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ABSTRACT

High-redshift binary quasars provide key insights into mergers and quasar activity, and are useful tools for probing the spatial kine-
matics and chemistry of galaxies along the line of sight. However, only three sub-10-kpc binaries have been confirmed above z = 1.
Gravitational lensing would provide a way to easily resolve such binaries, study them in higher resolution, and provide more sightlines,
though the required alignment with a massive foreground galaxy is rare. Through image deconvolution of StanCam Nordic Optical
Telescope (NOT) monitoring data, we reveal two further point sources in the known, z ~ 2.38, quadruply lensed quasar (quad)
J1721+8842. An ALFOSC/NOT long-slit spectrum shows that the brighter of these two sources is a quasar with z = 2.369 + 0.007
based on the C1i] line, while the C 1m1] redshift of the quad is z = 2.364 + 0.003. Lens modelling using point-source positions rules
out a single source model, favouring an isothermal lens mass profile with two quasar sources separated by ~6.0kpc (0.73”) in pro-
jection. Given the resolving ability from lensing and current lensed quasar statistics, this discovery suggests a large population of
undiscovered, unlensed sub-10-kpc binaries. We also analyse spectra of two images of the quad, showing narrow Ly« emission within
the trough of a proximate damped Lyman-a absorber (PDLA). An apparent mismatch between the continuum and narrow line flux
ratios provides a new potential tool for simultaneously studying microlensing and the quasar host galaxy. Signs of the PDLA are also
seen in the second source, but a deeper spectrum is still required to confirm this. Thanks to the multiple lines of sight from lensing

and two quasar sources, this system offers simultaneous subparsec- and kiloparsec-scale probes of a PDLA.
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1. Introduction

Quasar clustering is a natural prediction of the hierarchical struc-
ture formation scenario, and the distributions of luminosity, red-
shift, and separation shed light on mergers and their role in
the onset of quasar activity (Djorgovski et al. 1991; Hennawi
et al. 2006; Hopkins et al. 2007; da Angela et al. 2008). Thanks
to dedicated spectroscopic confirmation campaigns in recent
years, the clustering amplitude is well-measured above ~25 kpc
up to z~2, that is, with sky separations above 3 arcseconds
(Hennawi et al. 2010; Kayo & Oguri 2012; Eftekharzadeh et al.
2017). However, probing the final stages of mergers at the
peak of quasar activity (z~2-3) requires yet smaller separa-
tion binaries at higher redshifts, of which very few are known
(see Chen et al. 2021 for a compilation of redshift and sepa-
rations of known systems and candidates). Both observations
and simulations link increased quasar activity with decreasing
merger separation, peaking below 10kpc, suggesting a similar
peak should be seen for binary quasars (Van Wassenhove et al.
2012; Capelo et al. 2017; Stemo et al. 2021). Whether such sys-
tems are simply intrinsically rare due to astrophysical processes,
such as the restriction of gas inflow as mergers become stable
(Mortlock et al. 1999), or are simply undiscovered, is not yet

* The reduced 2D spectra are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strashg. fr/viz-bin/cat/J/A+A/657/A113
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known (Foreman et al. 2009). Thanks to high-resolution wide-
field surveys like Gaia and HSC, targeted searches for such
systems are becoming possible, but require extensive spectro-
scopic and imaging follow-up (Shen et al. 2021; Tang et al.
2021). The handful of confirmed high-redshift quasar pairs at
~1" separation are known thanks to large spectroscopic follow-
up campaigns of gravitational lens candidates (More et al. 2016;
Schechter et al. 2017; Anguita et al. 2018; Lemon et al. 2018).
Gravitational lenses themselves provide important tools for
probing galaxy formation and evolution, and also cosmology.
The positions and fluxes of the multiple images constrain the
lensing galaxy mass, and can be used to test the Cold Dark Mat-
ter paradigm through sub-halo number measurements (Gilman
et al. 2019; Hsueh et al. 2020). The magnification accompanied
by lensing allows us to study faint high-redshift source popu-
lations at high resolution (Paraficz et al. 2018; Hartley et al.
2019; Inoue et al. 2020; Ding et al. 2021; Stacey et al. 2021).
Lensed quasars in particular offer the unique probe of time-delay
cosmography, because of their intrinsic source variability (Liao
et al. 2019; Millon et al. 2020a,b; Harvey 2020; Wong et al.
2020; Shajib et al. 2020). Furthermore, microlensing by stars in
the lensing galaxy can be used to study quasar structure (Sluse
et al. 2015; Hutsemékers et al. 2020; Cornachione et al. 2020;
Shalyapin et al. 2021), and the initial mass function and pri-
mordial black holes (Mediavilla et al. 2017; Jiménez-Vicente &
Mediavilla 2019; Esteban-Gutiérrez et al. 2020; Hawkins 2020).
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Given the bright quasar source and multiple lines of sight, char-
acterising the metallicity, geometry, and structure of interven-
ing material provides strong observational constraints on the
anisotropy and densities of elements in galaxies out to high red-
shift (Smette et al. 1992; Okoshi et al. 2019; Cashman et al.
2021).

The search for gravitationally lensed quasars is fuelled by
the lack of known systems for all of these science cases, and is
further hindered by the need for specific characteristics adapted
to the particular probe (e.g., asymmetric quads for time delays,
broad absorption line quasar sources for certain source probe
techniques, etc.). The ongoing discovery and characterisation of
these objects is needed to advance such studies.

In this paper, we describe the initial results from tar-
geted imaging and spectroscopy of a recently discovered lensed
quasar, J1721+8842. The lens was discovered by Lemon et al.
(2018) by searching for multiple Gaia detections around quasar
candidates with quasar-like WISE colours, and subsequently
grading these with Pan-STARRS imaging. Basic pixel modelling
showed a residual next to one of the four quasar images, which
the authors suggest to be either a foreground object or a possible
further image of the source.

In Sect. 2, we describe the imaging and deconvolution from
monitoring data at the Nordic Optical Telescope (NOT). In Sect. 3,
we analyse a long-slit spectrum from ALFOSC on the NOT, fol-
lowed by a targeted spectrum for the lens redshift in Sect. 4. In
Sect. 5, we perform mass modelling to infer the likely number of
sources, and discuss the results in Sect. 6. We conclude in Sect. 7.
Throughout we use a flat-Lambda Cold Dark Matter cosmology
with Hy = 70 km s™! Mpc‘l, Qu =0.3,and Qp = 0.7.

2. Image deconvolution

The proximity of J1721+8842 to the north celestial pole ideally
provides no season gaps for a possible time-delay measurement.
However, it is either inaccessible to many northern telescope
facilities or is at perpetually high airmass. Its bright and well-
separated images overcomes this drawback and so J1721+8842
was targeted for photometric monitoring with StanCam (pixel
scale of 0.176” pixel™!) on the NOT under Programs 63-804
(P.IL.: F. Courbin) and 63-501 (P.I.: A. Agnello). Five exposures
of 280s are taken each night. The data used in this paper are from
3 April 2021-2 July 2021.

With the eventual goal of measuring time delays from these
monitoring data, single-epoch photometry must be extracted
from seeing-limited observations. Disentangling the lensing
galaxy and lensed source host galaxy light from the point sources
is required for reliable photometry. One well-tested technique
has been the MCS deconvolution (Magain et al. 1998), which
has been used to obtain millimag-precision light curves for many
lensed quasars (see, e.g., Millon et al. 2020a,b). The process is
fully described in Cantale et al. (2016). Briefly, each image is
deconvolved with a model of the PSF that is not the observed
PSF but a narrower one, ensuring that the resolution in the
deconvolved image is consistent with its sampling. The decon-
volved image can have an arbitrary PSF shape, which we choose
as a circular Gaussian with a FWHM of 2 pixels. In addition,
the sampling adopted in the deconvolved image can be as fine
as desired. A common choice is to adopt an oversampling of 2
with respect to the original data. Finally, the deconvolved image
is decomposed into two separate channels, one containing all
(Gaussian) point sources (here the quasar images) and one con-
taining a free-form representation of any extended object in the
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Fig. 1. StanCam imaging and deconvolution of J1721+8842, where
north is up and east is to the left. (a) Best-seeing stack image using 34
epochs with seeing <1.1”, with the ALFOSC slit overlaid. () Decon-
volved image using all epochs. (¢) Deconvolved image removing the
point source channel. (d) Residuals after subtracting the best-fit model
from the best-seeing single-epoch image. The white scale bar in (a) is 2.

data (here the lensing galaxy and the quasar host). All images
in the monitoring time-series are deconvolved jointly, with each
image having its own PSF. In doing so, the intensities of the PSFs
in each frame are free parameters, and the deconvolved extended
channel is an array of pixels to which regularisation is applied.
The extended channel is shared by all images in the time-series,
as well as the positions of the point sources. The final output
of the process is a deep, sharp deconvolved image with fine
sampling which has the same signal-to-noise ratio (S/N) as the
whole dataset and the intensities of all point sources at all mon-
itoring epochs. Before applying this technique, the frames are
bias-subtracted and flat-fielded following a sky background sub-
traction using SExtactor (Bertin & Arnouts 1996).

The deconvolution requires iterative correction of the posi-
tions of known point sources. Original deconvolutions with just
four PSFs left two compact residuals either side of the lensing
galaxy. To obtain clean residuals across all epochs, two further
point sources were added, producing the results shown in Fig. 1.
The second and early third Gaia data release catalogues con-
tain five detections for this system, corresponding to the quad
images and E, as labelled in Fig. 1 (Gaia Collaboration 2018,
2021). The astrometric excess noise, a catalogue parameter often
used to assess compatibility with an isolated point source (e.g.,
Belokurov et al. 2017), is zero and is thus consistent with a PSF
for E. The fainter of these two point sources, F, is not detected
in these catalogues, as its flux is below the detection limit. The
best-fit astrometry from the StanCam imaging (measured simul-
taneously on all epochs) and best-seeing frame flux ratios are
listed in Table 1. The lensing galaxy position and uncertain-
ties are found by fitting a Sersic profile convolved by a 2-pixel
FWHM Gaussian to the deconvolved background light (lower
right panel of Fig. 1), while the uncertainties on the PSF positions
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Table 1. Measured astrometry and photometry.

Image ARA () ADec (") r (mag)

A —1.348 + 0.003 0.966+ 0.003 18.21+ 0.02
B 0.054 + 0.003 2.293+ 0.003  18.62+ 0.02
C -1.227+ 0.003 -1.387+ 0.003 19.01+ 0.02
D 1.915+ 0.004 -0.340+ 0.004 19.93+ 0.02
E -0.747+ 0.015 -2.644+ 0.015 20.60+ 0.03
F 1.35+ 0.07 1.11+ 0.07 22.50+ 0.10
G 0.494 + 0.018 0.120+ 0.018 -

Notes. Data are based on the deconvolution of NOT StanCam imag-
ing of J1721+8842. Uncertainties are estimated based on the S/N as
described in the text. Photometry is measured on the best-seeing sin-
gle epoch (from 30 May 2021). The galaxy position and uncertainty are
measured by fitting a PSF-convolved Sersic to the extended component
of the image (panel c of Fig. 1). The magnitudes are calibrated to match
those from Gaia, and so should not be taken as an absolute calibration
given the different bandpasses.

are estimated as 2XFWHM/(S/N) (Mendez et al. 2014; Lin et al.
2021). We note that HST UVIS and IR imaging of J1721+8842
was taken as part of proposal 15652 (P.L.: T. Treu), and shows
the same configuration as discovered in our deconvolved data
(Schmidt et al., in prep.). There is therefore no doubt that image
F exists. In the following sections, we characterise the nature
of this system through spectroscopy and lens modelling.

3. NOT spectroscopy

To determine the nature of E and F, follow-up long-slit spec-
troscopy was obtained with ALFOSC on the NOT. On both 16
and 17 April 2021, a 1800s spectrum was taken with grism #4,
providing a wavelength coverage of 3200-9600 A and disper-
sion of 3.3 A pixel~!. The seeings on the two nights were ~1.2
and ~0.75" respectively. Given the faintness of image F, and its
proximity to the lensing galaxy, we targeted only image E. We
aligned C and E in the slit to minimise contamination, as shown
in panel a of Fig. 1. This also ensured a reliable estimate of the
1D PSF model at all wavelengths. Given the constant airmass of
the system throughout the night, we chose to observe the system
when the atmospheric dispersion was in the same direction as
the slit (i.e., when the parallactic angle matched the slit angle) in
order to avoid the throughput loss and systematic effects of using
the atmospheric dispersion corrector. A 1.0 slit was used. The
bias-corrected, sky-subtracted, cosmic-ray-masked image from
the second observation can be seen in Fig. 2.

To extract separate spectra, we forward model the quasar
images onto a pixelised grid, and apply a slit of 1” in width.
As seen in Fig. 2, three traces are visible, from A, C, and E.
Images C and E are partially blended. We therefore model only
these three sources, using the Gaia astrometry to place them
on the four-times-oversampled pixelised grid. We assume each
component is described by a circular Moffat profile (Moffat
1969), and we neglect any flux from the lensing galaxy (the clos-
est approach to the slit being ~2”"). Given the high airmass (~2.0)
and the slight offset between the slit angle and parallactic angle
(~12 degrees), we also account for slit losses from atmospheric
differential refraction. Perpendicular offsets from the slit are cal-
culated following Filippenko (1982). We further allow for a pos-
sible offset in the slit centring which we constrain by requiring
the extractions from each night to have similar flux ratios, while
also having clean 2D spectrum residuals.

To determine the Moffat parameters and the absolute position
in the slit at each wavelength, we perform the following steps:

1. We bin the reduced data into 30 wavelength-bins of equal
S/N;

2. Each binned profile is fit using three 1D PSF profiles (found
by convolving a rectangular slit of 1”7 width with three circu-
lar Moftat profiles for A, C, and E, positioned based on Gaia
astrometry, and summing across the slit). The relative posi-
tion in the slit and PSF parameters (FWHM and Moffat g3),
and their associated uncertainties, are found using MCMC
sampling with the EMCEE Python package, while allowing
for a constant background, and with a uniform prior on the
Moffat S parameter between 1 and 10 (Foreman-Mackey
et al. 2013);

3. With the 30 measurements and uncertainties of these three
parameters, we model the wavelength changes of each using
a polynomial fit of order 4;

4. At each pixel in the spectral direction, the three PSF compo-
nents are generated using the PSF parameters and absolute
position from the fitted polynomial functions;

5. The fluxes and uncertainties are extracted through a linear
least squares fit allowing for a constant background;

6. Spectra are then corrected for instrumental response using
the spectrum of a standard star, and additional atmospheric
extinction.

The extracted spectra are shown in Fig. 2. The 2D spectrum with
and without the two images of the quad (A and C) subtracted,
is also shown, with the latter leaving just the 2D spectrum of E.
The extracted spectrum of E is shown in Fig. 3 with an equal-
noise binning to highlight any features in the noisy blue end of
the spectrum. Also shown are zoomed-in areas containing the
C 1] and C1V emission lines of the three quasar spectra.

3.1. The nature of E

In the 2D spectrum of E, an emission line is seen at the same
wavelength as C111] for the quad images (see the bottom panel
of Fig. 2). The 1D extracted spectrum of E (Fig. 3) confirms this
emission line to be CII1] based on the presence of other emis-
sion lines which place E at a similar redshift to the source of
the quad. We derive redshifts of each emission line by fitting
a Gaussian and a linear continuum background to data within
350 A of the expected wavelength with MCMC sampling (see
Table 2). We take the CI11]-derived redshift as the fiducial red-
shift of this system; however, this can differ significantly from
the systemic redshift of the source quasar, due to a bias from
absorption, the presence of other broad emission lines, and a sys-
tematic blueshift of broad emission lines often seen in quasars
(e.g., Rankine et al. 2020). Despite Mg 1I being a more reliable
redshift diagnostic than C 111], the derived Mg 11 redshift is more
uncertain than that of CIII] due to increased sky noise and tel-
luric absorption. We compare our fiducial redshift to that derived
from the emission lines seen in the spectra of A and C. We fol-
low the same procedure, this time masking any strong absorp-
tion, and fitting C 1] and Al 11T simultaneously. Medians and 1o
uncertainties are shown in Table 2. Also present in the spectra
of A and C is narrow Lyman-« (see Sect. 3.2), possibly from the
host galaxy, which we measure at slightly higher redshift. If this
Lyman-a emission is originating from the host galaxy, then we
can take it as our systemic redshift, yielding a C1v blueshift of
~2300 + 600 kms~! in the quad source.

The derived redshift of E based on its C 1] line — z = 2.369+
0.007 — is consistent with the broad emission lines of A and C,
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Fig. 2. Top: spectra of A and C, and their flux ratio, with emission lines at z = 2.383 marked. Regions with strong telluric absorption are shaded.
The best-fit reddening from an SMC-like galaxy at the source redshift is overlaid on the flux ratio. Middle: bias- and sky-subtracted 2D spectrum
from the night of 17 April 2021. Bottom: same 2D spectrum after removing the traces of A and C, revealing the trace of point source E. The C1i1]
emission line is clearly visible, and the 1D spectrum can be found in Fig. 3. The spectrum of A shown in the top panel is from 16 April 2021,
because the slit was unknowingly offset to the west, thus capturing more flux from A.
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Fig. 3. Spectrum of E, showing broad C111] emission, as well as detections of Si 1v, C 1v, and Mg 1I. Regions with strong telluric absorption are
shaded. Zoomed-in images of the C1v and C111] of A, C, and E are shown for comparison, with arbitrary offsets and E multiplied by 2.6.

suggesting it is either another image of the quad source, or the
source is a binary quasar. While the S/N of the spectrum is too
low to make a useful spectral comparison, the CIII] and Mg II
profiles appear qualitatively different from those of A and C. In
Sect. 5, we use lens modelling to show that E and F must belong
to a second quasar source, offset in the source plane by 0.73”
corresponding to 6.0 kpc at z = 2.38. Given the similarity of the
measured redshifts of each system and very small sky separation,
the source is very likely a physical binary quasar.

3.2. A proximate damped Ly« absorber

The spectra of A and C both show the signature of a proximate
damped Lya absorber (PDLA), namely neutral hydrogen absorp-
tion at or near the source redshift. Such systems are rare but use-
ful tools for understanding the environments of quasars, either by
studying the statistics, kinematics, and chemistry of neighbour-
ing galaxies, or by acting as coronographs of the central broad
line region, allowing more detailed study of the extended narrow
Ly emission from the host galaxy (Cai et al. 2014; Ding et al.
2020). Finley et al. (2013) searched for strong PDLAs amongst
88 000 SDSS spectra, finding 31 examples, of which ~25% had
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narrow Lya emission, suggesting two different mechanisms for
the absorption, either by HI clouds within the quasar host galaxy
(Fathivavsari et al. 2015), or by extended neutral hydrogen in a
neighbouring galaxy along the line of sight (Ellison et al. 2010).
Xie et al. (2018) study the residual flux in the Ly troughs of
two PDLA quasars, suggesting the PDLA of one to be within
the host galaxy, and the other to be caused by an infalling or
nearby galaxy. Zafar et al. (2011) studied the 3.3” separation
binary quasar, Q0151+048 (z = 1.93), which shows a PDLA
in only one component with extended narrow Lyman-a emis-
sion physically associated to the quasars, and the PDLA being
>30kpc with an inflow speed of ~600kms~!. The discovery
and study of these systems are key to understanding the evo-
lution of quasars, their host galaxies, and distributions of neu-
tral and ionised gas in and around them at high redshift (e.g.,
Fumagalli et al. 2017; Ginolfi et al. 2018; Arrigoni Battaia et al.
2019).

Unfortunately the low-resolution of our spectra prevents
a comprehensive analysis of the various column densities.
However, we estimate the DLA redshift by fitting a sim-
ple Gaussian and linear background to the metal absorption
lines, finding consistent redshifts of zp 4, A =2.384 +0.001 and
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Table 2. Measured redshifts of emission and absorption lines.

Line ZA Zc ZE

2.393+0.006  2.391+0.005
2.380+0.003  2.385+0.004
2.361+0.003  2.368 +0.003
2.364+£0.002  2.364 +0.002
2.383+0.003  2.384 +0.006
2.392+0.004  2.395+0.004
2.3843 +0.0005 2.3883 +0.0016
2.3843 £ 0.0005 2.3879 +0.005
2.3841+0.0005 2.3871+0.0010
2.3851 +£0.0010 2.3868 +0.0004
2.3838 +£0.0005 2.3866 + 0.0005
2.3835+0.002 2.3849 +0.005
2.3848 +0.0004 2.3854 +0.0004
2.3830+£0.0005 2.3844 +0.0018
2.3834 +0.0009 2.3840 + 0.0008

Lya
Siiv+O1v
Civ

C ]

Cu

Mgn
01-1335
C1-1335
Sin-1527
Fe 11-1609
Al1I-1671
Si 1-1808
Fe 11-2344
Fe 11-2587
Fe 1—-2600

2.37+0.06
2.35+0.04
2.369 +0.007

2.34+£0.04

Notes. Data are based on the extracted NOT spectra. The emission and
absorption lines are shown above and below the line respectively. All
uncertainties are statistical. Absolute and relative systematic uncertain-
ties may exist at the level of ~1 pixel, corresponding to 3 A or a redshift
uncertainty of 0.002 around C 1v.

ZpLa, C =2.386 + 0.002. Figure 4 shows these lines, and individ-
ual measurements are listed in Table 2. We note a slight trend
in measured redshift with the wavelength of individual absorp-
tion lines, which we likely attribute to systematic errors in the
wavelength calibration. The median values are consistent with
or higher than the broad line redshifts of the source quasar, and
are clearly within some definitions of a DLA being proximate
(~3000kms~") (Ellison et al. 2010). Higher resolution spectra
will allow precise velocity measurements of the multiple sight-
lines, shedding light on the ionisation state and velocity structure
of the PDLA.

The gravitationally lensed nature of J1721+8842 provides
a direct observational probe of unprecedentedly small physical
scales at high redshift. Assuming the PDLA is 30-300 kpc from
the first quasar source — typical values found by studying pho-
toionisation by radiation from the nearby quasar (Ellison et al.
2010) — we estimate that the physical separation of the four quad
sightlines at the DLA range between 0.05 and 1 pc (see Eq. (1)
and Fig. 3 from Smette et al. 1992). These scales are an order
of magnitude lower than those probed even at low redshift and
at typically parsec scales (e.g., Biggs et al. 2016; Gupta et al.
2018). An illustration of the possible scales and structure of this
system is shown in Fig. 7.

While the spectrum of E shows a low S/N, we are still able
to look for signs of the PDLA. The shape of the spectrum in
the blue seems to show strong absorption around Ly«. However,
systematic biases from atmospheric refraction could also explain
this lack of flux. More reliable is detecting the absorption from
metals associated to the DLA (see Fig. 4). Figure 3 shows a zoom
onto the C 1V emission line for each of our spectra. In A and C,
strong Si I and C IV absorption is seen, effectively producing
a narrow C IV emission profile. There is tentative evidence for
this absorption also in E, given the narrow profile. While trans-
verse sizes of DLAs are naturally difficult to measure given a
single bright source, some studies suggest their average sizes are
several kiloparsec, supporting the possibility of seeing a PDLA
signature in E as well (Cooke & O’Meara 2015; Mawatari et al.
2016; Dupuis et al. 2021). However, deeper spectra are needed

to conclusively say that the PDLA covers the second quasar
source.

3.3. Reddening

The flux ratio in Fig. 2 shows that C is redder than A. Given the
slit position angle was chosen to target C and E, the offset of A
from the slit can lead to smooth systematic biases in its spectrum.
This should be considered when analysing any global features
like reddening. However, re-extraction of the red-arm data of the
original WHT confirmation spectra from Lemon et al. (2018)
(with A and C well aligned in the slit) confirm the reddening of C
compared to A. While contamination from the lensing galaxy in
the spectrum of C could account for such an observation, we find
this unlikely given the lack of lens galaxy absorption signatures
in the spectrum of C, and because A is more closely aligned with
the galaxy position angle (see Fig. 1).

Correcting for Galactic extinction following Schlafly &
Finkbeiner (2011), we obtain a spectrum of image A compatible
with a typical quasar spectrum (Selsing et al. 2016); however,
naturally, the extra reddening of C remains. This chromaticity
can originate from differential reddening and/or microlensing.
While reddening will affect both broad lines and the contin-
uum, microlensing will mostly affect the continuum emission.
Indeed, the latter arises from a region comparable to the
microlensing Einstein radius while the broad lines arise from
a region typically five to ten times larger. Given the small
change in flux ratio between the broad line fluxes and their
adjacent continuum, we first decide to explore differential dust
reddening.

We consider both a Small Magellanic Cloud (SMC;
Gordon et al. 2003) and Milky Way (MW) extinction model
placed at the lens or source redshift. We mask regions of the
spectra bluer than Lya, or with broad lines, strong absorption,
or telluric lines. The observed flux ratio variation is reproduced
using an SMC-like model with E(B - V) € [0.13 — 0.15] mag at
the source redshift or E(B — V) € [0.39 — 0.52] mag at the lens
redshift. The range of extinction values corresponds to analyses
of the extracted spectra from both nights of observation. Com-
parison to reddening of other PDLA quasars suggests reddening
at the source redshift is much more likely (Finley et al. 2013),
and is shown as a fit to the flux ratio in Fig. 2. The fit of a
MW-like model is significantly poorer in the blue despite one
additional parameter in the model (Ry). Given the reddening-
corrected spectra, we can now compare the broad emission lines
and discuss microlensing. As expected, a flat ratio in the con-
tinuum compatible with 1 is found, except at the wavelengths
of the broad emission lines where A/C reaches about 0.8 for
the various lines. This is the signature of a small amount of
differential microlensing between the continuum and the emis-
sion lines: either image A is demagnified or image C is magni-
fied. A decomposition of the pairs of spectra using the so-called
MmD technique (Sluse et al. 2007; Hutsemékers et al. 2010) — a
method that linearly combines the pairs of spectra assuming that
one is minimally affected by microlensing — confirms a small
amount of microlensing of the continuum of yc ~ 1.6 + 0.2,
and supports the absence of residual chromaticity caused by
microlensing.

As PDLA quasars are observed to have redder colours than
other quasars (e.g., Geier et al. 2019), the reddening could be
associated to the DLA. Given the likely sub-parsec transverse
separations between the images at the distance of the DLA, this
would imply the existence of compact dust structures on sub-
parsec scales, for example analogues of Bok globules seen in
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Fig. 4. Absorption profiles associated to the PDLA in the spectra of A (red) and C (blue). The spectra have been reddening-corrected based on
the continuum, and normalised to have the same continuum flux. Redshift measurements associated to these lines are given in Table 2. We note
that C 1v absorption is also present as seen in the Si II-1526 panel. Any absorption lines falling near or within telluric absorption lines have been
excluded, such as Fe 11-2382, which is likely to be present. As in Fig. 2, the spectra are taken from separate epochs, and any absolute wavelength
calibration should be assumed to be affected by possible systematic errors at the level of ~1 pixel, i.e., ~3 A.

the Milky Way, which have been previously observed in known
quasar DLAs (Krogager et al. 2016; Bergeron & Boissé 2017).
However, microlensing or dust on larger scales more distant
from the quasar cannot be ruled out. Deeper data, especially at
blue wavelengths and for all six quasar images, will be crucial in
distinguishing between these scenarios.

4. WHT lens spectroscopy

Long-slit spectra targeting the redshift of the lensing galaxy were
taken with the Intermediate-dispersion Spectrograph and Imag-
ing System (ISIS) on the William Herschel Telescope (WHT)
on 2 August 2018 with grisms R316R and R300B for the red
and blue arms respectively. Six 1000s exposures were taken with
the position angle 95 degrees east of north, chosen to be aligned
along the best-fit galaxy position angle based on the original Pan-
STARRS r-band data. We note that the parallactic angle varied
from 94 to 68 degrees during the observations. The observations
were reduced with the same methodology as for the NOT spec-
tra, fitting three PSFs as images B and D show significant flux
in the slit. Due to atmospheric refraction, and the lack of correc-
tor on the WHT, blue flux was evidently lost below 4500 A. The
separate epochs were combined after flux-matching and interpo-
lating to a common wavelength basis. The equal-noise-binned
galaxy spectrum is shown in Fig. 5.

There are clear absorption lines from Ca H and K, G-band,
Mg, Na, and Hg. Fitting each with a Gaussian profile provides
a consistent redshift estimation of z = 0.1841 + 0.0005. We
note that this is a particularly low redshift compared to the lens-
ing galaxies of known lensed quasars. For comparison, only
two published lens redshifts are lower: SDSSJ1155+6346 at
z = 0.176 (Pindor et al. 2004), and Q2237+030 at z = 0.039
(Huchra et al. 1985).
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5. Lensed binary or six-image lens?

The immediate configuration of point sources is suggestive of a
quad and a double, but without better quality spectra of E and
F, we cannot immediately rule out a common source for all six
images. Though lenses with more than four point-like images are
rare, several examples already exist within the currently known
list of about 200 lensed quasars. These are either due to multiple
lensing galaxies (e.g., B1359+154, Rusin et al. 2001), or mul-
tiple compact sources detected thanks to high-resolution radio
data (i.e., B1933+503, Sykes et al. 1998). To establish the novel
configuration of J1721+8842, we consider two hypotheses: (i)
the images are all from one source, or (ii) they come from mul-
tiple sources. While purely elliptical smooth potentials can only
give rise to a maximum of four images, the addition of a shear
perpendicular to the lens ellipticity can cause ‘swallowtails’ to
form and overlap in the astroid caustic, leading to source regions
forming six or eight images (Witt & Mao 2000). Keeton et al.
(2000) describes this full family of models, as well as two-galaxy
models, showing the latter to be a more likely candidate for
observing six-image systems, given the former’s strong require-
ment on shear. Evans & Witt (2001) argue that a more likely
producer of six- and eight-image lenses is by way of embedded
discs or boxiness, and estimate ~1% of all lenses to comprise
six- or eight-image systems. A common feature of all these sex-
tuplet systems is that the images lie close to a circle, which is not
the case for J1721+8842. Shin & Evans (2008) study lensing by
two isothermal spheres, and find that seven-image lenses exist,
but require two images to be strongly demagnified, in agreement
with Kochanek & Apostolakis (1988). Given this, and the lack
of other structures in the deconvolved background (Fig. 1), we
limit our investigation to a single lensing galaxy.

We choose to test singular isothermal ellipsoid (SIE) and
power-law elliptical mass distribution (PEMD) profiles with and
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Fig. 5. WHT-ISIS spectrum of the lensing galaxy in J17214-8842. There are clear absorption lines associated to a luminous red galaxy at z = 0.184.
The relative flux calibration between the red and blue arms is not absolute, and the noisiest part of the spectrum (between 5300 and 5380 A) has

been omitted.

Table 3. Summary of mass models fit to the point sources of J1721+8842.

Mass model Images fit Nyourees Offset from F () )(3 = y%/d.of. vy Source AR (")
SIE ABCD 1 0.68 50=151/3 - -

SIE + shear ABCD 1 0.15 0=0/1 - -

SIE ABCDEF 2 - 50=251/5 - 0.88 +0.01
SIE + shear ABCDEF 2 - 1.1=32/3 - 0.73+£0.01
PEMD + shear ABCDEF 2 - 1.3=27/2 1.84 +0.06 0.64 +£0.04
SIE + shear ABCDEF 1 - 778=3890/5 - -

Notes. For the models fitting only ABCD, we cast E back into the source plane, and find any further images in the image plane (always one extra),
and provide this image’s distance from the measured position of F. y’ is the power-law slope (p o 7).

without shear, as such models have shown to be effective at
recovering image positions of known lenses (e.g., Shajib et al.
2019). For each model+hypothesis combination, we perform
both a source plane and image plane optimisation using LENS-
MODEL (Keeton 2001a,b), excluding the image-plane case of no-
shear+single source because this can never produce six images.
As flux ratios can be strongly affected by microlensing, variabil-
ity over the time delay, extinction, and substructures, we choose
not to use them as constraints. We use only the image and galaxy
positions to constrain our models, as listed in Table 1. Simi-
larly to the images, the likelihood contains a term constraining
the lens mass position to that of the measured light position,
weighted by its uncertainty.

Results are summarised in Table 3. In all cases, the two-
source hypothesis is favoured, as expected given the configura-
tion and general rules from single-source six-image lens stud-
ies. The SIE+shear fit to two point sources has the smallest
reduced y?, and therefore we take this as our fiducial model. The
median and 10~ model parameter values are: Einstein radius, b =
1.977 £ 0.002”, galaxy mass position angle, sz = 78.0 + 1.6°
(east of north) and axis ratio, gsig = 0.87 + 0.02, the external
shear, y = 0.098 + 0.004, and its position angle 6, = 66.2 + 0.6°
(east of north). The lens galaxy mass position angle and elliptic-
ity are in good agreement with that of the measured light, which
gives Biigne ~ 70° and giighy ~ 0.81. These small offsets are com-
patible with modelling analyses of known quads with multi-band
HST data (Shajib et al. 2019). Best-fit estimates of the conver-
gence, shear, and magnification at each image position are given

Table 4. Local convergence, shear, and magnification values for the
best-fit model.

Image  « Y1 Y2 H
A 0.516 -0.403 0462 -7.02
B 0424 0.324 0.241 5.93
C 0420 -0.123 -0.344 4.93
D 0.713 -0.641 0493 -1.74
E 0305 0.135 -0.157 2.28
F 0.729 0.049 -0.647 -2.87

Notes. Values are taken at the positions of the measured images and the
best-fit model is SIE+shear. Negative and positive magnifications rep-
resent saddle points and minima in the time-delay surface, respectively.

in Table 4. The source separation is 0.730 = 0.014”, correspond-
ing to 5.95 + 0.11 kpc at z = 2.38. Using the model image posi-
tions, we note that the total magnifications of the quad and dou-
ble are 19.6 and 6.4 respectively, and the intrinsic flux ratio of
the quad source to double source is 4.4.

As we have measured both the lens and source redshifts,
we are able to predict the following time delays for the sys-
tem: Atag = 2.5, Atac = —4.6, and Arap = 26.0 days for
the quad, and Argr = 79.2 days for the double. Negative delays
imply that any source variations are seen in the second com-
ponent first. Another prediction from this mass model is image
flux ratios. For the quad, these ratios are compatible with our
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Fig. 6. Summary of the SIE+shear mass model with two sources. The
flux of the measured images (red), and predicted images (black), are
proportional to the circle areas; these circles are centred on the relevant
positions, along with red crosses showing the positions and astromet-
ric uncertainties of the measurements. Critical curves and caustics are
shown in green and blue, respectively. The two quasars are marked with
red crosses, with Q1 corresponding to images ABCD, and Q2 to EF.

single-epoch observed flux ratios within ~20%, with the main
differences being A observed 15% too bright, and C observed
20% too faint. This missing flux in C supports our conclusion
that C is being reddened and/or demagnified by microlensing in
Sect. 3.3. The flux ratio of EF is very discrepant, with a mea-
sured ratio of 3.6, but a predicted ratio of 0.55 (see Fig. 6).
Since E is seen in the original Pan-STARRS discovery image
(from ~2012), whereas F is not, this is unlikely to be attributed
to variability over the time delay. More likely is a combination
of extinction, millilensing, and microlensing. The slight offset
of F from the best-fit model position supports the millilensing
explanation, but the uncertainty on the position is large. We also
note that the uncertainty on the best-seeing photometry of F
is ~10%. Deeper spectra, imaging, and photometric monitoring
will address these discrepancies, in particular the HST imaging
data of Schmidt et al. (in prep.) (proposal 15652, P1.: T. Treu).

6. Discussion

A qualitative picture of quasar activity triggered through merg-
ers has been long-understood through simple dynamical friction
models (Bahcall et al. 1997; Kochanek et al. 1999; Mortlock
et al. 1999; Djorgovski et al. 2007; Vignali et al. 2018), but a
complete model matching observed statistics at all separations is
lacking, with some studies expecting binary quasars to be a fac-
tor of ten more frequent than observed (Junkkarinen et al. 2001).
Merger acceleration, obscuration, fuelling dynamics, galactic
structure, and observational selection effects all likely play a role
(Foreman et al. 2009; Capelo et al. 2017; Li et al. 2021). The dis-
covery that the true source of J1721+8842 is a 6 kpc projected-
separation-binary active galactic nucleus (AGN) at z = 2.38
presents important constraints for merger models and their rela-
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Fig. 7. Sketch of the possible geometry and physical scales of the sys-
tem. While we do not constrain the distance to the PDLA, typical values
of known systems are in the range of tens to hundreds of kiloparsecs.
This would imply a distance between common sightlines to each quasar
source of ~0.5pc, and 6 kpc for sightlines between each source. We
note that the PDLA might not necessarily cover both quasars because
our spectra are not deep enough to confirm this.

tion to quasar fuelling. The 3D separation is not yet constrained,
as our low-resolution spectra and lack of narrow emission lines
prevent a more precise determination of the two source redshifts.
While the redshifts are consistent within the uncertainties, the
data are also compatible with offsets of up to Az ~ 0.005 (i.e.,
several Mpc). However, the chances of observing such a system
at pericentre approach in an inclined orbit for line-of-sight sepa-
rations far above the transverse separation is unlikely.

Binary AGN at a distance of less than 10kpc have been
found at low-redshift, such as LBQS0103-2753, a 2-kpc-
separation binary at z = 0.86, showing no signs of obscu-
ration (Shields et al. 2012). Few such binaries are known to
exist during ‘cosmic noon’ — the peak of quasar activity. Chen
et al. (2021) provide a compilation of known binary quasars
and candidates, with only one sub-10-kpc confirmed system
above z = 1: SDSSJ1238+0105, a BAL+non-BAL quasar
pair at z = 3.13 separated by 7.8kpc, confirmed by Tang
et al. (2021) (we note that SDSSJ0818+0601 from More et al.
2016 has subsequently been confirmed as a lensed quasar by
Hutsemékers et al. 2020, and J2057+0217 from Lemon et al.
2018 is potentially also a lensed quasar). Two further systems
from the literature are likely real binary quasars due to their dif-
fering spectra: DESJ0120-4354 (7.2kpc at z = 1.91, Anguita
et al. 2018), and SDSS J1008+0351 (9.4 kpc at z = 1.74, Inada
et al. 2008). Hydrodynamical cosmological simulations match-
ing the small-scale clustering of quasars above 25 kpc separation
predict an increasing correlation function with decreasing sep-
aration down to their resolution of 10kpc across all redshifts
(DeGraf & Sijacki 2017; Bhowmick et al. 2019). Extrapolat-
ing this below their measured range gives a conservative esti-
mate of 0.5 systems in 7600 square degrees from z = 0.43 to
z = 2.26 between 0 and 10kpc, with each component having
g < 20.85 (Eftekharzadeh et al. 2017). The unlensed magni-
tudes of our system are estimated to be ~19.9 and ~22.0, and
thus represent a fainter sample. However, the discovery of this
system is entirely due to the fact that it is lensed. Given that
current search methods are unable to discover and confirm such
small separation binaries when they are not lensed, we can take
this discovery to obtain a very crude estimate of the underlying
population by simply determining the chances of lensing. This
has been constrained from statistical lens samples in the opti-
cal and radio, and is ~1073 (Browne et al. 2003; Inada et al.
2008; Oguri & Marshall 2010). Therefore, the expected num-
ber of unlensed systems with similar properties to the source
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in J1721+8842 is approximately 1000, in a similar area probed
by that of lensed quasar searches. Furthermore, the population
of lensed quasars can be used to support this, as they repre-
sent an unbiased sampling of quasar binaries at high redshift.
Assuming that all lensed quasars are sufficiently well-studied
to identify any binary sources lying entirely within their ~1”
radius multiple-imaging source region, we can constrain the
rate of binaries at high redshift to be the number of known
lensed binaries divided by the number of known lensed (non-
binary) quasars. Approximately 200 lensed quasars are known
(Lemon et al. 2019), suggesting a binary fraction rate of 0.5%
below ~10kpc. Schwartz et al. (2021) found evidence for a
sub-kiloparsec binary within another known lensed quasar, sug-
gesting an even larger binary fraction rate. Given the approxi-
mately 200 000 spectroscopic quasars from SDSS above z = 2
(Paris et al. 2018), we then expect about 1000 sub-10-kpc binary
quasars to already exist at the photometric limit of SDSS spec-
troscopy, namely r ~ 22. Selection effects for spectroscopic tar-
geting, namely requiring morphological consistency with a PSF,
likely prevent these systems from having archival spectra. The
ability to discover such systems has thus been hindered, and
made worse by the possible large flux ratios between the com-
ponents; however, these binary systems should still exist within
the SDSS footprint. While these arguments rely on just a single
detection, and neglect important considerations of binary flux
ratios and separations, caustic area distributions, and details of
lensed quasar follow-up, it is nonetheless strongly suggestive of
a large number of undiscovered binary quasars at small separa-
tion above z = 2. There is precedent for such enhanced late-stage
fuelling and dual AGN fraction from higher resolution simu-
lations and observations (Van Wassenhove et al. 2012; Stemo
et al. 2021). Furthermore, recent targeted searches for small-
separation quasars suggest dual AGN fractions of ~0.26 +0.18%
at 5-30 kpc, which is in rough agreement with our basic estimate
from lensed quasar statistics (Silverman et al. 2020).

J1721+8842 is also remarkable in the fact that it has a
proximate damped Lyman-a system. High HI-column density
PDLAs (log(Ng;) > 21.3 cm™?) are intrinsically rare; ~1 in
3000 quasars have such systems within 1500 kms~! (Finley et al.
2013), despite the observed enhancement relative to an extrap-
olated line-of-sight prediction, due to typical over-densities in
the environments of quasars (Ellison et al. 2010). It is tempting
to link the absorber to the binary nature of this system as has
been seen in wider-separation binary quasars (Zafar et al. 2011).
On the other hand, PDLAs have been seen in quasars without
obvious signs of mergers, but still with possible inflowing gas at
scales from 1 to 50 kpc (Law et al. 2018). Such large-scale gas
streams have also been associated to mergers and quasar fuelling
both observationally at lower redshift (Johnson et al. 2018), and
also in simulations, instigated by the strong tidal torquing of
merging (Kazantzidis et al. 2005). Whether the PDLA is sim-
ply associated to another galaxy in a possible group hosting both
quasars, or is due to gas movements brought about by the merg-
ing process, requires further data.

Residual narrow Ly« flux is seen in the spectra we obtained
for two images of the quad. This is a known phenomenon in
which the PDLA acts as a coronograph, absorbing all Ly« emis-
sion from the broad line region of the quasar, but not that of the
host galaxy or the local environment (e.g., Jiang et al. 2016).
Neglecting possible systematic errors from extraction, the nar-
row Ly flux ratio is inconsistent with the continuum flux ratio.
This may be explained by one or a combination of the following:
(i) There is substantial microlensing and/or reddening affecting
the compact continuum emission, but not the extended Lyman-a

emission, which can then be trusted as the true image flux ratio.
(i1) Closely separated regions in the source plane can have large
magnification differences due to the non-linear nature of lens-
ing; therefore if the emission is not spatially coincident with the
quasars, it can lead to differences in flux ratio compared to the
continuum emission (Borisova et al. 2016). The latter hypothe-
sis should be confirmed or rejected through spectra with much
higher spatial resolution.

7. Conclusions

In this paper, we present a detailed follow-up in imaging
and spectroscopy of the known gravitationally lensed quasar
J1721+8842. Our main findings can be summarised as follows:

— Deconvolution of StanCam imaging data from the NOT
reveals the presence of two new point sources either side
of the lensing galaxy in J1721+8842. A long-slit spectrum
shows that one is a quasar with similar redshift to the
known quasar source. Lens modelling suggests these two
new sources belong to a separate quasar, offset by 6 kpc from
the original quasar source of the quad images; however, we
lack the spectral resolution to currently constrain velocity
offsets.

— This is the fourth sub-10-kpc binary quasar above z = 1
and the confirmed optical binary with the smallest separa-
tion, and would likely be undiscovered if it were not for the
resolving ability of lensing. The rarity of lensing suggests
there should exist a large number of unlensed high-redshift
small-separation quasar pairs. This is supported by the small
number of known lensed quasars, which represent an unbi-
ased probe of small-scale details in quasar source popula-
tions. We crudely estimate that approximately 1000 sub-10-
kpc binaries should exist within the SDSS footprint down
to r ~ 22. Ongoing and future lens and binary searches with
surveys like HSC, Gaia, and Euclid are likely to reveal many
of these systems.

— We also analyse spectra of two images of the quad, which
show a damped Lyman-a system. Measurements of the red-
shift suggest this is a proximate absorber, and thus the con-
figuration of the system with six sightlines will allow simul-
taneous probes of this absorber at sub-parsec and kiloparsec
scales. We further find evidence for narrow Lyman-a emis-
sion in the trough of the PDLA, which acts as a coronograph
of the central quasar emission, providing a novel probe for
microlensing and quasar host galaxy studies. Deeper, higher
resolution spectra are required for detailed studies, and to
confirm the signs of a PDLA in the spectrum of the second
quasar source.

Our study shows that J1721+8842 is unique in many respects.
We show that the source is not only a very rare close-separation
binary quasar, but also hosts a rare PDLA. The unique geome-
try of lensing provides an invaluable tool for understanding both
binary quasars and PDLAs. In addition, the system is currently
monitored at the NOT to obtain time-delay measurements for
time-delay cosmography. Both science cases will hugely benefit
from spatially resolved spectroscopy with JWST.
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