar) and J2329–0522 at
z = 4.85 (the most distant close quasar pair reported so far).
The HST images of J0025–0145 indicate a tentative detection
of the quasar host galaxy, with the help of lensing magnifica-
tion and distortion. We also mention four lensed quasars and
NIQs at z< 4 that are not reported by previous studies.
In the future, we will improve our survey by adopting new

data releases from public sky surveys and updating the
candidate selection method. We will also develop automatic
tools (e.g., deep learning–based algorithms) in place of the
visual inspection. Upcoming wide-area sky surveys like LSST
and Euclid will provide unprecedented depth and spatial
resolution and probe compact lensing systems and subkilopar-
sec quasar pairs, which are largely unexplored so far (e.g.,
Chen et al. 2022a). The methods used in this work can be
adapted and applied in these future imaging surveys.

We thank the referee for the valuable comments. M.Y., X.F.,
and J.Y. acknowledge support from NSF grant AST 19-08284.
M.Y. and X.F. acknowledge support from grant HST-GO-
16460 from the Space Telescope Science Institute. F.W. is
thankful for the support provided by NASA through NASA
Hubble Fellowship grant No. HST-HF2-51448.001-A awarded
by the Space Telescope Science Institute, which is operated by

Table 6
(Continued)

Name R.A. Decl. Priority Spectral Type Comment

J2051–1228 20:51:39.46 −12:28:41.38 1 Star
J2329–0522 23:29:15.10 −05:22:35.92 1 Quasar Pair (z = 4.85)

J0044–2353 00:44:48.04 −23:53:01.40 2 Quasar z = 4.8, no sign of lensing
J0504–2426 05:04:30.92 −24:26:33.10 2 Star
J0838+2644 08:38:27.29 +26:44:08.09 2 Inconclusive Very faint trace
J0848+1119 08:48:33.79 +11:19:29.38 2 EmGal + EmGal Both at z = 0.29
J0921–0027 09:21:17.02 −00:27:43.69 2 Star May be two stars
J0958–0337 09:58:03.63 −03:37:56.24 2 EmGal z = 0.36
J1002–0630 10:02:44.87 −06:30:40.08 2 Star
J1005–0627 10:05:56.69 −06:27:42.33 2 Galaxy
J1009–0314 10:09:11.23 −03:14:44.08 2 Star
J1534–0147 15:34:17.85 −01:47:15.12 2 EmGal + EmGal Both at z = 0.33
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the Association of Universities for Research in Astronomy,
Inc., under NASA contract NAS5-26555.

This research is based on observations made with the
NASA/ESA Hubble Space Telescope obtained from the Space
Telescope Science Institute, which is operated by the Associa-
tion of Universities for Research in Astronomy, Inc., under
NASA contract NAS 526555. These observations are asso-
ciated with program GO-16460. Some of the data presented in
this paper were obtained from the Mikulski Archive for Space
Telescopes (MAST) at the Space Telescope Science Institute.
The specific observations analyzed can be accessed via
doi:10.17909/nmc1-1g12. This paper includes data gathered
with the 6.5 m Magellan Telescopes located at Las Campanas
Observatory, Chile. This research used the facilities of the
Italian Center for Astronomical Archive (IA2) operated by
INAF at the Astronomical Observatory of Trieste.

Facilities: HST(ACS/WFC), Magellan/Clay(LDSS3),
Magellan/Baade(FIRE), LBT(LUCI1)
Software: NumPy (van der Walt et al. 2011; Harris et al.

2020), Astropy (Astropy Collaboration et al. 2013, 2018),
SIMQSO (McGreer et al. 2013), galfit (Peng et al. 2002).

Appendix A
Information on Candidates with Follow-up Spectroscopy

Table 6 summarizes all objects with follow-up spectroscopy.
The spectral types of the objects are determined by visual
inspection. Specifically, if an object exhibits multiple broad
emission lines, we confirm the object as a quasar and determine
its redshift. An object is reported as a galaxy if it appears to be
extended in images and has a spectrum consistent with a
galaxy. We determine the redshift of the galaxy only if there
are prominent emission lines. Similarly, an object is reported as
a star if it appears to be a point source in images and has a
spectrum consistent with a star. We do not determine the
specific spectral types of stars. If we cannot determine the type
of the spectrum (usually due to an insufficient signal-to-noise
ratio), we report the object as inconclusive. The spectra are
available upon request to the corresponding author.
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