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Abstract

Dual supermassive black holes (SMBHs) at ~Kkiloparsec scales are the progenitor population of SMBH mergers
and play an important role in understanding the pairing and dynamical evolution of massive black holes in galaxy
mergers. Because of the stringent resolution requirement and the apparent rareness of these small-separation pairs,
there are scarce observational constraints on this population, with few confirmed dual SMBHs at <10kpc
separations at z > 1. Here we present results from a pilot search for kiloparsec-scale dual quasars selected with Gaia
Data release 2 (DR2) astrometry and followed up with Hubble Space Telescope (HST) Wide Field Camera 3 dual-
band (F475W and F814W) snapshot imaging. Our targets are quasars primarily selected with the varstrometry
technique, i.e., light centroid jitter caused by asynchronous variability from both members in an unresolved quasar
pair, supplemented by subarcsecond pairs already resolved by Gaia DR2. We find an overall high fraction of HST-
resolved pairs among the varstrometry-selected quasars (unresolved in Gaia DR2), ~30%-50%, increasing toward
high redshift (~60%-80% at z > 1.5). We discuss the nature of the 45 resolved subarcsecond pairs based on HST
and supplementary data. A substantial fraction (~40%) of these pairs are likely physical quasar pairs or
gravitationally lensed quasars. We also discover a triple quasar candidate and a quadruply lensed quasar, which is
among the smallest-separation quadruple lenses. These results provide important guidelines to improve
varstrometry selection and follow-up confirmation of ~kiloparsec-scale dual SMBHs at high redshift.

Unified Astronomy Thesaurus concepts: Black hole physics (159); Active galaxies (17); Quasars (1319); Double

quasars (406); Surveys (1671)

1. Introduction

Because most massive galaxies harbor a central super-
massive black hole (SMBH; Kormendy & Richstone 1995;
Kormendy & Ho 2013), galaxy mergers should result in the
formation of dual SMBHs and eventually binary SMBHs
(Begelman et al. 1980). Dual SMBHs are the precursors of
binary SMBHs. A binary SMBH is on a compact (<10 pe)
orbit in its own potential whereas a dual SMBH is on wider
orbits and evolving in the potential of the (merged) host galaxy.
Theory predicts strong gravitational waves (GWs) from the
final coalescence of merging SMBHs—a “standard siren” for
cosmology and a direct testbed for strong-field general
relativity (Hughes 2009; Centrella et al. 2010). The presence
of gas accretion during the merger process can dramatically
change the expectations for the duration of the GW-emitting
phase (Bogdanovic et al. 2021).

Before the binary SMBH stage, the two black holes spend
several hundred million years in the dual SMBH stage as the
galaxy merger proceeds. The observational search of close
(~kiloparsec) dual quasars at 1 < z < 3 is particularly important
for constraining the merger process because the effects of
mergers are believed to be the most significant in the
high-redshift, high-luminosity, and close-separation regime
(Hopkins et al. 2008). The redshift range 1 <z <3 is also
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where we expect the horizon of the stochastic GW background
from the ensemble of SMBH binaries (Arzoumanian et al. 2018).

In the past decade, significant progress has been made
toward finding concrete evidence for active merging SMBHs in
kiloparsec-scale dual active galactic nuclei (AGNs) (De Rosa
et al. 2019). The majority of known dual AGNs are at low
redshifts and/or at large physical separations (>20kpc;
Figure 1), and many have relatively low luminosities. Little
is known about dual SMBHs at the cosmic “high noon” (i.e.,
1 < z < 3), when both the number density of luminous quasars
and the global star formation rate density peak (Richards et al.
2006; Madau & Dickinson 2014). Finding small-separation
dual quasars at high redshifts is extremely difficult observa-
tionally due to the typical sizes of the point-spread functions
(PSFs) of ground-based optical surveys. There is only one
2.3kpc dual quasar known at z~ 0.8 from a serendipitous
discovery (Junkkarinen et al. 2001; Shields et al. 2012) and five
dual quasars with 6 < r, < 10kpc at 0.5<z <3 from
systematic searches (Inada et al. 2012; More et al. 2016; Lemon
et al. 2018; Silverman et al. 2020; Tang et al. 2021; see
Figure 1 for details). From a theoretical perspective, the
dynamical evolution of dual SMBHs in merged galaxies can be
well described by dynamical friction before entering the GW-
dominated regime (Yu 2002; Merritt 2013; Chen et al. 2020a),
which results in shorter time spans on smaller separations.
Therefore, the frequency of <kiloparsec dual SMBHs is
expected to be substantially lower than those on ~ tens of
kiloparsec separations, requiring an efficient targeting scheme
to identify candidates for follow-up confirmation.
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Figure 1. Quasars with double/triple sources discovered by HST/WFC3 imaging in comparison to the reported dual quasars in the literature (Owen et al. 1985;
Crampton et al. 1988; Bothun et al. 1989; Crotts et al. 1994; Hagen et al. 1996; Hewett et al. 1998; Brotherton et al. 1999; Morgan et al. 2000; Junkkarinen et al. 2001;
Murgia et al. 2001; Gregg et al. 2002; Komossa et al. 2003; Hennawi et al. 2006; Hudson et al. 2006; Pindor et al. 2006; Bianchi et al. 2008; Inada et al. 2008; Civano
et al. 2010; Hennawi et al. 2010; Liu et al. 2010a; Comerford et al. 2011; Fu et al. 2011; Green et al. 2011; Koss et al. 2011; Liu et al. 2011; McGurk et al. 2011;
Frey et al. 2012; Inada et al. 2012; Koss et al. 2012; Mazzarella et al. 2012; Teng et al. 2012; Liu et al. 2013; Huang et al. 2014; Woo et al. 2014; Comerford
et al. 2015; Fu et al. 2015a; Miiller-Sanchez et al. 2015; More et al. 2016; Eftekharzadeh et al. 2017; Ellison et al. 2017; Satyapal et al. 2017; Schechter et al. 2017,
Anguita et al. 2018; Lemon et al. 2018; Goulding et al. 2019; Lemon et al. 2019, 2020; Silverman et al. 2020; Foord et al. 2021; Tang et al. 2021). A dual quasar is
defined as a quasar pair with velocity differences <2000 km s~ '. Shown here is the projected physical separation as a function of redshift. No confirmed dual quasar is

known at r,, < 6 kpc at z > 1. Our sample probes this new parameter space.

Although not the focus of this work, searches for binary
SMBHs (<10 parsec) are even more challenging. There are
only two reported cases of (candidate) binary SMBHs resolved
with the Very Long Baseline Array (VLBA) imaging at 7 pc
(Rodriguez et al. 2006) and 0.35 pc (Kharb et al. 2017) from
serendipitous searches. While searches using indirect methods
(from periodic light curves or radial velocity shifts of broad
emission lines, Eracleous et al. 2012; Shen et al. 2013; Liu
et al. 2014; Graham et al. 2015; Charisi et al. 2016; Runnoe
et al. 2017; Wang et al. 2017; Guo et al. 2019; Liu et al. 2019;
Chen et al. 2020b; Liao et al. 2021) have yielded candidates of
subparsec binary SMBHs, alternative scenarios involving
single SMBHs remain possible. Direct imaging confirmation
for most of these subparsecc binary candidates is not feasible
even with Very Long Baseline Interferometry (VLBI) in radio
due to the strict angular resolution requirement (Burke-
Spolaor 2011).

Shen et al. (2019) and Hwang et al. (2020) have proposed
a new astrometric technique, varstrometry, with Gaia
data (Gaia Collaboration et al. 2018) to discover close
(subarcsecond) dual/lensed quasars (also see Williams &
Saha 1995; Liu 2015; Springer & Ofek 2021). It takes
advantage of the ubiquitous quasar variability, which in dual
or lensed quasars results in an astrometric noise signature
when the asynchronous variability from the two quasars
causes centroid jitters in the unresolved system. Gaia’s full-
sky coverage and depth to G ~ 21 mag (reaching ~7 x 10°
extragalactic objects) enable a large-scale systematic search in

the poorly explored subarcsecond regime at high redshift
(Hwang et al. 2020; Shen et al. 2021).

In this work, we report the first results from a pilot Hubble
Space Telescope (HST) dual-band imaging program to follow
up the Gaia-astrometry-selected dual/lensed quasar candidates.
It reveals compact double or triple sources in the 45 targets,
40% of which are possible dual/lensed quasars based on the
HST two-band colors. The targets that are not star—quasar
superpositions are more likely to be dual quasars instead of
lenses, which require very massive lenses at high redshifts
given the nondetection of the lens galaxy in the HST image
(Shen et al. 2021).

The paper is organized as follows. In Section 2, we describe the
methodology and the data we use for this study. We present our
main results in Section 3 and discuss their implications and future
prospects in Section 4. We summarize our findings in Section 5.
Throughout this paper we focus on optically unobscured, broad-
line quasars, for which we can apply this varstrometry
technique, and all physical separations are the projected
separation. A flat ACDM cosmology is adopted throughout with
Qx=0.7,9,,=03, and Hy=70kms ' Mpc~".

2. Observations and Data Analysis
2.1. Target Selection

Our parent quasar sample includes both spectroscopically
confirmed SDSS DR7 quasars (Shen et al. 2011b) and DR14
quasars (Paris et al. 2018), and photometrically selected quasar
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candidates based on WISE (Mateos et al. 2012; Secrest et al.
2015; ). The target selection criteria are mainly based on Gaia
DR2 (Gaia Collaboration et al. 2018). Our targets are selected
as Gaia-unresolved quasars with excess astrometric noise (i.e.,
varstrometry selection) and quasars with a subarcsecond
companion resolved in Gaia data (Hwang et al. 2020). For
Gaia-unresolved sources, we use astrometric_excess_
noise (Lindegren et al. 2012, 2018) as a surrogate for the
astrometric jitters caused by varstrometry (Hwang et al.
2020; Shen et al. 2019). For Gaia-resolved sources, we
prioritize pairs with small angular separations (0”4-0”7) and
use other information (see below) to reduce chance super-
position stars. The Gaia-resolved sources are intended to
increase the statistics on subarcsecond pairs in quasars because
HST is able to resolve these pairs and derive color/morphology
information, though they are at wider separation due to the
minimal separation limit of 0”4 in Gaia DR2 (Arenou et al.
2018).
The detailed target selection and target categories are:

1. SDSS quasars with a single Gaia match within 3” (40
targets selected). We use both the SDSS DR7 quasar
catalog (Shen et al. 2011b) and the DR14 quasar catalog
(Paris et al. 2018). Because the extended structure of
low-redshift host galaxies may also result in a high
astrometric_excess_noise (Hwang et al. 2020),
we apply a redshift cut of z>0.5 and require that
the source is flagged as nonextended in all filters of
Pan-STARRS1 (Chambers et al. 2016). To reduce
contamination from foreground stars, we exclude sources
where the SDSS fiber (2”7 or 3”) spectra have obvious
stellar features. Then, we select 8 targets that have
astrometric_excess_noise > 3.39 mas and Gaia
G-band magnitude <19.5 mag, and additional 32 targets
that have astrometric_excess_noise > 1.44 mas
and Gaia G-band magnitude <19.1 mag. These magni-
tude cuts restrict the selection to reliable Gaia astrometry.

2. WISE+Pan-STARRSI1 quasars with a single Gaia match
within 3” (40 targets selected). We use an all-sky
photometric quasar sample selected with WISE data
(Mateos et al. 2012; Secrest et al. 2015) and the cross-
match catalog provided by Gaia DR2 (Marrese et al.
2019). We further require that the target is flagged as
nonextended in all filters in Pan-STARRS1 (Chambers
et al. 2016). To reduce contamination from stars
misclassified as quasars in the photometric quasar
catalog, we exclude targets that have nonzero total proper
motions at >30. Then, we select 40 targets that have the
largest astrometric_excess_noise (>1.52 mas)
with Gaia G-band magnitude <19.15 mag.

3. WISE-only quasars without SDSS and Pan-STARRSI1
information and with a single Gaia match within 3" (20
targets selected). We select WISE quasars (Mateos et al.
2012; Secrest et al. 2015; Marrese et al. 2019) that are not
covered by Pan-STARRSI1 (Chambers et al. 2016).
Without the optical imaging information, this sample
has a higher risk of being affected by extended host
galaxies at low redshifts. Specifically, we find that if we
select the WISE quasars with the highest astrome-
tric_excess_noise directly, our sample is domi-
nated by low-redshift, extended galaxies upon inspecting
their optical images from the DECam Legacy Survey
(DECaLS, Dey et al. 2019).

Chen et al.

To improve the selection, we impose an additional
criterion on phot_bp_rp_excess_factor, which is
a quality indicator for Gaia photometry (Riello et al.
2018). In Gaia DR2, G-band photometry is measured by
PSF fitting, while the BP and RP photometry is the sum
of fluxes in a 3”5x2”1 window (no deblending
treatment; Riello et al. 2018). Therefore, the ratio
between the G-band flux and the sum of BP and RP
fluxes (phot_bp_rp_excess_factor) can be used
as a measure of how PSF-like a target is. Specifically,
here we select WISE-only quasars with phot_bp_r-
p_excess_factor < 1.5. Then we select the targets
with astrometric_excess_noise between 1.5 and
2.5 mas, Gaia proper motions consistent with 0 within
30, and Gaia G-band magnitude < 19.3 mag. We avoid
astrometric_excess_noise > 2.5mas because
the images from DECaLS (if available) suggest that many
of them may still be affected by extended host galaxies. A
color cut of BP — RP < 2.5 is also imposed because we
find it particularly useful to avoid low-redshift (z < 0.5)
galaxies. Despite precautions, this WISE-only sample
may have a high rate of contamination by stars and/or by
low-redshift host galaxies. We thus prioritize the targets
with larger astrometric_excess_noise and limit
the number of the proposed HST targets to 20.

4. SDSS quasars with multiple Gaia matches (20 targets
selected). The selection is similar to the single-matched
SDSS quasars, but here the targets have multiple Gaia
matches within 3”. To reduce the chance projection of
foreground stars, we exclude sources that have nonzero
parallaxes or nonzero proper motions with significance
>30 and exclude those having obvious stellar features in
the SDSS spectra. Two targets have three Gaia matches
(J121135.93+354417.6 and J133039.82—001035.7), and
the other targets have two Gaia matches. We prioritize
targets with small angular separations (0”52-0773),
which are usually unresolved by ground-based surveys.
Because this selection does not involve astrometric_
excess_noise, we do not impose any cuts on
spectroscopic redshift and G-band magnitude.

5. WISE+Pan-STARRS1 quasars with multiple Gaia
matches (20 targets selected). The selection is similar to
the single-matched WISE+4Pan-STARRS1 quasars, but
here the targets have multiple Gaia matches within 3”.
We exclude sources that have nonzero parallaxes or
proper motions with significance >30. We prioritize
targets with small angular separations (0748-0"66).

6. WISE-only quasars with multiple Gaia matches (10
targets selected). We exclude sources that have nonzero
parallaxes or proper motions with significance >30, and
we prioritize targets with small angular separations
(0746-0760).

Our final target sample for the HST follow-up observations
consists of 150 quasars. Table 1 summarizes the numbers of the
proposed targets, the observed targets, and the pairs discovered
by the HST in each category. The top panel of Figure 2 shows
the distributions of redshift and SDSS r-band PSF magnitude
for the 60 targets selected from SDSS. The bottom panel of
Figure 2 shows the distributions of Gaia astrometric_
excess_noise and G-band magnitude for the final target
sample.
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Figure 2. Top: distribution of redshift and SDSS r-band PSF magnitude for the
60 targets selected from SDSS. Bottom: distribution of the Gaia astro-
metric_excess_noise and G-band magnitude for the final target sample
of 150.

Table 1
Summary of HST Sample Statistics
Target Category # Targeted # Observed # Multiple
1. SDSS Single 40 17 9
2. WISE+PSI1 Single 40 26 7
3. WISE-only Single 20 13 2
4. SDSS Multiple 20 7 7
5. WISE+PS1 Multiple 20 15 15
6. WISE-only Multiple 10 6 5
Total 150 84 45

Note. Listed are the number of dual/lensed quasar candidates selected using
Gaia DR2, the number of candidates observed by HST, and the number of
candidates containing multiple sources.

2.2. HST/WFC3 F475W and F814W Imaging

We observed 84 out of the 150 targets with the Wide Field
Camera 3 (WFC3) on board the HST in Cycle 27 and 28 from
2019 October 9 UT to 2021 September 23 UT (Program ID:
SNAP-15900; PI: Hwang). Each target was imaged in the
UVIS/F475W (with pivot wavelength \,=4773 A and
effective width of 1344 A) and UVIS / F814W (with
Ap = 8024 A and effective width of 1536 A) filters within a

Chen et al.

single HST SNAP orbit to help distinguish stars and quasars.
The typical net exposure times are 360 s in the F475W filter
and 400 s in the F814W filter for each target and are scaled for
fainter targets to reach similar signal-to-noise ratios. Table 2
lists the spectroscopic and photometric properties and the
observation details for all the observed targets. Target names
are in the form of “hhmmss.ss & ddmmss.s” based on Gaia
DR2; the coordinates of the brightest source are used if
multiple sources are detected in Gaia. Magnitudes are reported
in ST magnitude (mgy =—2.5log(F,) — 21.1), where F, is in
units of erg s~ cm ™2 A

The F475W filter covers rest-frame 1600-2200 A and the
F814W filter covers rest-frame 2800-3800 A at the median
redshift z ~ 1.5 of our targets. They sample the ultraviolet part of
the quasar spectrum. We use these two bands to derive the F475W
— F814W color to facilitate the interpretation of resolved pairs.

The WFC3 UVIS charge-coupled device has a sampling of
0”04 pixel '. The observations were dithered at four positions
to properly sample the PSF and to reject cosmic rays and bad
pixels. A 512 x 512 subarray was employed, yielding a field of
view of 20”5 x 20”5.

We reduced the HST images following standard procedures.
We used the calwf3 and MultiDrizzle tasks from the STSDAS
package in PyRAF. We processed the images with Multi-
Drizzle to correct for geometric distortion and pixel area
effects. We combined the dithered frames and rejected cosmic
rays and hot pixels. The resulting images are photometrically
and astrometrically calibrated. MultiDrizzle relies on the
positions of guide stars for absolute astrometric calibration.
The absolute astrometric accuracy of the reduced images is
limited by the positional uncertainty of guide stars (=0”2) and
the calibration uncertainty of the fine guidance sensor to the
instrument aperture (~0”015). The image’s relative astrometric
accuracy is limited by the uncertainty in the geometric
distortion correction of the camera. The typical relative
astrometric accuracy is 0”004.

2.3. Surface Brightness Decomposition

We perform two-dimensional (2D) surface brightness
decomposition with GALFIT (Peng et al. 2010). GALFIT fits
the image with 2D functions including PSF, Sérsic profiles, and
various structures such as rings and spiral arms for galaxies and
point sources.

The PSF model is constructed using a nearby isolated star in
the same field for each target. For those targets without nearby
field stars or when the field stars are too faint, we use a general
model made from a bright isolated star in one of the visits.

Because our SNAP observations are generally too shallow to
detect faint features, a PSF model is often sufficient to fit each
component of the resolved pair. A Sérsic component with
Sérsic index n=4 is added in the fit if the residuals show
significant extended features.

2.4. Photometric Redshift

For the 60 observed targets without a spectroscopic redshift,
we estimate photometric redshifts (photo-zs) with Skewt-
QSO.” Skewt-QSO can achieve a photo-z accuracy, defined
as the fraction of quasars with the difference between the
photo-z and the spectroscopic redshift within 0.1, of 72%—-79%

5 https: //github.com/gian-yang /Skewt-QSO
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Table 2
Target Properties and Log of the HST Observations
Name Redshift r G Ast. Excess Noise Std.(Flux) Obs. Date Exp. Time Cat.
(mag) (mag) (mas) e sh (UT) )
@ (@) (©)) “ ® ) O] (®) ®
J000514.204-702249.2* 0.7 18.54/18.85 3.522/1.283 72.1/21.6 2020-01-24 360/320 5
J004127.74—734706.4 1.3° 16.35 1.771 225.1 2019-11-14 40/40 3
J014859.18—553037.5* 0.1 18.71/18.90 2.309/1.486 33.7/46.7 2020-08-24 320/320 6
J023959.20—190507.5 0.75" 19.11 1.766 35.1 2020-07-15 360/600 2
J024134.914+780107.0* 2.357 18.95 1.917 23.6 2020-01-31 400/320 2
J024205.24—-453805.2 1.3 19.16 1.571 40.5 2020-08-28 360/400 3
J024628.63+692234.0* 0.957 18.04/19.12 4.272/1.892 12.6/16.0 2019-10-13 1080/80 5
J024804.31—-281449.9 1.9 18.98 1.598 34.4 2019-10-20 320/400 2
J024929.19—-002104.3 1.428 18.84 18.71 1.497 484 2019-10-19 360/320 1
J025359.01-282653.6 2.0 19.02 1.566 48.0 2021-08-25 520/440 2
J025843.71+690543.4 0.1 18.92 2.031 37.9 2019-10-12 1320/240 2
J025956.93—-735316.8 0.85" 19.11 1.573 39.8 2019-11-09 360/480 3
J032233.97—-551532.9 0.1 18.80/19.09* 1.314/5.986" 98.3/24.6" 2020-10-04 320/320 6
J034828.66—401513.1* 247 19.29 1.708 42.0 2020-09-30 400/440 3
J045528.99—445637.6" 0.5 19.98/20.83 8.917/11.975 27.7/15.0 2020-08-09 360/400 6
J045905.23—071407.1* 0.25 21.07/20.21 14.294/8.723 13.5/23.0 2020-02-05 360/400 5
J053620.23+503826.2* 1.8 e 17.86 2.442 94.2 2020-08-07 320/320 2
J054721.54—-321309.5 0.3 19.04 1.537 50.0 2019-11-05 360/320 2
J055321.99+374004.5 0.357 19.12 1.556 68.5 2019-12-14 480/400 2
J055455.69+511252.8* 0.7 18.51/20.50 0.066/2.661 51.8/12.8 2020-02-23 320/320 5
J060155.15—071007.3 1.95" 19.08 1.576 334 2019-12-09 480/400 2
J060734.57—-064838.5" 2.3" 18.10 2.587 91.1 2020-04-23 1320/80 2
J062026.53—071144.2 0.75" e 19.02 1.935 33.0 2020-01-30 360/400 2
J062903.08—753645.8" 0.3 19.65/20.02 6.126/2.329 72.0/25.6 2020-05-09 360/400 6
J074800.55+314647.4" 1.407 19.32 20.25/20.05 0.0/1.008 27.3/17.9 2020-04-18 360/400 4
J074817.134191003.0" 3.096 18.49 18.94 2.147 78.8 2021-05-06 320/320 1
J074922.96+225511.7* 2.166 19.11 18.62 1.452 95.4 2020-01-05 320/400 1
J074930.93+505859.7 0.907 18.77 19.06 1.581 24.7 2019-12-01 360/480 1
J075350.57+424743.9* 1.523 18.14 18.19 1.613 64.5 2020-02-05 320/320 1
J075824.26+145752.4* 2.568 18.75 19.30 3.400 46.7 2020-09-28 360/400 1
J080414.01—-445515.4 1.857 19.20 1.562 25.1 2020-07-31 360/400 3
J081603.79+450521.1* 0.586 20.08 20.86/20.67 7.062/2.810 32.5/20.2 2019-12-08 360/400 4
J082341.084-241805.6 1.811 17.17 18.24/17.87 0.227/0.0 84.1/120.5 2020-01-16 320/320 4
J084129.77+482548.4* 2.949 18.87 19.30 3.399 37.4 2019-11-30 360/400 1
J090408.66+333205.2* 1.103 18.50 18.55 7.546 93.7 2020-01-24 320/320 1
J090501.124-585902.5* 2.386 19.33 18.53 1.676 63.6 2020-04-29 320/320 1
J091826.08+-351243.1* 1.521 18.64 18.77 2.845 45.7 2021-01-13 360/320 1
J091938.93+621951.1* 1.270 18.81 20.52/18.75 0.633/0.898 12.8/34.5 2020-12-13 320/320 4
J094007.41+334609.5* 1.784 19.04 19.49/19.76 7.978/9.445 89.8/17.3 2020-01-07 360/400 4
J095611.62+425459.7 0.968 19.26 19.01 1.602 78.5 2019-10-09 520/600 1
J102531.00+414024.0 1.746 19.37 19.08 2.008 322 2020-06-16 360/400 1
J105929.04—503739.5* 0.25" - 18.84 2.243 325 2021-08-25 320/320 3
J111841.61+220015.9 1.394 18.59 18.98 1.448 38.3 2019-11-02 320/400 1
J113302.56+475623.0 0.984 19.29 18.95 1.531 33.8 2020-01-25 360/400 1
J122734.49—-491202.5" 0.25 20.30/20.01 5.086/4.316 28.5/37.8 2020-07-21 360/400 6
J131416.01-491218.2* 2.29 19.29/19.53 1.787/0.0 27.617.6 2019-12-26 400/440 6
J132614.08+06399.9 2.165 19.19 19.07 1.604 232 2020-01-05 360/400 1
J133040.00—125135.7 247 19.06 1.609 46.2 2019-12-18 360/480 2
J133952.42—074828.6 0.6" - 19.07 1.562 30.7 2020-02-24 360/400 2
J135531.37—-084212.1 1.05" 18.02 18.84 1.551 355 2020-04-10 320/320 2
J140518.25—-050607.7 1.2 19.11 1.727 50.8 2020-02-04 520/600 2
J142346.38—233844.7 0.15" 18.98 1.745 31.0 2021-04-27 360/320 2
J151041.67+022134.3 1.232 19.15 18.94 1.477 28.3 2020-05-19 320/400 1
J155542.38—082826.9 0.3 19.02 1.556 30.7 2020-08-25 360/320 2
J161349.51-264432.5" 117 19.15 2.203 84.7 2020-01-31 480/400 2
J162319.31-044703.2 1.55° 18.95 1.533 50.8 2020-06-08 360/400 2
J164818.07+415550.1* 2.393 18.50 18.38 1.456 50.3 2021-06-03 320/320 1
J164941.29+081233.5* 147 18.32/19.46 0.530/1.020 76.2/17.4 2020-09-10 320/320 5
J171139.97—-161147.9* 0.75" 20.29/19.46 4.842/5.938 14.9/46.5 2020-05-06 360/400 5
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Table 2
(Continued)
Name Redshift r G Ast. Excess Noise Std.(Flux) Obs. Date Exp. Time Cat.
(mag) (mag) (mas) (e s umn (s)
(Y] @) 3) ) (5) ©) ) ()] )
J173222.88—133535.2* 0.292 19.08 1.762 49.1 2019-10-22 520/400 2
J175543.18+422924.2* 1.95 17.66 20.44/17.79 3.275/0.464 16.2/80.9 2020-02-17 320/320 5
J180409.55+323029.5* 0.504 19.14/19.76 4.203/0.327 63.8/17.6 2020-01-06 360/320 5
J183353.81—475524.9 0.65" 19.23 1.671 30.0 2020-03-24 400/440 3
J184520.85—232227.6* 0.8 19.03/19.53 0.0/1.081 30.9/15.3 2021-09-23 320/320 5
J185226.10+483315.0* 1.480 19.14 2.906 30.9 2020-02-06 360/400 2
J185728.65+704811.3" 1.230 19.53/20.53 3.727/0.980 23.4/14.9 2019-10-20 360/400 5
J192843.97+645244.1 0.35 19.14 1.789 36.2 2019-11-02 520/400 2
J193547.95—-554946.4 1.55" 19.15 1.563 21.0 2020-03-17 360/400 3
J193711.89—163254.6 0.25" 18.97 1.779 32.8 2020-03-15 360,/400 2
J193718.81—182132.2* 1.2° 20.31/20.11 3.736/2.279 14.0/15.5 2020-07-02 360/400 5
J194200.49—-514724.2 0.65" 19.18 1.807 51.7 2020-03-14 360/480 3
J194349.74—023819.1* 1.6 18.96/20.17 0.333/1.018 24.4/18.1 2020-06-27 320/320 5
J194859.87—341200.2 0.3" 19.15 1.643 50.3 2020-03-18 360/240 2
J204848.00+625858.3* 2.5 20.41/20.18 0.0/2.047 17.8/16.5 2019-10-27 360/400 5
J205000.01—294721.7* 1.75° 20.12/18.91 3.913/4.117 17.6/51.0 2020-03-21 360/320 5
J212243.01—-002653.8* 1.975 18.71 19.89/19.34 0.0/1.580 15.0/40.6 2019-12-04 360/400 4
J215444.04+285635.3* 0.723 19.62 20.35/19.35 6.615/5.831 17.4/56.1 2019-12-02 360/400 4
J215732.70—-510730.4 1.157 19.25 1.844 24.0 2020-05-10 400/440 3
J221849.86—332243.6* 0.35 20.66/20.17 7.320/5.016 19.8/27.6 2020-08-21 360/400 5
J230223.02—423647.8 1.0 19.13 1.906 26.9 2020-08-22 400/400 3
J232157.47—113055.2 0.75" 19.12 1.724 29.2 2020-08-24 360/480 2
J232412.70+791752.3* 0.4" 17.00 1.749 103.3 2020-01-30 320/320 2
J233643.38—480152.3 0.8" 19.18 1.642 57.5 2020-08-28 360,/400 3
J235128.30—503418.5 0.6 19.28 1.580 29.5 2020-07-31 400/440 3

Note. Column 1: coordinate names in the form of “hhmmss.ss & ddmmss.s” based on Gaia DR2; the coordinates of the brightest source are used when multiple
sources are detected in Gaia. Targets with multiple sources in HST are marked with a star. Column 2: spectroscopic redshift or photometric redshift when denoted by
“+.” Column 3: SDSS r-band PSF magnitude. Column 4: Gaia G-band mean magnitude. Column 5: Gaia astrometric_excess_noise. Column 6: standard

deviation of Gaia G-band flux (=phot_g_mean_flux_error x (photiginiobs)%). Column 7: HST Observation date. Column 8: HST Exposure time in F475W

and F814W filters, respectively. Column 9: target category (see Table 1).

? Though Gaia DR2 detects two sources in J0322—5515, the HST observations only reveal one source. Recent Gaia EDR3 (Gaia Collaboration et al. 2021) only
shows one source in J0322—5515, which suggests that the second source in Gaia DR2 is an artifact.

using optical photometry from Pan-STARRS1 or DECaLS
with WISE W1 and W2 data (Yang et al. 2017). We use optical
photometric data from Pan-STARRSI1, or Gaia if Pan-
STARRSI1 is not available, in combination with WISE W1
and W2 mid-infrared photometry. The photo-zs are labeled with
dagger symbols in Tables 2 and 3.

2.5. Initial Optical Spectroscopic Follow-up Observations

We are conducting follow-up observations of HST-resolved
pairs and will present the final results of our follow-up
observations in a future paper. Here we present confirmation
and redshift measurements from ground-based Gemini optical
spectroscopy for the subset of targets that have been followed up
so far.

The Gemini GMOS spectroscopic follow-ups (GN-2020A-
DD-106 and GS-2020A-DD-106; PI: Liu, GN-2020A-Q-232;
PI: Chen) were conducted between 2020 February and August
for seven targets. The spectra cover the observed wavelength of
4000 A-10040 A with a resolving power R of 421. We are able
to decompose the (marginally) spatially resolved sources and
obtain the spectra of each source for six targets, except for
J0904-+3332 due to its small pair separation of 0”3. Out of the
six targets, one is the dual quasar reported in Shen et al. (2021)

and five are star—quasar superpositions, whose spectra are
shown in Figure 7.

3. Results

We present our HST follow-up observations of the 84
observed targets. Figure 3 shows the HST color composite
images of the 45 targets that have subarcsecond multiple cores
resolved at the HST resolution. Figure 4 shows the HST images
of the remaining 39 targets, which have a single unresolved
core with HST. Among the 45 quasars with multiple cores in
HST, 26 have multiple Gaia source matches and 19 have a
single matched source in Gaia.

We perform GALFIT decomposition of the HST-resolved
targets and compile the decomposed PSF fluxes in Table 3. We
classify each target based on the morphology, color information,
as well as follow-up spectroscopy. For the 39 single HST-
unresolved sources, the target is classified as an “unresolved
single” if a single PSF can well fit the surface brightness
(Xz < 1.3inthe 6” x 6" F814W GALFIT region); otherwise, the
target is classified as an “extended host” when additional Sérsic
components are needed to reduce X,%~ For the 45 quasars showing
multiple sources in HST, we use color information of each core to
distinguish star—quasar superposition (see Section 3.1 for details)
along with follow-up spectroscopy for several targets. If the
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Table 3
Properties of the 45 HST Targets with Multiple Cores
Name Redshift A0 T P.A. F475W F814W Cat. Classification
(arcsec)  (kpe)  (deg) (mag) (mag)
(e)) (@) 3 (C) ® © O] ® (©)]
J000514.20+702249.2 0.7 0.58 4.1 279.8 19.81/20.08 19.02/19.08 5 dual/lensed quasar
J014859.18—-553037.5 0.17 0.56 1.0 181.6 18.51/20.16 19.82/18.88 6 quasar--star
J024134.91+780107.0 2.357 0.58 4.7 126.8 19.44/23.19 19.56/21.36 2 quasar+-star
J024628.63+692234.0 0.95 0.49 39 49.2 20.90/22.59 17.93/18.89 5 quasar-star
J034828.66—401513.1 2.47 0.50 4.1 186.7 19.26/21.07 20.20/21.96 3 dual/lensed quasar
J045528.99—-445637.6 0.5 0.56 34 93.1 20.99/21.10/22.87 21.99/22.44/24.00 6 triple quasar®
J045905.23—-071407.1 0.25" 0.63 25 154.6 21.21/21.98 22.34/22.39 5 dual quasar’
J053620.234+-503826.2 1.8 0.32 2.7 162.3 18.68/20.01 18.52/19.90 2 dual/lensed quasar
J055455.69+511252.8 0.7 0.67 4.8 77.4 18.56/21.36 19.33/20.94 5 quasar+-star
J060734.57—-064838.5 2.3 0.25 2.0 196.3 21.29/23.87 18.11/19.69 2 quasar--star
J062903.08—753642.8 0.3 0.51 2.3 61.1 19.96/22.04/24.10 21.12/20.61/22.28 6 quasar-stars
J074800.55+314647.4 1.407 0.53 4.5 171.1 20.13/20.54 21.04/20.58 4 dual/lensed quasar
J074817.13+191003.0 3.096 0.40 3.1 52.1 18.93/20.92 19.78/19.83 1 quasar+-star
J074922.96+225511.7 2.166 0.46 3.8 56.1 19.18/20.78 20.02/21.39 1 dual quasar®
J075350.57+424743.9 1.523 0.33 2.8 306.9 18.06/21.49 18.93/20.43 1 quasar+-star
J075824.26+145752.4 2.568 0.50 4.0 69.0 19.58/21.90/23.57 20.07/21.54/21.93 1 quasar--stars
J081603.79+430521.1 0.586 0.72 4.8 275.3 20.61/22.34 21.75/20.65 4 quasar-star®
J082341.08+241805.6 1.811 0.64 5.4 183.2 18.19/18.58 18.54/18.86 4 dual/lensed quasar
J084129.77+482548.4 2.949 0.46 35 132.0 19.48/19.81 20.04/20.61 1 dual quasar®
J090408.66+333205.2 1.103 0.30 25 104.2 18.65/20.69 19.75/20.08 1 quasar--star
J090501.12+585902.5 2.386 0.61 5.0 228.0 18.62/22.87 19.72/21.36 1 quasar+-star
J091826.08+351243.1 1.521 0.18 1.6 260.3 19.13/21.92 19.75/20.10 1 quasar+-star
J091938.93+621951.1 1.270 0.69 5.7 3333 19.11/22.61 19.65/20.39 4 quasar+-star
J094007.41+334609.5 1.784 0.74 6.2 239.2 19.81/20.89 20.31/20.07 4 quasar+-star
J105929.04—-503739.5 0.257 0.54 2.1 223.2 19.00/22.62 19.45/21.20 3 quasar+-star
J122734.48—-491202.5 0.25" 0.50 1.9 301.8 20.71/21.28 20.74/20.89 6 quasar-star
J131416.01-491218.2 2.29 0.52 42 160.5 19.38,/20.93/24.26 20.13/19.65/22.27 6 quasar+stars”
J161349.51-264432.5 117 0.28 2.3 250.5 20.02/23.19 20.78/21.67 2 quasar+-star
J164818.07+415550.1 2.393 0.44 35 39.9 18.40/21.02 19.44/21.79 1 dual/lensed quasar
J164941.29+081233.5 1.4 0.59 5.0 1.9 19.07/19.73 19.55/20.26 5 dual/lensed quasar
J171139.97—-161147.9 0.75" 0.67 49 128.6 20.69/20.99/24.87 20.34/20.76/22.66 5 dual/lensed quasar-star
J173222.88—-133535.2 0.292 0.72 32 329.0 19.98/21.37 19.43/21.08 2 quasar+star”
J175543.18+422924.2 1.95° 0.59 5.0 12.0 17.72/21.85 18.57/20.86 5 quasar+-star
J180409.55+323029.5 0.504 0.68 3.6 181.2 19.09/20.68 20.23/20.15 5 quasar-star”
J184520.85—-232227.6 0.8 0.66 5.0 170.4 19.51/20.04 19.88/20.02 5 dual/lensed quasar
J185226.10+483315.0 1.480 0.62 52 190.6 18.94/22.49 19.80/21.65 2 quasar-+star”
J185728.65+704811.3 1.230 0.61 5.0 160.4 19.87/23.15 20.47/20.27 5 quasar+star”
J193718.81—-182132.2 1.2 0.62 52 188.4 20.25/20.59 21.09/20.98 5 dual/lensed quasar
J194349.74—-023819.1 1.6" 0.66 5.6 174.7 19.25/21.04 19.79/20.57 5 quasar--star
J204848.00+625858.3 2.5 0.62 5.0 297.1 20.33/20.87 20.58/20.94 5 dual/lensed quasar
J205000.01-294721.7 1.75° 0.65 5.5 280.4 19.18/20.64 19.59/20.67 5 dual/lensed quasar
J212243.01-002653.8 1.975 0.52 4.4 313.8 19.20/20.38 19.96/20.48 4 dual/lensed quasar
J215444.04+285635.3 0.723 0.68 49 193.0 19.53/20.89 20.90/20.98 4 quasar--star
J221849.86—332243.6 2.0° - 21.11/21.25/21.89/22.73  21.10/21.30/21.77/22.68 5 quad lens
J232412.70+791752.3 0.4 0.49 2.7 310.5 17.58/18.93 17.55/19.57 2 dual/lensed quasar
Notes. Column 1: J2000 coordinates in the form of “hhmmss.ss + ddmmss.s.” Column 2: spectroscopic redshift or photometric redshift when denoted with “f.” Col.

3: angular separation. Column 4: projected physical separation based on the redshift. Column 5: position angle between the two brightest sources in degree east of
north. Column 6: HST F475W ST magnitude of each source. Column 7: HST F814W ST magnitude of each source. Column. 8: target category. Column 9: best-effort
classification. The term “stars” in classification means more than one PSF component with star-like color, instead of an extended source. Targets that are confirmed
spectroscopically are marked in bold.

? See detailed discussion in Shen et al. (2021).

® The classifications are based on the spatially resolved optical spectra from Gemini.

¢ The classification is based on the unresolved SDSS spectra.

4 The targets reveal irregular merger features.

¢ Using a fiducial redshift of 2.0 for the quadruply lensed quasar. The photo-z is biased due to the contamination of the foreground galaxy.

system has a red color in either core or has a large color In addition to the classifications defined above, we also add
difference, it is classified as “quasarstar” and as a “dual/lensed “dual quasar,” which include the two confirmed dual quasars
quasar” if the colors of both cores are quasar like. (JO749+2255 and J0841+4825) from Shen et al. (2021) and a
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Figure 3. HST/WEFC3 color composite images (F475W in blue, F814W in red, and the average of F475W and F814W in green) of the 45 targets showing multiple

sources

the HST images. North is up and east is to the left. The Gaia DR2 source positions are marked by the green crosses. Labeled in each panel are the angular

and physical separations between the double sources (physical separations calculated using photo-zs are in parentheses). The target category of each source is labeled

in the bottom-left corner.

dual quasar candidate (J0O459—0714) showing a tidal feature,
“triple quasar,” which includes a triple quasar candidate (JO455
—4456) showing a tidal feature, and “quad lens,” which
includes a quadruply lensed quasar (J2218—3322) with the
Einstein ring and the central lens galaxy. The classification for
each of those targets is discussed in detail in Section 3.3.
Our HST program has revealed a large fraction of resolved
subarcsecond pairs in our Gaia-selected quasar targets;
additional follow-up observations are required to confirm the
nature of these resolved pairs. We summarize our source

classifications for the six target categories in Figure 5. Below
we provide our best effort in classifying these resolved pairs
based on the existing data.

3.1. Chance Superposition with Stars

The dual-band HST colors can be used to assess the likelihood
of star—quasar superposition. If the resolved pairs have similar
optical colors, they are more likely to be both quasars (either a
dual quasar or a lensed quasar). However, there are exceptions
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Figure 4. Same as Figure 3, but for the 39 targets that appear single in HST imaging.

where the physical quasar pairs can have different colors such as
the z=1.285 dual quasar (with a separation of 1767) SDSS
J233646.2—010732.6, which consists of a standard quasar with a
blue continuum and a broad absorption line (BAL) quasar (Gregg
et al. 2002).

We use the F475W — F814W color to identify possible
star—quasar superpositions. Given some of the targets are at
low Galactic latitudes, we correct for the Galactic extinction
with DUSTMAPS (Green 2018) using the Schlegel, Finkbeiner,
and Davis (SFD) map of interstellar dust (Schlegel et al.
1998) and convert the E(B — V) values in SFD to extinctions
in the HST F475W and F814W filters using Table 6 in
Schlafly & Finkbeiner (2011) for Ry =3.1. The dereddened
F475W — F814W colors of each source for the 45 HST-
resolved pairs are shown in the top panel of Figure 6. The
color differences (color of the fainter source minus color of
the brighter source) within each pair are presented in the
bottom panel of Figure 6.

We use two criteria to identify possible star—quasar
superpositions:

1. FA75W — F814W > 0 mag, or
2. (FA75W — F814W), — (F475W — F814W); > 1 mag,

where 1 is the brightest source in F475W and 2 is the second
brightest (or faintest) source in F475W. The system is classified
as a star—quasar pair if it meets either criterion. For the few
targets with three sources, we use the F475W — F814W color
of each source and the color difference between the brightest
source and the second brightest (or faintest) source to identify
possible star contamination.

We convolve the quasar’s SED templates from Vanden
Berk et al. (2001) and Glikman et al. (2006) and the stellar
templates from Pickles (1998) with HST bandpasses using
PYSYNPHOT to produce the synthetic F475W — F814W
colors of canonical quasars and different types of stars. The
colors of quasars at z = 0-3 are between —0.3 and —1.0 mag.



THE ASTROPHYSICAL JOURNAL, 925:162 (16pp), 2022 February 1

E## dual quasar

257 W& triple quasar
88 dual/lensed quasar
¥4 quad lens

20 1

B quasar+star
B unresolved single
extended host

Target Category

Figure 5. Numbers of targets for each classification in the six target categories.
The six target categories are 1. SDSS Single, 2. WISE+PS1 Single, 3. WISE-
only Single, 4. SDSS Multiple, 5. WISE+PS1 Multiple, and 6. WISE-only
Multiple. The details of each target category are described in Section 2.1.

31 o Photometric Candidate

® Spectroscopic Candidate
4 Confirmed Star .
Confirmed Dual Quasar j

_3 O Primary
! {'Secondary

*

F475W-F814W
[e] =
e

. 0.00 0.25 0.50 0.75 1.00 1.25 1.50 0 10

= *

: -

zi 0’ o ° .

©~ 2 * . e o0 o

) o o o

. - :

o 1

= LT

<

— ° @ o

g o o » .

1 O o ° o o °

= . & .

n

>~ o

<

-1+ . . . . . . .
0.00 0.25 0.50 0.75 1.00 1.25 1.50 0 5

log(F475W Flux Ratio) N

Figure 6. Top: F475W — F814W color versus F475W flux ratio of two sources
for the 45 targets with HST-resolved multiple sources. The black vertical lines
connect two sources in the same system. Bottom: F475W — F814W color
difference versus F475W flux ratio of the two sources. For targets with more
than two sources, we only plot the two brightest sources. The red diamonds
represent the spectroscopically confirmed star—quasar superpositions, the green
squares represent the two confirmed dual quasars in Shen et al. (2021), and the
filled (open) circles represent the systems with spectroscopic (photometric)
redshift. The red dashed lines represent the two-color selection criteria for
identifying stars.

The first criterion separates quasars from foreground K- and
M-type stars. Though we cannot separate F- and G-type stars
from quasars due to similar continuum slopes, they should be
much rarer than K- and M-type stars (Kroupa et al. 1993;
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Kirkpatrick et al. 2012; Bovy 2017). The second criterion
removes those with a large color discrepancy, which are likely
to be star—quasar superpositions. The caveat of the color
selections is that it will remove real quasar pairs with different
colors such as normal+BAL quasars. It is also noted that
some stars might be unresolved compact stellar clusters in a
companion galaxy, whose two-band HST colors may be
similar to those of single stars.

There are five star—quasar superpositions confirmed by
Gemini long-slit spectroscopy, shown in Figure 7. The stellar
absorption features are seen in the spectra of all the
companions. J185747048 shows strong metal absorption
lines which indicates that the companion is an M-type star.
The Nal A\ 5890,5896 A absorption lines as well as the
Call A\ 8498,8542,8662 A lines are seen in J1314+4912,
J18044-3230, and J18524-4833, suggesting that their compa-
nions are K-type stars. Though the interstellar medium in the
Milky Way can also produce Nal absorption lines (Murga
et al. 2015), we only see Nal lines in the companion’s
spectrum but not in the quasar’s spectrum, which disfavors
this scenario. As for J1732—1335, the narrow Ho absorption
line at 6563 A indicates that the companion is a G-type star;
the weak emission at 8479 A is the flux leakage from the
quasar due to the high flux contrast between the two cores
and the marginally resolved spectra. With one additional
confirmed case (JO816+4-4305) from its SDSS unresolved
spectrum (missed during our initial HST target selection), six
targets have been spectroscopically confirmed as star—quasar
superpositions. They are shown as red filled diamonds in
Figure 6.

All the spectroscopically confirmed star—quasar superposi-
tions are correctly identified using our color cuts except for
J1732—1335, whose companion is likely a G-type star. This
test suggests our two color criteria are reasonable in identifying
star—quasar pairs with an estimated success rate of 80% (i.e.,
5/6). Based on these two color criteria and the follow-up
spectroscopic observations, we classify 26 of the 45 HST
multiples as (potential) star—quasar superpositions.

3.2. Star—Quasar Superposition Probability

We estimate the probability of star—quasar superposition
for the SDSS quasars (Category 1) by considering their
surrounding stellar density. We start with the parent quasar
sample from which the HST SDSS targets are selected
(Hwang et al. 2020). Specifically, for this parent quasar
sample, we require that there is only a single Gaia match
within 3” with a G-band magnitude <19.5, visibility_
periods_used > 9, and z > 0.5, resulting in a sample of
~79,000 quasars. Then, we offset their decl. by 1’ and search
for nearby Gaia DR2 sources at the offset positions. All
nearby sources around the offset coordinates are considered
star—quasar pairs. Because the star—quasar superposition rate
depends on the surrounding stellar density, which further
depends on the Galactic coordinates, our test ensures that the
offset coordinates have similar Galactic coordinates (differ by
only 1) and therefore have a similar star—quasar super-
position rate to the original parent sample.

Our star—quasar superposition test finds that there are 11
offset coordinates that have another fainter source within 075
(given the mean angular separation of 07406 for the single-
Gaia-match quasars with HST double cores). We only consider
the pairs where the nearby sources are fainter than the quasars
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Figure 8. HST/WFC3 color composite images of three highlighted targets. Left: a triple quasar candidate with an irregular tidal feature. Middle: a dual quasar

candidate with an irregular tidal feature. Right: a quadruply lensed quasar.

in the Gaia G band because a superposition of a quasar with a
brighter stellar object would be removed from our sample by
their stellar features in SDSS spectra or is not included in the
SDSS quasar catalog in the first place. Because Gaia DR2’s
completeness of nearby source identification drops significantly
below 077 (Arenou et al. 2018), we expect that most of these
11 pairs would remain unresolved in Gaia DR2 and appear as
single-Gaia-match quasars. If these 11 mock pairs all have
sufficiently high astrometric excess noise and become our HST
targets, then the stellar contamination fraction among the 40
single-Gaia-matched HST targets (i.e., Category 1) is at most
30% £ 10% (assuming Poisson noise). This is a hard upper
limit because some of them can be excluded by the stellar
spectral features when the star is not much fainter than the
quasar, and more importantly, star—quasar pairs may not
necessarily have a high astrometric excess noise that falls into
our selection. For comparison, our color criteria identify 6 star—
quasar pairs out of the 17 observed targets in Category 1, which
results in a contamination rate of 6/17 (35%), in broad
agreement with this shifted position test.
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3.3. Dual Quasars versus Lensed Quasars

The primary goal of our program is to discover ~kiloparsec-
scale dual quasars, especially at z > 1. As illustrated in Figure 1,
our targeted search has the potential to fill a redshift—separation
regime largely uncharted by previous searches for dual quasars.
We have followed up some promising candidate high-redshift
kiloparsec-scale dual quasars from the resolved 45 systems.
J0749+2255 and J0841+44825 have been reported in Shen
et al. (2021) and favor the dual quasar scenario (although the
lensed quasar scenario cannot be entirely ruled out). Based on
statistical arguments, Shen et al. (2021) argued that the
abundance of high-redshift subarcsecond gravitational lens is
insufficient to account for most of the resolved pairs in our
systematic search.

Besides the spectroscopically confirmed dual quasars and
star—quasar superpositions, the HST images revealed diag-
nostic morphology such as tidal features or lens galaxies in
several targets (Figure 8). J0455—4456 is classified as a triple
quasar candidate, which shows an irregular tidal feature in the
images, and the FA75W — F814W colors of its three sources
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are consistent with quasar color. Similar tidal features are seen
in J0459—0714, which is likely a dual quasar. On the other
hand, a lens galaxy and a weak Einstein ring in J2218—-3322
confirm the lensing scenario. J2218-3322 is among the
smallest-separation quadruply lensed quasars (Blackburne
et al. 2008). Besides J0455—4456, there are also four targets
(JO629—7536, JO758+1457, J1314—4912, and 1711—-1611)
consisting of three components, although not all components
are classified as quasars based on their colors in each target.
Those four targets are likely a dual/lensed quasar with a star or
a quasar with two stars.

For other pairs without distinctive features, the hypothesis of
lensed quasars cannot be easily ruled out. Our HST optical
imaging is too shallow and inefficient to rule in/out a high-
redshift lens in individual systems, except in rare cases where a
potential lens is detected (e.g., J2218—3322) or a merger
feature is seen (e.g., J0455—4456 and J0459—-0714), support-
ing the dual quasar classification. Besides, given the general
similarity of quasar spectra, nearly identical spectra do not
necessarily imply a lensed quasar. For example, SDSS J1124
+5710 and SDSS J1309+45617 in More et al. (2016) have
nearly identical spectra, but the slight differences in the
emission-line shapes and redshifts suggest that they are
probably physical pairs. Future high-resolution IR imaging
and spatially resolved spectroscopy are essential to distinguish
dual quasars from lensed quasars.

4. Discussion
4.1. Varstrometry Selection Efficiency Increases with Redshift

Among the Gaia single-matched targets observed by HST,
those with spectroscopic redshifts from SDSS (Category 1)
have the highest pair fraction of 53%, and those from PSI
+WISE (Category 2) have a moderate pair fraction of 27%; in
contrast, those with WISE-only selection (Category 3) have the
lowest pair fraction of 15% (Table 1). The high success rate of
the SDSS targets is expected given that we were able to
exclude the low-redshift (z <0.5) targets. As for the PS1
+WISE targets, without spectroscopic redshifts, the sample
might still contain low-z host galaxies that are unresolved in
PS1, which slightly reduces the observed pair fraction. The
lowest success rate of the WISE-only targets is likely due to the
lack of optical imaging information to exclude the contamina-
tion from extended host galaxies or the complicated selection
criteria to remove the low-z extended galaxy that might also
reject possible doubles.

To better demonstrate the host galaxy contamination at low
redshift, we show the pair fraction of the Gaia single-matched
targets as a function of redshift in Figure 9. The pair fraction is
the fraction of doubles/multiples regardless of their physical
nature among the observed targets. The targets at low redshift
(z < 1) are more contaminated by extended host emission and
have a low success rate of HST-resolved pairs. However, the
pair fraction increases dramatically at z>1. The high pair
fraction at z > 1 suggests that the varstrometry technique
is highly effective in searching for subarcsecond quasar pairs at
high redshift. While our follow-up observations only produced
a small number of confirmed dual quasars, there is evidence
(Figure 9) that the varstrometry selection is efficient in
discovering genuine z > 1 double quasars (either physical pairs
or lensed quasars).
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Figure 9. Pair fraction of the Gaia single-matched targets (i.e., varstro-
metry selection) as a function of redshift. The pair fraction is defined as the
number of doubles/multiples regardless of their physical nature divided by the
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bin. In addition to the pair fraction, the dual/lensed quasar fraction is shown in
the gray histogram. Left: the SDSS single-matched targets only. Right: the non-
SDSS single-matched targets. The redshifts are from photo-zs if spectroscopic
redshifts are unavailable.

4.2. Separation Predicted from Varstrometry

We test if the separations predicted from varstrometry
are consistent with the true separations measured in the HST
images for the 18 pairs with single Gaia detections. Hwang
et al. (2020) give the relation between astrometric jitter,
separation, and fractional photometric variability if astro-
metric jitter is solely due to the asynchronous flux variations
of both members in an unresolved pair. For an unresolved
double quasar, if both quasars have similar fractional
variability, the predicted separation (using Equation (3) in
Hwang et al. 2020) is

O—HS'IO

D ~

\/ 0 )] M
I+9*A+gd  f

where D is the separation, 0,4, i the astrometric jitter, g is the
flux ratio, /(Af?) is the total flux variability of the system,
and f is the mean flux of the system. For an unresolved
star—quasar superposition, in which only one member is

variable, the predicted separation (using Equation (5) in
Hwang et al. 2020) is

Oastro

q oy

D~ 2)

l+q f

The astrometric jitter o, 1S calculated as the root sum of the
square of the astrometric_excess_noise, parallax, and
proper motion in the 22 month observing period of Gaia DR2.

The flux variability / (Af?) is estimated as phot_g_mean_-
flux_error times the square root of phot_g_n_obs. We
subtract the flux variability by the measurement uncertainty
(using all sources with similar magnitudes (Am < 0.1) within a
radius of 0.5°) to obtain the quasar-induced intrinsic photo-
metric variability. The flux ratio in the Gaia G band is
estimated from the interpolation of the HST dual-band fluxes.
We apply Equation (1) to the targets classified as dual/lensed
quasars and Equation (2) to those classified as star—quasar
superpositions. Figure 10 shows the comparison between the
predicted separations from varstrometry and the true
separations for the 18 pairs with single Gaia detections. Two-
thirds of the targets are within 1o uncertainties. The predicted
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Figure 10. Comparison between the predicted separations from varstro-
metry and the true separations for the 18 pairs with single Gaia detections.
The black line shows the unity relation. The gray lines are the corresponding
physical separations for 0”2 (1.6 kpc) and 0”7 (5.6 kpc) at z = 1. At these
scales, both black holes are within the potential of the merged galaxy and
follow orbital decay due to dynamical friction.

separations are broadly consistent with the true separations,
supporting varstrometry as the origin of astrometric jitters,
although the data points are not tight enough to reject other
systematics. We found that targets with separations of >0”5
have larger offsets from the expected values, which is likely
because the large pair separation makes the light profile deviate
from a single PSF. In practice, it is difficult to predict the
separations precisely based on the approximate varstrome-
try formula. We suspect that the 0”2-0”7 range is mostly a
selection effect. For pairs with separations of 20”8, Gaia
would likely already resolve the source; on the other hand, HST
cannot resolve the pair with separations of <0”2), but the
expected shorter dynamical time at smaller separations might
play some role here as well.

4.3. HST-unresolved Sources

Besides the subarcsecond doubles/multiples resolved by
HST, there are 39 HST-unresolved targets. Several possibilities
could explain those unresolved sources: varstrometry may
be able to detect doubles that are unresolved by HST, extended
host emission could contribute extra astrometric noise, or they
are caused by Gaia systematics. Thirteen (~33%) of the 39
HST-unresolved sources contain significant extended emission
from host galaxies (Figure 5) and are at low redshift (z < 1)
based on the SDSS spectra or photo-zs. Most of the systems
classified as extended hosts fall in the categories without
spectroscopic redshifts (Categories 2 and 3), which is expected
because these categories mainly rely on the astrometric excess
noise; extended host emission can contribute to this astrometric
excess noise (Hwang et al. 2020). As for the systems from
SDSS (Category 1), because low-redshift targets (z < 0.5) had
been removed, the point-like targets could either be small-scale
(<0”1) doubles that are unresolved by HST or could be caused
by Gaia systematics.

There are some interesting targets that cannot be modeled
by a single PSF or a PSF with Sérsic components. One
such case is J0041—7347, which shows an elongated ellipse
with a similar color profile across the ellipse. However,
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Leisy & Dennefeld (1996) have identified JO041—7347 as a
carbon-rich planetary nebula based on optical and ultraviolet
spectroscopic observations. The other cases are J0620—0711
and J0258+4-6905, whose central components deviate from the
PSF and show faint offset residuals. The targets with the small
offset residuals could be double cores with a separation smaller
than the HST resolution (<07 1); however, the possibility of an
imperfect PSF model cannot be excluded.

4.4. Comparison to Other Methods

There are several other techniques for finding dual quasars at
(sub)kiloparsec scales that are unresolved in ground-based
observations. One popular method is double-peaked profiles in
narrow emission lines in quasar spectra (Wang et al. 2009; Liu
et al. 2010b; Smith et al. 2010). However, most dual quasars
found from the double-peaked narrow-line samples (Liu et al.
2010a; Fu et al. 2012; Comerford et al. 2015) are at low
redshifts (z < 0.5). In addition, in most cases, such a double-
peaked structure is due to the complex kinematics of the
narrow-line region, such as rotation and outflows (Shen et al.
2011a; Fu et al. 2012; Zakamska & Greene 2014; Miiller-
Sanchez et al. 2016); the dual quasar fraction among the
double-peaked narrow-line sample is usually a few percent
(Shen et al. 2011a; Fu et al. 2012). Direct imaging with high-
resolution radio interferometers (e.g., VLA and VLBA) is also
used to confirm the nature of dual quasar candidates at
kiloparsec scales (Fu et al. 2015a, 2015b; Shen et al. 2021) or
even at parsec scales (Rodriguez et al. 2006) although it
requires the source to be radio bright.

By design, the varstrometry selection technique only applies
to (optically) unobscured broad-line (i.e., type 1) quasars,
where the AGN variability is detectable by Gaia. It is possible
that kiloparsec dual quasars in high-redshift mergers are more
likely to be obscured systems, similar to the cases observed in
MIR-selected low-redshift dual AGNs (Satyapal et al. 2017;
Pfeifle et al. 2019). We will investigate this possibility in future
work by comparing our observational results with cosmological
hydrodynamic simulations (Blecha et al. 2013, 2018).

Other indirect methods such as the radial velocity shift of the
broad emission lines (Eracleous et al. 2012; Shen et al. 2013;
Liu et al. 2014; Runnoe et al. 2017; Wang et al. 2017; Guo
et al. 2019) and periodicity in the optical light curves (Graham
et al. 2015; Charisi et al. 2016; Liu et al. 2019; Chen et al.
2020b; Liao et al. 2021) are sensitive to binary SMBHs at
subparsec scales, where the two SMBHs become gravitation-
ally bound. Both methods require decade-long, multiepoch
imaging or spectroscopy. Those candidates are difficult to
resolve with radio interferometers even with VLBI; none of
them are confirmed by direct imaging so far.

The high pair fraction of ~30% in the single-Gaia-matched
quasar sample indicates that the varstrometry technique is
very effective in finding unresolved pairs. Assuming that
~40% of the pairs are dual/lensed quasars, we expect that
~12% of the candidates selected from varstrometry are
dual/lensed quasars. The fraction is even higher in the
spectroscopically confirmed quasar sample (Category 1).

4.5. Refining Targeting and Follow-up Strategy

Building on the results from this pilot HST program, we can
refine the targeting strategy to search for dual quasars with
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high-spatial-resolution imaging/spectroscopy, especially with
varstrometry to improve the success rate:

1. The new Gaia EDR3 (Gaia Collaboration et al. 2021)
provides better astrometric measurements overall. The
position uncertainties of objects at the faint end decreased
by nearly half, for example, from 0.7 mas in DR2 to
0.4 mas in EDR3 at G =20 (Lindegren et al. 2021). In
addition, EDR3 resolves more subarcsecond pairs than
DR2, has better treatments of extended sources, and the
reliability of the astrometric excess noise parameter is
generally improved over DR2. From the same var-
strometry selection criteria, the 38 HST-unresolved
targets (excluding J0322—5515) show astrometri-
c_excess_noise of 1.66 &= 0.14 mas, and the 18 HST-
resolved pairs show higher values of 2.50 £ 1.36 mas, a
~50 difference. The higher astrometric_excess_
noise values of the HST-resolved pairs support the
hypothesis of varstrometry technique. For the HST-
unresolved targets, the astrometric_excess_
noise values in EDR3 decrease by 40% on average
compared with those in DR2. The improvement on the
astrometric excess noise would be particularly useful to
reduce false positives selected with varstrometry
(e.g., those that appeared unresolved or with extended
host emission in HST imaging). We also expect less
spurious Gaia source detections such as those in
J0322-5515.

2. Additional IR imaging with HST (or ground-based
adaptive optics) is needed to confirm/reject the lensing
scenario. The current HST F814W optical imaging data
are too shallow to detect the lens galaxies, especially for
the high-z systems (Shen et al. 2021). Even with spatially
resolved spectroscopy, it is often difficult to rule out the
lensing scenario (Shen et al. 2021). High-resolution IR
imaging, even at the HST SNAP depth, is highly efficient
to rule out the lensing scenario by the nondetection of
lens galaxies.

3. High-resolution radio imaging could be used to reject
star—quasar superposition. Detecting two flat-spectrum
compact radio cores will confirm the candidate as a dual/
lensed quasar. In addition, if two radio cores have
significantly different spectral indices, it will suggest that
the source is a dual quasar instead of a lensed quasar.
Shen et al. (2021) reported preliminary VLBA observa-
tions of J0749+2255, supporting the dual quasar
scenario. A few of our targets have detections in publicly
available radio surveys such as FIRST (Becker et al.
1995), NVSS (Condon et al. 1998), and/or VLASS (Lacy
et al. 2020), but the angular resolutions of those public
radio data are not high enough to resolve the subarcse-
cond pairs.

4. Tt is more efficient to target spectroscopically confirmed
quasars at z>1 than photometric quasar candidates,
given the redshift information and potential identification
of star—quasar superposition in the spectrum. Indeed, the
SDSS varstrometry-selected candidates show a high
pair detection rate (53%), while the WISE-only candi-
dates only have a pair fraction of 15%, which suggests
that the redshift information is crucial to mitigate host
galaxy contamination in the astrometric measurements.

5. Wide-field multiband imaging surveys such as the Dark
Energy Survey (Abbott et al. 2018) and DECaLS
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(Dey et al. 2019) can provide extra morphology and
color information. Because of the excellent image
qualities (median r-band FWHM of 1718 in DECaLS
and 0796 in DES), some pairs with wider separations are
marginally resolved and identified. The multiband colors
could also help remove star—quasar superpositions.
Among the 14 quasar+star pairs that are covered by
DECalLS and DES, we find eight of them have been
identified as two sources, whose separations are >0”6.
For the rest of the four quasar+star pairs, two of them
also show significant red emissions in the residual map.

5. Conclusions

In this paper, we present HST dual-band (F475W and
F814W) optical imaging for 56 Gaia-unresolved dual quasar
candidates selected by varstrometry and 28 Gaia-resolved
dual quasar candidates. These dual quasar candidates are in the
subarcsecond regime and represent the long-sought kiloparsec-
scale dual quasar population.

Our HST imaging of the 84 targets reveals 45 resolved pairs
(or multiples), among which 17 resolved pairs are from the
varstrometry selection. The fraction of resolved pairs
among the varstrometry-selected targets is ~30%-50%,
increasing toward high redshift (~60-80% at z > 1.5), with the
highest success rate (Z80%) in spectroscopically confirmed
quasar targets.

We discuss the nature of the 45 HST-resolved quasar targets
based on HST and supplementary data. Given that star—quasar
superpositions are a significant contaminant for our sample, we
develop color criteria that can successfully reject most of them
(~80%). A substantial fraction (19/45 ~40%) of the HST-
resolved pairs are likely physical quasar pairs or gravitationally
lensed quasars. It is more probable that most of them are dual
quasars instead of lenses, which require very massive lenses at
high redshifts given the nondetection of the lens galaxy in the
HST image. These systems fill in an important redshift—
separation regime of dual SMBHs that has been poorly
explored in earlier searches (Figure 1). Besides the candidates
selected by colors, we also discover a quadruply lensed quasar,
which shows a foreground lens in the HST images.

This program with HST optical imaging demonstrates the
potential of using varstrometry and Gaia data to system-
atically discover genuine ~kiloparsec-scale dual quasars,
especially at z> 1. Our results provide important guidelines
to significantly refine the targeting and follow-up strategy and
to facilitate the classifications (Section 4.5), with improved
astrometric measurements from Gaia EDR3 and future data
releases.
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