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ABSTRACT

Dual-Active Galactic Nuclei (AGN) are a natural consequence of the hierarchical structure formation scenario, and can provide
an important test of various models for black hole growth. However, due to their rarity and difficulty to find at high redshift, very
few confirmed dual-AGN are known at the epoch where galaxy formation peaks. Here we report the discovery of a gravitationally
lensed dual-AGN system at redshift 2.37 comprising two optical/IR quasars separated by 6.5 £ 0.6 kpc, and a third compact
(Regr = 0.45 £ 0.02 kpce) red galaxy that is offset from one of the quasars by 1.7 £ 0.1 kpc. From Very Large Array imaging at
3 GHz, we detect 600 and 340 pc-scale radio emission that is associated with both quasars. The 1.4 GHz luminosity densities of
the radio sources are about 10°*3 W Hz~!, which is consistent with weak jets. However, the low brightness temperature of the
emission is also consistent with star-formation at the level of 850 to 1150 M, yr—!. Although this supports the scenario where
the AGN and/or star-formation is being triggered through an ongoing triple-merger, a post-merger scenario where two black

holes are recoiling is also possible, given that neither has a detected host galaxy.

Key words: gravitational lensing: strong —quasars: individual: PS J1721+4-8842 — galaxies: structure.

1 INTRODUCTION

According to the hierarchical structure formation scenario, super-
massive black holes (SMBHs) are created as a result of a major
merger involving two massive galaxies, each with its own central
black hole (White & Rees 1978). Furthermore, the major merger can
push gas on to one or both of the black holes, providing a mechanism
for triggering an active galactic nucleus (AGN) at the centre of one
or both of the merging galaxies (Di Matteo, Springel & Hernquist
2005; Weston et al. 2017; Ellison et al. 2019). However, recent
studies, both from observations and simulations, have shown that
major mergers may not play such a dominant role in SMBH growth
and in triggering AGN activity (Cisternas et al. 2011; Shah et al.
2020; Sharma et al. 2021; Silva et al. 2021). Therefore, the formation
and growth of SMBHs at the centres of massive galaxies is still
unclear.

Structures with two actively accreting AGN that are separated by
between 100 pc and 10 kpc are generally called dual-AGN systems,
detailed studies of which can be used to test the major merger
scenario. This has led to an increased interest in these complex objects
through both new observations (Koss et al. 2012) and hydrodynam-
ical simulations (Rosas-Guevara et al. 2019). However, dual-AGN
are extremely rare (~0.3 percent of the AGN population; Volonteri,
Haardt & Madau 2003), and their discovery has mostly occurred
serendipitously at optical or X-ray wavelengths (e.g. Benitez et al.
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2013; Lena et al. 2018). Their rarity has been attributed to the short
lifetime of simultaneous accretion in both of the black holes, and the
inability to characterize the observed properties without extensive
multi-wavelength follow up (De Rosa et al. 2019). Observations at
radio wavelengths are particularly useful for studying dual-AGN,
since these data are not affected by the large amounts of obscuring
dust that are expected to be present in major mergers, and the
high angular resolutions (milliarcsec scale) available can be used
to identify the black holes (Bondi & Pérez-Torres 2010). However,
most AGN do not emit strongly at radio wavelengths, and so, dual-
AGN where both components are radio-loud are rarer (Rubinur, Das
& Kharb 2019).

Here, we present high resolution imaging at optical/infrared
(IR) and radio wavelengths of the gravitational lens system
PSJ1721+8842, which was originally identified as a quadruply-
or possibly a quintuply-imaged quasar at redshift 2.37 in the first
and second data releases of Gaia (Lemon et al. 2018; Rusu et al.
2019). From these data, we find that PSJ1721+8842 is comprised
of two distinct quasars that are formed into two and four images,
respectively. Both quasars are optically and radio luminous, and
separated by 6.5 kpc in the source plane, making this object the first
dual-AGN system that is also gravitationally lensed. Our letter is
arranged as follows. In Sections 2 and 3, we present the observations
and lens modelling, respectively. In Section 4, we discuss the
various scenarios that can explain the complex morphology of
PSJ17214-8842, and outline future work to be carried out on this
intriguing system.

© 2021 The Author(s)
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Figure 1. A pseudo-colour image of PSJ172148842 obtained with the
HST/WFC3 through the F475X, F814W, and F160W filters. Overlaid (in
green) are the 3 GHz VLA surface brightness contours. These data show that
the system is comprised of a single massive elliptical galaxy at the centre,
and has four lensed images (1A, 1B, 1C, and 1D; Source 1) of one quasar
and two lensed images (2A and 2B; Source 2) of a second quasar. Note that
our labelling differs from that of Lemon et al. (2018), and is ordered by
lensing magnification, where image A has the highest magnification. Also,
there is a doubly-imaged IR bright galaxy (IRA and IRB) that is offset from
the doubly imaged quasar. The quasar images of Source 1 have a red halo
due to the different point spread function of the UVIS2 and IR cameras. The
foreground lensing galaxy and the two lensed quasars also show evidence of
radio emission. The 3 GHz surface brightness contours are at (=3, 3, 6, 12)
x 6.2 uJy beam™!, the rms map noise. The VLA beam is shown in the lower
left corner and has a size of 1.17 x 0.64 arcsec at a position angle of —1 deg
East of North.

Throughout, we assume a flat ACDM Universe with Hy =
67.8 kms™! Mpc", Qv = 0.31 and 2, = 0.69 (Planck Collab-
oration XIII 2016). At the redshift of the two quasars, 1 arcsec
corresponds to 8.53 kpc. We adopt a spectroscopic redshift of 0.184
(unpublished) for the foreground lensing galaxy.

2 OBSERVATIONS

In this section, we present Hubble Space Telescope (HST) and Karl
G. Jansky Very Large Array (VLA) observations of PS J1721+8842
at optical/IR and radio wavelengths, respectively.

2.1 Hubble Space Telescope

PS J1721+8842 was observed with the Wide Field Camera 3 (WFC3)
using the UVIS2 and IR cameras on 2019 June 9 (GO:15652; PI:
Treu). These data were taken through the F475X, F814W, and
F160W filters, with total integration times of 1382, 1428, and
2197 s, respectively. The calibrated flat-fielded images were obtained
from the HST archive and processed in the standard way using the
ASTRODRIZZLE package within DRIZZLEPAC. A pseudo-colour image
of the gravitational lens system is presented in Fig. 1.

We find that PSJ1721+8842 has a complex surface brightness
distribution at optical/IR wavelengths. At the centre of the system
is the lensing galaxy (G), but in addition to the five lensed images
that were found previously with Gaia, the new high resolution HST
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imaging detects a sixth quasar image. As we will demonstrate in the
next section, these six images must be produced from two distinct
quasars at the same redshift, where Source 1 results in lensed images
1A, 1B, 1C, and 1D, and Source 2 results in lensed images 2A
and 2B. We also detect an extended (observed-frame) IR component
(IRA and IRB) close to, but offset to the west and north from lensed
images 2A and 2B, respectively. We do not see any evidence of an
extended gravitational arc or Einstein ring that is associated with the
four lensed images of Source 1.

To parametrize the optical emission (F475X and F814W) from
PSJ1721+8842, we fitted the quasar images and the lensing galaxy
with the point spread function and a Sérsic profile, respectively, using
GALFIT (Peng et al. 2010). The relative positions and flux ratios of
the lensed images from this analysis are presented in Table 1. As
the IR data (F160W) has an extended lensed component, we instead
parametrized this during the lens modelling (see Section 3).

2.2 Karl G. Jansky Very Large Array

We observed PSJ1721+4-8842 with the VLA in A-configuration on
2019 October 3 as part of a programme to study the radio emission
from quadruply-imaged gravitationally lensed quasars (19A-336; PI:
McKean). The data were taken at a central frequency of 3 GHz
through 16 x 128 MHz spectral windows, each with 64 spectral
channels, and through both circular polarizations. The total on-source
integration time was 8.5 min, with a visibility averaging time of 3 s.
3C 286 was used as the absolute flux density, delay, and bandpass
calibrator, and J1639+8631 was used for determining the antenna
based complex gains. The data were calibrated and imaged using the
Common Astronomy Software Application (CASA) package.

Given the sensitivity of the data, and the time and frequency
sampling used, a wide-field image that included all sources within the
VLA primary beam was first made. This was used to self-calibrate the
target field to remove residual complex gain errors, after which, all
of the field sources (except the target) were modelled and subtracted
from the visibility data set. PSJ1721+8842 was then imaged using
natural weighting. A contour map of the 3 GHz surface brightness
distribution of the target is also shown in Fig. 1.

We find that there is radio emission associated with all six
lensed images, and also with the lensing galaxy. To parametrize the
emission, we fitted 2 dimensional elliptical Gaussian functions to the
various components. The results of this analysis are also presented
in Table 1. In the case of Source 1, the 3 GHz surface brightness
is highest at the location of the quasar images 1A, 1B, and 1C, and
is marginally resolved with deconvolved sizes of 0.8 to 1.2 arcsec.
The lensed radio emission associated with Source 2 is resolved,
suggesting that these components are extended, but is also offset
by about 0.14 and 0.5 arcsec (1.70-level) from the corresponding
quasar images. The total radio emission from the system is S3 gu, =
638 £+ 33 uly.

3 LENS & SOURCE MODELLING

In this section, we present an overview of our modelling of the
gravitational lensing data at optical/IR and radio wavelengths. This
is needed to infer the intrinsic source properties of the lensed AGN.
A more detailed description of the modelling of PSJ1721+8842,
and the other ten gravitational lens systems that comprise our VLA
programme, will be presented by Brilenkov et al. (in preparation).

MNRASL 508, L64-L68 (2021)
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Table 1. The relative positions and flux ratios of the lensed images, obtained from fitting point sources to the F475X and F814W optical imaging. Also
presented are the properties of the (deconvolved) 2 dimensional elliptical Gaussian functions fitted to the 3 GHz radio imaging (in the image-plane).
For image 1D, the model reduces to a delta function, so no size for the major and minor axes, or the position angle are reported. For comparison, we

also give the predicted flux ratios from the lens model.

Band Image 1A 1B 1C 1D 2A 2B
F475X Relative RA (arcsec) =0.000 +1.330 =+ 0.001 +40.237 + 0.001 +3.319 £ 0.002 +2.752 £+ 0.005 +40.795 + 0.002
Relative dec (arcsec) =0.000 +1.401 + 0.001 —2.347 + 0.001 —1.144 £ 0.002 +0.198 £ 0.005 —3.581 + 0.002
Flux ratio =1.000 0.463 + 0.009 0.444 + 0.008 0.201 £+ 0.005 0.016 £ 0.001 0.103 + 0.004
F814W Relative RA (arcsec) =0.000 +1.331 + 0.001 +40.236 + 0.001 +3.320 £ 0.002 +2.750 £+ 0.003 +0.796 + 0.002
Relative dec (arcsec) =0.000 +1.402 + 0.001 —2.347 + 0.001 —1.143 £ 0.002 +0.199 + 0.004 —3.581 + 0.002
Flux ratio =1.000 0.534 + 0.010 0.516 = 0.009  0.212 £+ 0.005 0.024 + 0.002 0.122 + 0.004
3 GHz Relative RA (arcsec) =0.00 +1.30 £+ 0.04 +0.24 £+ 0.03 +3.41 £ 005 +42.62 £+ 0.07 +1.34 + 0.24
Relative dec (arcsec) =0.00 +1.33 £ 0.10 —2.15 £ 0.09 —1.08 £ 0.16 +40.15 £ 0.29 —3.46 + 0.17
Flux density (uJy) 145 £ 16 129 + 18 139 + 17 25 + 10 76 + 21 107 + 31
Brightness 84 + 6 68 + 7 79 + 7 26 + 6 28 + 6 25+ 6
(uJy beam™1)
Major FWHM (arcsec) 1.2 + 0.2 1.0 £ 0.3 0.8 £ 0.3 =0 22 + 0.8 22 £+ 0.7
Minor FWHM (arcsec) 0.4 + 0.1 0.6 + 0.4 0.7 £ 0.3 =0 0.5 + 04 0.8 £ 0.5
PA (degr.) 176 + 6 146 + 35 150 + 78 =0 11 + 11 110 + 28
Flux ratio =1.00 0.89 4+ 0.16 0.96 + 0.16 0.17 + 0.07 0.52 + 0.16 0.74 + 0.23
Brightness ratio =1.00 0.81 + 0.10 0.94 + 0.11 0.31 + 0.08 0.33 + 0.08 0.30 + 0.08
Lens model Flux ratio =1.00 0.86 0.72 0.28 0.52 0.36

3.1 Optical/IR lens and source modelling

We modelled the gravitational lensing in two steps. First, using
the observed image positions of the F475X and F814W data (see
Table 1), we fitted a singular isothermal ellipsoid (SIE) plus an
external shear mass distribution using GLAFIC (Oguri 2010). The
flux ratios of the quasar images were not used, as these are typically
affected by intrinsic variability and/or microlensing (Millon et al.
2020). However, the six image positions provide twelve observational
constraints to the model, which has seven free parameters (the
Einstein radius 0; the lensing galaxy position ARA, ADec; the
ellipticity e and the position angle PA; and the external shear I and
position angle I'y). The resulting model is shown in Fig. 2, and is a
good fit to the data.

Second, using the parameters of the initial mass model from
GLAFIC, we then used LENSTRONOMY (Birrer, Amara & Refregier
2015; Birrer & Amara 2018) to model the gravitational lens mass
and source surface brightness distribution using the F475X, F814W,
and F160W imaging data simultaneously. For this, we parametrized
the light from the lens and the extended (IR) source component
with Sérsic profiles. The quasar images were modelled using the
point spread functions of the UVIS2 and IR cameras to determine
the positions, but similar to above, the flux of each image was not
used as a constraint in the lens modelling and was left as a free
parameter. The lens and source positions were first determined using
particle swarm optimization based ray tracing, followed by a Monte
Carlo Markov Chain based optimization. This ensured an effective
search of the parameter space and provided uncertainties on the
fitted parameters for the given model. The mass model parameters
for the lens, and the point- and extended-source models for the two
quasars and the IR source component, respectively, are presented
in Table 2. By considering the residual flux in the three HST
images, we find that this model has a reduced- x2 of 2.11, which is
dominated by the residual light from the point sources. In Table 3, we
present the predicted lensed image positions, magnifications and time
delays. We find that this model can recover the observed positions
of the lensed images to within the measurement and modelling
uncertainties.

MNRASL 508, L64-L68 (2021)
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Figure 2. The best-fitting SIE+shear lens model using the positions of all six
lensed images (obtained using GLAFIC). The source-plane caustics are shown
in dark grey, while the image-plane critical curves are shown in light grey.
The crosses denote the observed image positions, while the circles denote
the corresponding predicted image positions from this model. The source
positions of the quasars are plotted as orange (Source 1) and cyan (Source 2)
stars. The lens mass centre is at the origin.

3.2 Radio source modelling

Using the lens model obtained from the optical/IR data, we fitted
the radio data, keeping all of the lens parameters fixed except
for the position of the mass distribution (so that any mis-match
between the HST and VLA absolute astrometry could be accounted
for). The modelling was done in the visibilty plane using VISILENS
(Spilker et al. 2016), and given the quality of the data, a circular
Gaussian model was used to parametrize each source. We find that
Source 1 and 2 have an effective radius of R.; = 0.07 £ 0.01 and
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Table 2. Best fitting SIE+shear mass model parameters (a), and
the extended (b) and point source (c) models, obtained using
LENSTRONOMY. All positions are relative to the centre of the lens,
and all position angles (PA) are given in degrees East of North.

Parameter Best Fit

0 (arcsec) 1.9614 + 0.0002

e 0.23 + 0.06
PA (degr.) 74 + 2
r 0.07 + 0.01
[y (degr.) 72 + 4

(a) Lens mass model

ARA (arcsec) —0.275 £ 0.002

ADec (arcsec) —0.543 £ 0.003
Regr (arcsec) 0.20 £+ 0.01
n 2.03 + 0.05
e 0.73 £ 0.08
PA (degr.) 125 + 8
(b) Extended source model
Source ARA (arcsec) ADec (arcsec)
Source 1 —0.32 £ 0.03 +0.07 + 0.01
Source 2 —0.36 £ 0.05 —0.72 £0.05

(¢) Point source model

Table 3. The predicted image positions, magnifications (u; the sign donates
the parity) and time-delays (¢;) for source 1 and source 2, obtained using
LENSTRONOMY. All positions are relative to the centre of the lens.

Image ARA (arcsec) ADec (arcsec) uw tq (days)
1A —1.8996 £ 0.0004 +0.7548 4 0.0008 —5.8 0.0
1B —0.5694 £ 0.0003 +2.1538 £ 0.0001 +5.0 —3.1
1C —1.6630 4+ 0.0002 —1.5935 + 0.0002 +4.2 -59
1D +1.4193 £ 0.0006 —0.3905 £ 0.0011 —1.6 +28.3
2A +0.8501 £ 0.0021 4-0.9573 £ 0.0015 -3.0 +42.7
2B —1.1047 £ 0.0005 —2.8281 =+ 0.0003 +2.1 —454

0.04 = 0.01 arcsec, respectively, and a total magnification of (;agi0 =
16.3 and 5.1, respectively. However, we take these results only as
indicative of the true source sizes, since further high resolution
observations will be needed.

3.3 Evidence for a flux-ratio anomaly

From Table 1, we find that the observed optical flux ratios change as
a function of wavelength, and are not consistent with the expected
values from the lens model. In particular, the flux-ratio for source
2 is inverted. This is likely not an issue with the mass model, but
suggests that the optical data are effected by microlensing. The radio
data are not expected to be significantly affected by microlensing
because the derived source sizes are too large. However, we find that
image 1C and 1D show evidence for a flux-ratio anomaly at the 1.60
level. If genuine, this could be due to intrinsic variability, a complex
source structure, or due to a perturbation in the mass model. Further
high resolution radio imaging is needed to investigate this.

3.4 Source-plane properties

In Fig. 3, we present a representation of the source-plane structure of
PSJ1721+8842 at redshift 2.37. From our lens modelling analysis,
we confirm that all three optical/IR components are at the same
redshift and offset from each other. The projected separation of the
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Figure 3. The reconstructed source-plane model showing the projected
positions of source 1, source 2 and the IR component. This confirms that
all three source components are at redshift 2.37, and are spatially offset. Note
that the strong ellipticity of the IR component is not real, but is an artefact of
the preferential magnification provided by the lens.

two quasars is 6.5 = 0.6 kpc, confirming that this is a dual-AGN
system. The IR component is offset from source 2 by 1.6 & 0.3 kpc in
projection, consistent with being a third distinct object. The effective
radius of the IR component is 1.67 £ 0.08 kpc. However, this is
likely an upper limit to the size as most of the magnification is in
the tangential direction, as a result of which, this component appears
highly elliptical in the source-plane. Using instead the minor axis
of the elliptical profile gives an effective radius of 0.45 £ 0.02 kpc.
This, coupled with the derived Sérsic index of n = 2, suggests that
this is a compact red galaxy. It is not clear whether the red colour is
due to dust, or an evolved stellar population. Such red and compact
host galaxies have been found for other lensed and non-lensed AGN
(Kocevski et al. 2017; Spingola et al. 2020), but in these cases, the
AGN is embedded at the centre of the host galaxy.

The radio emission from PS J1721+8842 can be due to weak jets
associated with AGN activity or from star formation. Given that the
radio emission has an inferred size of 600 £ 85 and 340 + 85 pc for
source 1 and 2, respectively, and the coincidence with the quasars, it is
likely that in both cases the emission is due to weak jets. We calculate
the intrinsic source properties following McKean et al. (2011).
The estimated rest-frame 1.4 GHz luminosity density (unlensed),
assuming a radio spectral index of & = —0.7,is L; 4 g, = 10?431 +0.03
and 10%*43 %098 W Hz~!, respectively for source 1 and 2, which is
consistent with weak radio jets. However, given the estimated source
sizes, we find that the brightness temperatures have a limit of around
>10? K, which would also be consistent with star formation. Under
the assumption that all of the radio emission is due to star formation
gives a star-formation rate of around 850 and 1150 M, yr~! for source
1 and 2, respectively. This is significantly higher than is typically
found for dusty star-forming galaxies and quasar host galaxies at
this epoch (Stacey et al. 2018). Also, given the compact sizes, the
inferred star-formation rate intensities for the two quasars would be
of order 800 and 3150 My yr~! kpc~2, which would imply greater
than Eddington limited star formation. Further high resolution radio
imaging and mm/spectral line imaging will be needed to confirm
such an extreme starburst associated with the system.

MNRASL 508, L64-L68 (2021)
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4 DISCUSSION & CONCLUSIONS

We have shown that PSJ1721+8842 is comprised of two quasars
that form a dual-AGN system, with a third stellar component that
forms part of a triple-merger. There is clear evidence of AGN
activity in the form of two quasars and possibly a very high
level of concentrated star-formation or weak radio jets within the
quasar hosts. There are two scenarios that can explain the observed
properties of PSJ1721+8842.

First is a pre-merger scenario, wherein the active black holes
(and their unseen host galaxies) are in the process of merging with
the compact red galaxy. If this is the case, the radio emission at
the location of the quasars could be dominated by AGN activity
that has been possibly triggered through the interactions between
the three structures. From studies of clusters and groups, it has
been found that radio luminous AGN are more likely to be seen
in less dense environments, and so galaxy interactions may play a
more important role in their evolution, as opposed to direct mergers
(e.g. Shenetal. 2021). However, this would go against the predictions
from simulations that place dual-AGN activity in the latter phases
of a merger (Solanes et al. 2019). Also, we note that close-pair
galaxy interactions can increase the (specific) star-formation rates
of galaxies by a factor of a few (Scott & Kaviraj 2014). Although
we have no estimate of the stellar mass of the quasar hosts, the star-
formation rates implied from the radio emission are likely too large
to be consistent with a pre-merger phase.

Alternatively, a large star-formation rate with dual-AGN activity
would be consistent with a post-merger scenario (Sanders et al. 1988).
However, there is no evidence of a host galaxy associated with either
quasar, which is unusual as the highest magnification quasar images
typically have an underlying extended stellar component (Shajib et al.
2019). This leads to a somewhat speculative post-merger scenario,
where the black holes have been ‘kicked out’ of the host galaxy
(Volonteri et al. 2020). There have been several recent studies of
SMBH recoil within quasars (Bonning, Shields & Salviander 2007;
Shields & Bonning 2008), in mergers and AGN (Blecha et al. 2011),
and on their possible detection (Blecha et al. 2016; Raffai, Haiman
& Frei 2016). Such a recoil would explain the offset in the position
of source 2 with respect to the centre of the IR component, which
would be the host galaxy of the system. We estimate that the size
of the host galaxy of source 1 would have to be <400 pc to remain
undetected in the HST imaging. If there continues to be no evidence
of a host galaxy in further studies, then the SMBH recoil scenario
could be invoked to explain why an active black hole is a few kpc
outside its host galaxy.

In summary, PSJ17214-8842 will provide an important test of
models for SMBH formation, and possibly the triggering of star
formation. Further high-angular resolution observations at cm/mm
wavelengths will be needed to understand the nature of the three
components of the system, the origin of their radio emission,
determine how they are dynamically linked, and establish whether
this is a pre- or post-merger system.
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