arXiv:2404.09954v1 [astro-ph.GA] 15 Apr 2024

DRAFT VERSION APRIL 16, 2024
Typeset using INTEX preprint2 style in AASTeX631

Finding Lensed Radio Sources with the VLA Sky Survey

MicHAEL N. MARTINEZ ®,1 YjAN A. GORDON

PETER S. FERGUSON

,! Kerrn BECHTOL
,1 AND MIRANDA GORSUCH

,1 GiLLiaN CArTwricHT ©,1

1

! Department of Physics, University of Wisconsin, Madison, 1150 University Avenue, Madison, WI 53706, USA

(Received April 16, 2024; Revised April 16, 2024; Accepted April 16, 2024)
Submitted to AAS Publishing

ABSTRACT

Radio observations of strongly lensed objects are valuable as cosmological probes.
Lensed radio sources have proven difficult to identify in large part due to the limited
depth and angular resolution of the previous generation of radio sky surveys, and as
such, only a few dozen lensed radio sources are known. In this work we present the
results of a pilot study using the Very Large Array Sky Survey (VLASS) in combination
with optical data to more efficiently identify lensed radio sources. We obtain high-
resolution (0.2"”) VLA follow-up observations for 11 targets that we identify using three
different techniques: i) a search for compact radio sources offset from galaxies with high
lensing potential, ii) VLASS detections of known lensed galaxies, iii) VLASS detections
of known lensed quasars. 5 of our targets show radio emission from the lensed images,
including 100 % of the lensed optical quasar systems. This work demonstrates the
efficacy of combining deep and high-resolution wide-area radio and optical survey data
to efficiently find lensed radio sources, and we discuss the potential impact of such an
approach using next-generation surveys with the Vera C. Rubin Observatory, Euclid,
and Nancy Grace Roman Space Telescope.

1. INTRODUCTION

Strong gravitational lensing, the phenomenon
by which multiple images of a background
source are created by a foreground lens, has
been an active and growing field of study since
the discovery of the first lensed object by Walsh
et al. (1979). Since then, the advent of high-
resolution space-based optical imaging from the
Hubble Space Telescope and large ground-based
optical surveys have increased the number of

Corresponding author: Michael N. Martinez
mnmartinez@wisc.edu

known lenses today to many hundreds (e.g., Ja-
cobs et al. 2019; Huang et al. 2020; Zaborowski
et al. 2023; Lemon et al. 2024).

Gravitational lensing is achromatic, and
strong lenses can be observed in any wavelength
of light, though relative abundances vary across
the electromagnetic spectrum. At radio fre-
quencies, under 100 lensed sources are known,
as opposed to the thousands of optical ones.
This is due in part to the relative scarcity of
radio sources. For example, the Faint Images of
the Radio Sky at Twenty-centimeters (FIRST,
Becker et al. 1995; Helfand et al. 2015) and the
imaging portion of the optical Sloan Digital Sky
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Survey (SDSS York et al. 2000; Abazajian et al.
2009), which covered the same area and were
roughly contemporaneous, had source densities
of ~ 90deg™? and ~ 30,000 deg ™2, respectively.
Furthermore, the angular resolution needed to
identify strong lensing, typically on the scale of
~ larcsecond for galaxy-galaxy lenses (McK-
ean et al. 2015; Collett 2015), also presents a
large barrier to finding lensed radio sources as
the angular resolution of wide area surveys has
historically been on the order of a few tens of
arcseconds (e.g, Condon et al. 1998; Bock et al.
1999; Intema et al. 2017). This has historically
resulted in samples of rare candidate lensed ra-
dio sources being overwhelmingly contaminated
by non-lensed objects (e.g. Jackson & Browne
2007).  Successful radio searches for lensing,
such as the Jodrell Bank Astrometric Survey
(JVAS, King et al. 1999) and the Cosmic Lens
All-Sky Survey (CLASS, Myers et al. 2003;
Browne et al. 2003), began with a flux-limited
sample to limit the amount of necessary high-
resolution follow-up to confirm lensing. More
recently, radio lens searches have taken advan-
tage of the abundance of optical lensed quasars
by conducting deep observations of these to try
to detect radio emission (Jackson et al. 2015;
Dobie et al. 2024). In the future, facilities such
as the Square Kilometer Array (SKA, Braun
et al. 2019) and next generation Very Large Ar-
ray (ngVLA, Carilli et al. 2015) will provide
depth and sub-arcsecond resolution in combi-
nation with high survey-speeds, making them
efficient lens-finding tools. Currently however,
only limited sky areas (of order a few square
degrees) have been observed with the requisite
combination of depth and angular resolution to
readily identify strong lensing at radio wave-
lengths (Morabito et al. 2022).

The Very Large Array Sky Survey (VLASS,
Lacy et al. 2020) provides ~ 2".5 angular res-
olution across ~ 34,000 deg? of sky at 3 GHz.
By 2025 VLASS will have observed its entire

footprint over three distinct epochs, and at the
time of writing, VLASS has already completed
two of these epochs with the third epoch al-
ready underway. While VLASS does not posses
the resolution necessary to separate the images
of most lensed quasars (Lemon et al. 2019), the
2".5 beam of survey allows for high confidence
associations with optical sources and is less sub-
ject to contamination from interloping sources
than other near-all-sky radio surveys.

The scientific applications of radio lenses are
numerous, and range from probing the struc-
ture of AGN jets at high redshift (Spingola
et al. 2019b) to studying the magnetic fields of
lens galaxies (Mao et al. 2017). One particu-
larly exciting possibility lies in the character-
ization of low-mass dark matter halos to con-
strain the microphysics of dark matter. Due
to the sensitivity of image magnifications and
deflections to all mass along the line of sight
between source and observer, lensing observa-
tions are sensitive to the lower end of the dark
matter halo mass function, especially the “com-
pletely dark halos” not massive enough to form
stars (Vegetti et al. 2023; Bechtol et al. 2022).
The milliarcsecond-scale astrometric perturba-
tions caused by these halos (Metcalf & Madau
2001) currently can only be accessed using the
resolution of radio Very Long baseline Inter-
ferometry (VLBI). Such gravitational imaging
analyses can potentially differentiate between
different models of dark matter phenomenol-
ogy (e.g., Spingola et al. 2019a; Powell et al.
2023). Next-generation telescopes such as SKA
and ngVLA will be able to perform observations
of lens systems quickly and robustly — larger
samples of candidate systems are important to
inform both the theory and technical develop-
ment of those dark matter analyses.

In this paper, we present the results of a
VLASS-based search for strong lensed radio
sources, and report the detection of radio emis-
sion from five previously known optically lensed
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quasars. In Section 2 we describe our candidate
selection process, Section 3 provides a summary
of our observations, and Section 4 presents the
results of each candidate observed in detail. In
Section 5 we discuss the population of known
lensed radio sources and the potential for fu-
ture survey-based radio lens searches. We sum-
marize this work in Section 6.

2. CANDIDATE IDENTIFICATION

In selecting sources for the VLLA observations,
we took a two-pronged approach based on both
known lens systems and catalog-based optical-
radio cross-matching. We identify radio sources
using the VLASS epoch 1 quick-look catalog
from Gordon et al. (2021), which contains ~
1.8 x 106 reliable detections with Ssgp, = 1 mJy
at 6 > —40°. To account for the known ~ 0”.25
astrometric errors in the quick-look data, we
have corrected the source positions based on the

method of Bruzewski et al. (2021).

2.1. Known Lensed Optical Sources

As lensed radio sources are rare, knowing a
priori that a system is a gravitational lens max-
imises the efficiency in searching for these ob-
jects. To this end, we cross match the VLASS
catalog with two catalogs of known optical
lenses using data from Gaia (Gaia Collabora-
tion et al. 2016) and the Dark Energy Survey
(DES, Dark Energy Survey Collaboration et al.
2016).

We first used the catalog of lensed quasars in
Gaia (Lemon et al. 2017, 2018, 2019), finding 43
matches with VLASS. Of these, 31 were previ-
ously known lensed radio sources, and a further
7 had existing archival observations at sufficient
resolution and depth to confirm or reject the
radio lensing hypothesis without the need for

! Since the identification of these targets in 2022, a ver-
sion of the epoch 1 VLASS Quick Look catalog with
corrected astrometry has been made available (B. Se-
bastian et al., in prep.)

additional telescope time. An additional candi-
date was also rejected after visual inspection of
the VLASS data showed the lens galaxy to be an
FR I radio galaxy, implying the radio emission
in the system came from the lens rather than
the lensed source. After these cuts we were left
with 5 candidate new radio lenses.

We also cross-matched VLASS with strongly
lensed systems in DES (Jacobs et al. 2019).
Here we found 17 matches, all of which were
neither previously known strong lenses nor had
archival high-resolution VLA data. Visually in-
specting these 17 objects showed that in most of
these cases, the radio emission was more likely
due to the lens galaxy being a radio galaxy.
While in theory it is possible to observe ra-
dio emission from both the lens and source, we
did not prioritize these targets. In two cases
we found the radio emission to be consistent
with being from the lensed images and require
higher resolution follow up to confirm their na-
ture. However, due to limited observing time
we only observed one of these with the VLA for
this paper.

2.2. Blind Search for Lensed Sources From
Optical/Radio Cross Associations

In addition to combining VLASS with cata-
logs of known optical lenses, we adopted the
approach of Jackson & Browne (2007) (here-
after JBO7) to conduct a blind search for
lensed systems in the radio catalog data. The
JB07 method assumes the lensed source flux is
blended together into a single detection at the
survey resolution, and predicts an offset from
the lens galaxy due to the unequal magnifica-
tions inherent in lensed images. Additionally,
these blended components should have position
angles either close to or perpendicular to that of
the lens galaxy’s optical position angle for 2 and
4-image systems, respectively. JBO7 matched
the SDSS and FIRST surveys, identifying ~ 70
candidates, none of which were lenses. However,
the wealth of additional candidates afforded by
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Figure 1. Postage stamp optical cutouts (30" x 30”) of sources where the radio emission is attributed to
the lens galaxy on visual inspection and thus rejected as candidate lensed radio sources.

increased depth and sky coverage since JBO7 has
led us to use their method with VLASS and
DES to attempt to identify further candidate
lensed radio systems.

We begin by narrowing our optical selection
to luminous red galaxies (LRGs), which due to
their high mass are the most common type of
lens galaxy, and are often embedded in larger
structures which can increase lensing probabil-
ity. We used the Dark Energy Spectroscopic
Instrument Legacy Survey 9th data release (LS-
DRY, Dey et al. 2019) as the optical survey. LS-
DR covers nearly the entire sky at |b| > 18° in
the g, r, z bands down to a point source depth of
r < 23 mag in the Legacy Survey northern fields
(6 > +32°,b > +18°) and r < 23.5mag in the
southern sky. Additionally LS-DR9 provides
mid-infrared forced photometry from the un-
blended Wide-field Infrared Survey Experiment
(unWISE, Wright et al. 2010; Lang 2014) bands.
We follow the selection criteria of Zhou et al.
(2020), to select LRGs with high purity. We
then cross matched these with VLASS sources
that were marginally resolved (0 < ¥ < 0".5;
where ¥ is the major axis of the source after
deconvolution from the beam), selecting only
those matches that satisfy the angular separa-
tion and misalignment criteria used in JBO07.

We are interested in radio emission from the
background lensed source rather than extended
radio lobes from the lens galaxy, the latter of
which may mimic the configuration of lensed ra-
dio sources in catalog space and as such are a

likely contaminant for this selection technique.
As radio lobes are expected to have steep ra-
dio spectra, a spectral index cut identifying
only flat spectrum radio sources is a straight-
forward way to minimise such contamination of
our sample. We achieved this by estimating the
1.4 GHz — 3 GHz spectral index?, o, using data
from the NRAO VLA Sky Survey (NVSS, Con-
don et al. 1998), and selecting only those sources
with —0.5 < a < 40.5. In determining the
spectral indices, VLASS flux measurements are
scaled by 1/0.87, as per the recommendation of
Gordon et al. (2021), to correct for the known
underestimation of flux densities in the VLASS
quick look catalog. Furthermore, given the large
difference in angular resolution between VLASS
(2".5) and NVSS (45”), spectral indices are only
considered reliable when single VLASS sources
are matched to an NVSS source.

We find ~ 1,700 candidate radio lenses using
this method. We visually inspect these candi-
dates to identify plausible targets, with < 1/60
expected to yield a genuine lensed source (Jack-
son & Browne 2007, example rejects from this
inspection are shown in Figure 1). After vi-
sual inspection, we are left with only a handful
of viable candidates. Motivated by the desire
to test the efficiency of our method while only
using limited amounts of telescope time, we se-

2 throughout this work we adopt the convention relating

flux density, S, and frequency, v, by S « v®
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Figure 2. Postage stamp optical cutouts (20” x 20”) of candidate lensed radio sources with VLASS contours
overlaid (green). The optical images are three color (grz) images from LS-DR9 except for J0013+5119,
J1817+42729 and J2145+6345 where PanSTARRS gri images are used instead. VLASS contour levels start
at 0.5 mJy beam ™! and increase in linear increments of 0.5 mJy beam ™!, except for the fainter radio sources
DES J0412—2646, J2145+6345and WISE 2329—1258 where contours increase by 0.3 mJy beam L. The green
ellipse in the lower left of each panel shows the VLASS beam.

lect the five most promising candidates for VLA
follow-up.

3. VLA OBSERVATIONS

Using our two selection approaches and re-
moving those previously known lensed radio
sources and those targets for which there are
high resolution observations in the VLA archive,
we are left with 11 targets. We show opti-
cal images overlaid with VLASS contours in

Figure 2. We observe these targets with the
Karl G. Jansky Very Large Array (VLA) in A-
configuration (VLA Proposal: 23A-249). Ob-
servations were conducted in the X-band us-
ing NRAO default correlator setup X32f2A,
corresponding to 3-bit sampling and 2 sec-
ond integration times, and basebands cen-
tered at 9 and 11 GHz and 2GHz band-
width. The primary calibrator used was 3C
48 for all targets except J120157.21+421703.4,
135413.22+325937.1, 171527.20+280452.4, and
J1817+2729, which used 3C 286. Table 1 shows
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Table 1. Candidate lensed radio sources observed in this work, and a summary of VLA observations.

Name SVLASS as Integration time Image RMS  Calibrator Identification method
(mJy] [s] [1Jy beam ]

(1) (2) 3) (4) () (6) (7)
J000835.17—-073405.6 3.5 +0.13 80 25 J0006—0623 JB07 method
J0013+5119 2.4 -0.53 130 21 J2355+4950 Gaia lensed QSO
DES J0412—2646 2.8 -0.30 90 30 J0416—1851 DES lensed galaxy
J120157.21+421703.4 4.2 +0.16 90 119 J1146+3958 JBO7 method
J135413.22+325937.1 3.0 -0.11 90 107 J1416+4-3444 JBO7 method
J171527.20+280452.4 2.6 -0.31 100 107 J1753+2848 JB07 method
J1817+2729 3.0 +0.09 90 115 J1753+2848 Gaia lensed QSO
J21454-6345 1.3 >-0.60 ¢ 299 15 J2022+6136 Gaia lensed QSO
HS B2209+1914 2.3 -0.88 219 17 J2212+2355 Gaia lensed QSO
WISE J2329-1258 1.2 -0.96 448 11 J2331—-1556 Gaia lensed QSO
J233353.31+255450.6 4.9 -0.22 75 52 b J2340+2641 JB07 method

NoTE—This table lists (1) the name of the candidate lensed radio source; (2) the flux density in VLASS epoch 1; (3)
the estimated spectral index between 1.4 GHz and 3 GHz based on measurements from VLASS and either FIRST or
NVSS depending on sky location; (4) the time for which we observed the target; (5) the RMS noise of our cleaned
image; and (6) the complex gain calibrator for that source. Column (7) notes whether the target was identified from
known lensed quasars in Gaia (Lemon et al. 2019), lensed galaxies in DES (Jacobs et al. 2019) or by applying the
method of Jackson & Browne (2007) to the VLASS and LS DR9 catalogs.

3214546345 is not detected in NVSS and is outside the footprint of FIRST. As such we estimate a spectral index

limit based on the 2mJy detection limit of NVSS.

b The image RMS for J233353+4-255450 is given for the uv-tapered image, see Section 4.3.4.

our target list with the VLA integration times
and complex calibrators used, alongside some
of their selection criteria. The raw data was
calibrated by the NRAO as part of the Science
Ready Data Products (SRDP) initiative, which
creates calibrated measurement sets optimized
for continuum (Stokes I) imaging.

We imaged our visibilities using the tclean
task in the NRAO’s Common Astronomy Soft-
ware Applications (CASA) suite of processing
tools (CASA Team et al. 2022). As lensed ra-
dio quasar systems tend to be composed mainly
of point sources, we used the Hoghbom (1974)
deconvolution method with single-term multi-
frequency synthesis (Conway et al. 1990). Given
our targets are never more than a few arcsec-
onds across, we did not use any wide-field imag-

ing procedures. Cleaning was done using an
interactive mask, with a stopping threshold of
0.1mJy, which was usually between two and five
times the noise floor. After imaging, model vis-
ibilities were examined in order to assess the
efficacy of increasing dynamic range via self-
calibration (Readhead & Wilkinson 1978), but
in each case our snapshot observation signal-to-
noise was too low for a useful gain solution. In
a few cases this general imaging procedure was
augmented with extra steps as required by the
situation, these will be discussed individually in
the following section.

4. RESULTS

Table 2 summarizes the targeted VLA obser-
vation results, including the position and flux of
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each detected radio component. These were cal-
culated with the CASA task imfit, which fits
elliptical gaussians to image-plane radio maps.
As expected for AGN cores, most observed com-
ponents were fit as point sources with some ex-
ceptions noted in the table and discussed below.
Of the 11 targets observed, we found evidence
of lensed radio emission in 4 previously known
lensed quasar systems. The fifth previously
known system studied was not detected but was
found to be a lensed radio source by Dobie et al.
(2024). In 4 other sources, we found unlensed
radio emission; we attribute the VLASS emis-
sion to either the putative lens galaxy or an un-
lensed quasar. Another source had no signifi-
cant detection whatsoever, and the final source
is an ambiguous case discussed further in Sec-
tion 4.4.2.

4.1. Statistical Considerations

For our observations, especially those which
we claim are indeed radio-loud lenses, we wish
to reject the possibility that the radio emis-
sion is indeed from the quasar and lens sepa-
rately, rather than a chance alignment of radio
sources and optical ones. We adopt a frequen-
tist approach based on Galvin et al. (2020) to
give the probability each radio detection is as-
sociated with its corresponding optical detec-
tion. The Gaia survey has the sky coverage,
sensitivity, and resolution necessary to detect
in the optical all the radio quasar images we
observed, and so was used as our optical sur-
vey for this analysis. Let pg be the density of
optically detected sources, which in the case of
Gaia DR3 (Gaia Collaboration et al. 2023) is
approximately 45,000 deg 2. Assuming no cor-
relation between radio and optical, the num-
ber of expected optical detections within r sec-
onds of arc of a given radio detection is given
by [ po(2mr’)dr’, or po(mr?). As Gaia’s astro-
metric precision is typically less than one mil-

liarcsecond, and our VLA precision (in A-config
X-band) is on the order of 20 ~ 40 milliarcsec-
onds, a typical value of r is expected to be tens
of milliarcseconds for a real match, correspond-
ing to an individual source random probability
of between 107° and 10~". By contrast, two
unrelated sources separated by 1”7 would give a
random probability of closer to 1/100. We ex-
pect for a real radio lens to observe emission
from each quasar image, and thus will measure
a random probability for each of them. Multi-
plying these probabilities together gives an es-
timated total probability that the radio sources
are chance alignments with the lensed optical
images, and we will report this number for each
claimed radio-loud gravitational lens in the next
section.

4.2. New Radio-Loud Lenses

The radio loud lenses presented below are dis-
played in Figure 3.

4.2.1. J0013+5119

J00134-5119 was discovered as a doubly im-
aged quasar by Lemon et al. (2019) using the
Wide-field Infrared Survey Explorer (WISE)
and Gaia DR2 catalogues. The quasar source
is at redshift z = 2.63 and the two images are
separated by 2”7.92. Our VLA A-config observa-
tions revealed radio emission from both the lens
and the quasar images, which are all fit to point
sources in X-band using the CASA task imfit
but appear as one source in VLASS. The flux
densities for the lensed images A and B taken
from imfit give a flux ratio A/B = 1.0 £ 0.2,
similar to the optical flux ratio of 1.2 based
on the Gaia g-band measurements. The lens
galaxy was not detected in Gaia and was too
blended with quasar light to get a precise po-
sition measurement in any other available op-
tical survey, so our probability consideration
only includes the two measured quasar posi-
tions. The system probability of random co-
incidence is then 3 x 10711
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Table 2. Position and flux measurements of detected radio components from targeted VLA
observations.
Target Component RA ocRA Dec oDec Flux Density
[deg] [mas| [deg] [mas] (]
J000835.17-073405.6 Single Quasar 2.1465188 2 -7.5683175 2 2370 £ 40
J0013+5119 A 3.348415 14 51.318736 10 240 £+ 40
B 3.348112 5 51.3179497 3 250 £ 30
Lens Galaxy 3.348073 4 51.3182923 3 490 £ 30
DES J0412-2646 North 63.179016 11 -26.775585 23 160 £ 40
South ¢ 63.179 26 -26.77575 66 260 + 90
J120157.214-421703.4 Single Quasar 180.4883875 1 42.2842668 12 7000 £ 200
J135413.22+4-325937.1 Single Quasar 208.5550522 2 32.993648 4 2800 £ 200
J171527.204-280452.4 Not Detected
J1817+2729 Not Detected
J21454-6345 A 326.2717218 7 63.7613599 2 430 £ 30
B 326.27193 10 63.76152 4 250 £ 30
C 326.270737 25 63.761261 7 130 + 30
HS B2209+1914 A 332.876315 13 19.487111 7 290 £ 30
B 332.876415 21 19.48684 12 270 £ 40
WISE J2329-1258 A 352.49105 47 -12.98315 96 160 £ 50
Northeast ¢ 352.491016 30 -12.98286 63 80 £ 20
Southwest ¢ 352.49132 99 -12.98298 223 150 £ 70
J233353.31+255450.6 Extended Emission ¢ 353.47219 26 25.91395 146 1700 %+ 200

@This component was fit as an extended source by imfit rather than a point source.

NoOTE—Lensed quasar images are indicated by capital letters.

As this is the only one of our new lenses
to not have a published lens model, we made
an effort to provide one in this paper. Using
the Lenstronomy (Birrer & Amara 2018; Birrer
et al. 2021) software suite, we fit a simple Singu-
lar Isothermal Ellipsoid (Kormann et al. 1994)
model with external shear to both VLA data
and data from the PanSTARRS 1 survey (PS1,
Chambers et al. 2016). However, when testing
our best-fit results from this method, we found
the source plane positions of images A and B did
not match, i.e. the model was not accurately
reproducing observations. We suspect this is
due to the environment of the lens, and examin-
ing wider-field survey images of the J0O0134+5119
system show other galaxies of similar redshift in

the vicinity of the lens, which could lead to a
more complex lens model. Modeling such a lens
system would require deeper and sharper opti-
cal data and is beyond the scope of this paper.

4.2.2. J2145+6345

Quad lens J21454-6345 was also discovered by
Lemon et al. (2019) using the same method as
JO013+5100, and was singled out by the au-
thors as being ideal for time-delay studies given
its reasonably large image separation (a max of
27.07) and bright images. The quasar is located
at z = 1.56, and Lemon et al. (2019) report no
detection of a lens galaxy in the PanSTARRS
survey.

We significantly detected the three bright-
est images of J2145+6345 in X-band as point
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JO013+5110

J2329-1258

i B

J2145+6345

J2209+1904

Figure 3. Radio images of the five lenses discussed in this paper. Clockwise from top left: J00134-5119
(see Section 4.2.1), J2145+6345 (Section 4.2.2), HS B2209+1904 (Section 4.2.3), and J2329—1258 (Section
4.2.5). The final image is constructed using additional archival data as described in the text. These systems
are not resolved in the VLASS epoch one quick-look images, as shown by the red contours (3- and 5-0 levels
shown). The targeted VLA observations show multiple source images coinciding with Gaia positions, shown
in lime. For the source J00134-5119, the PanSTARRS position of the lens galaxy is also shown.

sources, and also detected a noise bump co-
incident with the Gaia position of the fourth
quasar image. In VLASS, the system is blurred
together into one component. Excluding the
faintest image, which was not significantly de-
tected, we obtained a system chance of ran-
dom of 3 x 107'°. We calculated the flux ra-
tios between our significantly detected images
as A/B=1740.2and A/C = 3.3£0.5. These
radio flux ratios do not differ significantly from

the Gaia g-band flux ratios of A/B = 1.4 and
A/C =3.9.

4.2.3. HS B2209+190

B2209+1904 (aka J2211+41929), a doubly-
imaged quasar at z = 1.07, was catalogued,
along with its lens galaxy, in the Hamburg
Quasar Survey (Hagen et al. 1999). Our X-
band observations detected both quasar images
as point sources with a flux ratio of A/B =
1.1 £ 0.2. This is slightly, but not significantly,
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lower than the optical flux ratio observed by
Gaia in the g-band of 1.5. The chance of two
random radio sources being in these positions is
7 x 10712,

4.2.4. J1817+2729

J1817+2729, a quadruply imaged source at
z = 3.07 (Lemon et al. 2019), was discovered
by Delchambre et al. (2019a) using a blind cat-
alog search in Gaia DR2. Despite a strong
detection in VLASS, our X-band observations
report no significant emission at 10 GHz, and
a manual re-reduction of the data showed the
same. Fortunately, the target was also observed
by Dobie et al. (2024) in C band (6 GHz),
and was confirmed as a lensed radio source
therein. J1817+2729 shows no variability be-
tween epochs 1 (May 2019) and 2 (Sept 2021)
of VLASS, so we assume no significant variabil-
ity for the source. From VLASS epoch 1 and
the summed flux densities of all images in the C-
band by Dobie et al. (2024), we estimate a spec-
tral index between 3 GHz and 6 GHz of a§&H2 =
—1.6 4+ 0.2, substantially steeper than the rela-
tively flat spectrum estimated from NVSS and
VLASS. This may be the result of genuine spec-
tral curvature—for instance the spectral index
between 1.4 GHz and 3 GHz might be captur-
ing the spectral turnover of a peaked spectrum
radio source (e.g., O'Dea & Saikia 2021). Ex-
trapolating the C-band flux density to X-band
using a§&H2 - we would expect the sum of the
lensed images to have Sipagu, ~ 440 pJy. With
the distribution of image brightness reported in
Dobie et al. (2024), we would expect the bright-
est lensed image to have a 10 GHz flux density of
~ 230 pJy, corresponding to a < 20 detection in
our image. We conclude that our observations
were simply not sensitive enough to detect the
lensed images in X-band, a consequence of esti-
mating the required integration time based on
a lower-frequency spectral index and assuming
no spectral curvature.

4.2.5. J2329—1258

J2329-0734 was discovered by Schechter et al.
(2017), who used a WISE W1 —1WW2 color cut to
select potential blended quasar pairs and cross-
matched with the ATLAS survey. Candidates
were checked for consistency in putative im-
age colors and visually inspected before spectro-
scopic follow-up, which confirmed this object as
a lensed quasar at z = 1.31. Our X-band obser-
vations detected the brighter image, as well as
extended emission coming from just above that
image. We detected a noise bump at the posi-
tion of the other quasar image, but our image
fitting procedure favored extended rather than
point-source emission at this location. We do
not attempt to set a limit on the flux ratio in
this system due to this extended emission. To
further investigate the nature of this source, we
turned to archival data from VLA project 19A-
176, who obtained A-config observations of the
object in the S and C bands. This data also
shows pointlike features at the quasar image
location and even more diffuse emission than
the X-band data. A 2-term Multi-Frequency
Synthesis (Conway et al. 1990) image created
from visibility-space stacking both our data and
the archival data is shown in the bottom left
panel of Figure 3. Due to our only matching
one quasar image, our statistical chance of ran-
dom coincidence from our observations is much
lower, at only 8 x 107°.

To further investigate the nature of the ex-
tended emission present in this lens system, we
utilized a lens model created by Shajib et al.
(2021). This model, constructed using K-band
(2.2 um) Adaptive Optics observations on the
Keck Telescope’s NIRC2 instrument, only incor-
porates near-infrared data and thus is an inde-
pendent test for our radio observations. Figure
4 shows our X-band data, the archival S and
C band data, and their combination, as well as
the critical curve of Shajib et al. (2021)’s lens
model. We propagate the locations of image A
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Figure 4. Left: VLA X-band observation of J2329—1258, with Gaia positions of quasar images A and B
overlaid. Center: The same system in combined S-band and C-band, from VLA project 19A-176. Right:
Stacked 2 — 12 GH~z image of J2329—1258 with the optical-based lens model of Shajib et al. (2021). The
model’s critical curve is shown in red, and pairs of features which correspond according to the lens model
are shown, with the quasar images still in lime circles and the extended emission in cyan triangles. Source
positions for the quasar and extended emission are shown as a star and plus, respectively.

and the northeast extended component through
the lens model and plot their predicted posi-
tions. Image A’s counterpart is located at image
B, as expected, and the northeast component’s
counterimage is predicted to appear at the loca-
tion of the southwest component. It is therefore
likely that at least one component in radio map
besides the AGN core is strongly lensed. This
extended lensed emission may be useful to for
a gravitational imaging analysis similar to that
of Spingola et al. (2019a) with VLBI follow-up.
However, given the faintness of this source, such
an analysis may not be possible without the en-
hanced sensitivity of the next generation of ra-
dio telescopes (McKean 2023, priv. comm.).

4.3. Non-Lensing Results
4.3.1. J0008—0734

This source was identified as a potential radio
lens using the JB07 method, and was singled
out for observation due to the relatively bright
VLASS detection, green color of the potential
source, and possible counterimage in DECaLS.
However, our X-band follow-up revealed only a
2.37mJy point source coincident with the op-
tical quasar and no counterimage. Our VLA

observations of this target have an rms noise of
25 uJy beam ™!, and at the 50 level we should be
sensitive to point sources brighter than 125 uJy.
That we detect no radio counterimage suggest
that if there were such a counterimage, the flux
ratio of the lensed radio source would be a seem-
ingly unrealistic > 20. Moreover, the optical
flux ratio of the sources immediately north-east
and south-west of the the LRG is ~ 8, so should
this be a lensed source then there would be a
substantial discrepancy between the optical and
radio flux ratios. While it is not impossible that
this source is a lensed quasar, our observations
don’t support such a conclusion, and we posit
that these are likely two unrelated sources.

4.3.2. J120157+421703

This source was identified as a possible radio
lens using the JBO7 method. The DECaLS im-
age of this source shows a possible very faint arc
to the lower right of the LRG. The VLA X-band
data showed a 7.0 mJy point source coincident
with the optical point source from DECaLS, but
no counterimage. This presents two possibilities
when taking the possible arc into account: ei-
ther the arc is simply an image artifact or other
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J000835.17-073405.6

J135413.22+325937.1

J20157.21+421703.4

233353.31+255450.6

Figure 5. Non-lensing targets. Top row, left to right: JO008—0734 (Section 4.3.1), J1201574+421703 (Section
4.3.2). Bottom row, left to right: J135413+325937 (Section 4.3.3), J233353+255450 (Section 4.3.4). The
location of the point-source radio detection is shown by a circle for all panels except for J233353+4255450
where we detected extended emission. For J2333353+255450 we show radio contours correspond to 3-,5-,7-,

and 9-¢ flux densities in the uv-tapered radio image.

phenomenon and there is no lensing present at
all, or the quasar is at or near the lens redshift
and is therefore not strongly lensed.

4.3.3. J185413+326937

This source was identified as a potential ra-
dio lens using the JBO7 method. The X-band
observations show a 2.8 mJy point source offset
from the LRG and coincident with the VLASS
detection, but no counterimage. Therefore we
conclude the quasar is not multiply imaged.

4.3.4. J233353+255450

This source was identified as a possible radio
lens using the JBO7 method. Our initial X-band
data reduction showed hints of extended emis-
sion near the lens location, and so we re-imaged
the data with a 1” uv-plane taper to increase
sensitivity at the cost of resolution. We found
an extended 1.7 mJy source located between the
supposed lens and source, which we interpret
as a radio lobe from the LRG rather than a
lensed radio source, a hypothesis that is con-
sistent with the steep spectrum (o = —0.8) we
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Figure 6. The two non-detections from our ob-
servations. Top: J171527+280452 (Section 4.4.1),
and Bottom: J1817+2729 (Section 4.2.4).

measure from the VLASS and X-band flux den-

sities.

4.4. Other Results
4.4.1. J171527+280452

This source was identified as a possible ra-
dio lens using the JBO7 method. However, we
detected no significant emission in our X-band
observations. Based on the 2.6mJy VLASS
epoch 1 flux of the source and a 30 nondetec-
tion threshold, we estimate a spectral index be-
tween 3 and 10 GHz for this source of -2.2, much
higher than its VLASS-NVSS spectral index of -
0.31. The source shows no significant variability
between VLASS epochs 1 and 2, leading us to
suspect the target is either a peaked-spectrum
compact source which is undetected at 10GHz,

Figure 7. DECaLS grz image of target J0412-
2646. 4- and 6 — o contours are overlaid for VLASS
epochs 1 (dashed red lines) and 2 (dotted cyan).
The locations of the two radio components from by
our observations (see Table 2) are shown in green.

or an extended source which we do not detect
due to resolution or sensitivity. In either case,
we cannot rule out the possibility of lensing.

4.4.2. DES J0412—2646

This source was identified as a lensed galaxy
by Jacobs et al. (2019) using a Neural Network-
based search of DES. While VLASS images from
both epochs seem to be centered away from the
lens, our follow-up data shows a 160 pJy point
source at the location of the lens galaxy and a
260 pJy diffuse component to the south of that,
possibly indicative of a core+jet or core+lobe
morphology. Figure 7 shows a DECaLS image
of this source with the locations of our VLA
detections and contours of two VLASS epochs.
While one epoch has the peak of emission lo-
cated on top of the arc, the other places it be-
tween the arc and the lens galaxy. It is possible
diffuse emission from the source galaxy is re-
sponsible for shifting the VLASS detection over,
and that this emission is too low surface bright-
ness for or resolved out of our observations at
10 GHz. However, further observations would
be needed to address this hypothesis.
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5. THE KNOWN POPULATION OF
LENSED RADIO SOURCES

5.1. Variability and Spectral Indices of Lensed
Radio Sources

Until recently, only a handful of lensed radio
sources were known, with most of these being
identified through dedicated searches such as
CLASS and JVAS. The advent of deep and high
resolution wide-area sky surveys such as VLASS
is now resulting in more detections and cor-
rect associations of radio emission from lensed
systems, especially lensed quasars. Addition-
ally, the latest generation of optical surveys with
high astrometric precision, such as Gaia, are al-
lowing for the identification of hundreds of new
lensed quasars (e.g., Jacobs et al. 2019). The
result is such that there are now ~ 80 lensed ra-
dio sources known, more than double the num-
ber known less than a decade ago (McKean
et al. 2015). We list all the published grav-
itational lenses with emission detected at fre-
quencies lower than 100 GHz (A > 3mm) in
Table 3. This cutoff was chosen to correspond
roughly with both the point where dust begins
to dominate the SED of a normal galaxy rather
than synchrotron emission (Condon 1992) and
the highest observable frequencies of the ngVLA
(Carilli et al. 2015). In this Section of the paper
we use these 80 objects to broadly characterise
the observational properties of the lensed radio
source population.

Some previous dedicated searches for lensed
radio sources have specifically looked for flat-
spectrum radio sources (e.g., Jackson & Browne
2007; Myers et al. 2003). In principle such
a strategy should reduce contamination from
the lobes of radio galaxies that can appear off-
set from their host galaxies, often LRGs, and
thus potentially mimic a lensed object in cat-
alog space. With a reasonably large sample of
lensed radio sources now in hand we can poten-
tially explore the spectral index distribution of
the population. Doing so has several benefits,
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Figure 8. The variability of lensed radio sources in
VLASS (SEpoch 1/SEpoch 2) as a function of bright-
ness in Epoch 1, with the black dashed line denot-
ing zero variability between the two epochs. The
slight but systematic trend for brighter fluxes in
epoch 2 is likely driven by the limited quality of
the VLASS ‘Quick Look’ images.

the spectral index can i) provide insights into
the type of source being lensed (e.g., quasar,
lobe-dominated radio galaxy etc.); ii) poten-
tially guide future search strategies for lensed
radio sources; and iii) be used to show the flux
distribution of lensed radio sources at a single
observer-frame frequency, as opposed to com-
paring flux densities from different observations
at e.g., 1.4 GHz and 10 GHz.

Ideally the spectral index for radio sources
should be calculated using flux measurements
from different frequencies obtained at the same
time to avoid the potential for source variabil-
ity biasing the measurement. For their 8 lensed
quasars observed with the Australia Telescope
Compact Array, Dobie et al. (2024) provide
contemporaneous measurements at 5.5 GHz and
9 GHz which we use to calculate the spectral in-
dex for these sources. For the remaining sources
we do not have contemporaneous multi-band
flux density measurements, and are thus depen-
dent on measurements that might be subject
to variability. Using the catalogs from the first
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two epochs of VLASS (Gordon et al. 2021, B.
Sebastian et al. in prep.) we characterise the
variability of the 44 lensed sources detected in
the first epoch of VLASS over timescales of ~ 2
years in Figure 8. With only a few exceptions,
most lensed radio show little variability between
Epochs 1 and 2 of VLASS, with a median and
standard deviation for Sg,2/Sk,1 of 1.0 and
0.2 respectively. Knowing that most lensed ra-
dio sources aren’t strongly variable strengthens
the argument for using flux density measure-
ments taken at different times to estimate the
spectral index of these sources. For 24 lensed
radio sources we have flux density measure-
ments from both VLASS (3 GHz) and FIRST
(1.4 GHz). For the 32 lensed sources for which
we have spectral information, we find the me-
dian spectral index to be apedian = —0.7, similar
to the typical spectral index for the general ra-
dio source population (e.g., Condon et al. 1998;
Gordon et al. 2021).

5.2. Future Searches

Notably, 100% of our VLASS detected tar-
gets that are lensed optical quasars have ra-
dio emission from the lensed source, suggest-
ing that lensed quasars conincident with legacy
detections in radio surveys present an efficient
approach to identifying candidate lensed radio
sources. Moreover, those lensed radio sources
detected in flux-limited surveys are likely the
most scientifically useful targets due to their
typically higher brightness than many sources
detected through blind, deep radio observations
of lensed optical quasars. With a suite of deep
wide-area optical and near-IR imaging surveys
from ground and space, such as the Vera C. Ru-
bin Observatory (Ivezié¢ et al. 2019), the Nancy
Grace Roman Space Telescope (Spergel et al.
2015), and the Euclid telescope (Laureijs et al.
2011), coming online over the next few years,
thousands of lensed quasars will be discovered
(e.g. Yue et al. 2022). It is interesting to con-
sider how many of these sources will have com-

plementary radio observations. Some of the new
lensed quasars may have already been detected
at radio wavelengths, but due to the multi-
arcsecond PSF of current wide-area radio sur-
veys their status as lensed radio sources remains
unknown. Moreover, for a multi-epoch survey
such as VLASS, the ability to combine the in-
dividual observations from each epoch enables
deeper imaging than one epoch of observations
alone, increasing their power as a legacy ref-
erence catalog to identify radio emission from
newly discovered lensed quasars. After the end
of the planned survey, combined three-epoch
VLASS images are expected to have a point
source depth of S3gn, =~ 350 uJy (Lacy et al.
2020), substantially deeper than the ~ 1mlJy
depth of the Quick Look images from a single
epoch currently available®.

To make predictions for the number of lensed
radio sources that might be detected in VLASS
we first determine the 3 GHz flux density distri-
bution of the known lensed radio sources. For
bright lensed sources within the VLASS foot-
print we take the 3 GHz flux density measure-
ment from the VLASS Epoch 1 Quick Look cat-
alog (Gordon et al. 2021). For those sources
too faint to be detected by VLASS or lying
outside the survey footprint, we estimate their
3 GHz flux density by extrapolating from avail-
able measurements at other frequencies using
their measured spectral index where available.
For those sources for without a spectral index
we assume o = —0.7 in line with the typi-
cal spectral index for the lensed radio source
population. Where published flux densities for
individual lensed images are used, these are
summed to provide a total flux for the lensed
system, a better approximation of what will ob-
served by a single VLASS beam. We note here

3 A recently proposed fourth VLASS epoch would push
the point source sensitivity of combined images down to

300 pJy (Nyland et al. 2023).
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Figure 9. Distributions of integrated 3 GHz

flux densities for lensed radio sources (grey solid
histogram). Flux measurements are taken from
VLASS where possible (solid blue line) and esti-
mated using spectral index information otherwise
(red dashed line). The green dot-dashed line shows
the five previously unreported lenses we identified
with VLASS in this work. The dashed black ver-
tical line shows the flux limit of the CLASS sur-
vey, highlighting the additional sources that can be
identified by combining optical and radio informa-
tion rather than just relying on a dedicated flux-
limited radio search. The black dotted line shows
the 350 uJy point source depth that VLASS will
reach after three epochs.

that we do not estimate the 3 GHz flux den-
sity for PSS 232241944, as the observed 45 GHz
emission is attributed to CO(J = 2 — 1) line
emission rather than being continuum emission
(Riechers et al. 2008), and thus extrapolating
to 3 GHz based on an assumed spectral index is
inappropriate in this instance.

The Ssgn, distribution for lensed radio
sources is shown in Figure 9, with predicted
and measured flux densities shown by the red
dashed and blue sold lines respectively. An
important feature of Figure 9 is the appar-
ent bimodality of the radio flux distribution
of lensed sources. This can be explained by

the two broad selection approaches used over
the years. The brighter peak (centered around
100mJy) is mostly the result of the targeted
searches for lensed radio sources conducted by
CLASS, JVAS, and MG-VLA (Lawrence et al.
1986). Indeed, the flux limited nature of these
searches is evident in Figure 9 as the sudden
drop in sources below S;gp, =~ 30mJy. The
fainter peak (centered around 300 uJy) is the
result of radio observations of newly identified
lensed quasars in optical imaging. Notably,
about half of these objects should be detectable
in future multi-epoch combined VLASS images,
providing a potential pathway to more efficient
target selection for future in depth radio obser-
vations. Large numbers of lensed radio sources
will be detected in forthcoming optical surveys.
For instance Yue et al. (2022) predict 2,400
lensed quasars will be identified in the Legacy
Survey of Space and Time (LSST, Ivezi¢ et al.
2019), ~ 1,000 of which will be at depths de-
tectable by current optical surveys. Approx-
imately 14,000deg® (70%) of the 20,000 deg?
footprint of LSST will be covered by VLASS, it
follows that hundreds of the lensed sources may
be detectable in the final-depth VLASS images.

In this work we have focused on using VLASS
to identify lensed radio sources, and indeed the
high resolution and time domain aspects of the
survey provide unique advantages over previ-
ous radio surveys for this challenge. The next
generation of radio telescopes however will be
even more well suited for identifying lensed ra-
dio sources. The high angular resolution and
survey speeds of the Square Kilometer Array
(SKA) and the ngVLA will enable the ready
identification of the multiple images of radio
sources separated on sub arcsecond scales. This
can provide two key advantages over current ap-
proaches. First, not being dependent on op-
tical observations to identify the lensing con-
figuration has the potential to identify systems
where the lensed galaxy is has an intrinsically
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high radio-to-optical luminosity such that it is
only detected in radio. Second, in systems
where only the lensed background object is ra-
dio loud, the low level of radio contamination
may allow for more tightly constrained lens
models than would be possible from optical ob-
servations where light from the foreground lens
galaxy may become problematic.

6. CONCLUSIONS

We report first results from a pilot study seek-
ing to efficiently identify strongly lensed radio
sources by combining wide-area optical and ra-
dio survey data. We find that a high fraction
of optically selected lensed quasars with radio
counterparts in VLASS at mJy-level flux den-
sities are in fact high-confidence lensed radio
sources. The results here suggest that large
samples of radio strong lenses could be effi-
ciently identified via targeted follow-up of radio
counterparts to lenses found in near-future op-
tical and NIR imaging surveys with the Vera C.
Rubin Observatory, Euclid, and Nancy Grace
Roman Space Telescope. Importantly, the ra-
dio lens systems from VLASS are bright enough
to allow detailed characterization. Our find-
ings are reinforced by complementary recent re-
sults from Dobie et al. (2024) and Jackson et al.
(2024).

We observed 11 radio lens candidates based
on two selection methods. The method based
on Jackson & Browne (2007) aiming to discover
entirely new lens systems yielded no new ra-
dio lenses. However, given the rarity of gravi-
tational lensing in general, this result was not
unexpected, and we note that JB0O7 themselves
found no candidates among a larger follow-up
sample. A successful catalog-based method
would require a more sophisticated approach
than the one we utilized, and such an ap-
proach become much more necessary in the fu-
ture thanks to upcoming large and deep surveys
in both the radio and optical.

The second method, which utilized existing
catalogs of lensed quasars and galaxy-scale arcs,
was much more successful. Five out of the
five existing lensed quasars we observed had ra-
dio emission from the quasars, rather than the
lens, and in only one case did the lens galaxy
also emit in the radio. Furthermore, our sin-
gle lensed galaxy target is still a possible radio
lens given the mismatch between VLASS and
VLA positions, although its emission seems to
be much fainter than suggested by the VLASS
epoch 1 data. These results suggest that survey-
resolution radio emission from lensed quasar
systems is more likely to come from the quasar
rather than the lens, and presents a possible
method to identify more lensed radio sources in
the future.

Our candidate selection for this method uti-
lized a list of lensed quasars published in 2019,
containing 220 systems. Since then, the publi-
cation of hundreds of lensed quasar (e.g. Lemon
et al. 2023; He et al. 2023) and galaxy-galaxy
lens (e.g. Dawes et al. 2023; Zaborowski et al.
2023) candidates has greatly expanded the num-
ber of possible targets, suggesting that a new
search incorporating the same methodology is
likely to discover many more systems.

During the final preparations of this
manuscript, Jackson et al. (2024) reported in-
dependent observations for a sample of radio
lens candidates, including 3 of the 4 previously
unreported radio lens systems presented in Sec-
tion 4, as well as an additional 30 sources not
considered here. These two works underscore
the opportunities for expanding the catalog of
known lensed radio sources through target se-
lection based on lenses identified at other wave-
lengths. Similar to Dobie et al. (2024), we both
find that radio emission from systems involv-
ing optically-selected lensed quasars is typically
dominated by emission from the lensed quasar
rather than the main deflector galaxy. Our
target selection differs from Dobie et al. (2024)
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and Jackson et al. (2024) in that we required
a spatially coincident VLASS source, and thus
all of the new radio lenses discussed here have
integrated flux density brighter than ~ 1 mJy
at 3 GHz (Figure 9).
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