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ABSTRACT

We report extremely faint 144 MHz radio emission from two gravitationally lensed quasars, SDSS J1004+4112 (z = 1.730)
and SDSS J22224-2745 (z = 2.803), using the LOFAR Two Metre Sky Survey (LoTSS) data release 2. After correcting for
the lensing magnifications, the two objects have intrinsic flux-densities of 13 &£ 2 and 58 £ 6 uly, respectively, corresponding
to 144 MHz rest-frame luminosities of 10%32%02 and 10?42 %095 W Hz~!, respectively. In the case of SDSS J1004+4112,
the intrinsic flux density is close to the confusion limit of LoTSS, making this radio source the faintest to be detected thus far
at low frequencies, and the lowest luminosity known at z 2 0.65. Under the assumption that all of the radio emission is due
to star-formation processes, the quasar host galaxies are predicted to have star-formation rates of 5 .Sfijﬁ and 733‘2‘ Mg yr!,
respectively. Further multiwavelength observations at higher angular resolution will be needed to determine if any of the detected
radio emission is due to weak jets associated with the quasars.

Key words: gravitational lensing: strong —quasars: individual: SDSS J1004+4-4112 — quasars: individual: SDSS J22224-2745.

1 INTRODUCTION

Hydrodynamical simulations predict that present-day massive el-
liptical galaxies grew hierarchically, with a large fraction of their
stellar mass being formed through violent mergers in the early
Universe (e.g. Vogelsberger et al. 2014; Schaye et al. 2015). In this
scenario, the rapid onset of star formation (>10> Mg yr~!) is fuelled
through significant gas accretion and collapse during the merger
phase, producing a starburst that is extremely luminous at rest-frame
far-infrared (FIR; Lig > 10'> L) wavelengths (e.g. Sanders et al.
1988). Also, mergers can provide a mechanism to push gas on to
the central black hole of the galaxy, leading to significant accretion
and black hole growth, and the eventual triggering of an active
galactic nucleus (AGN; e.g. Di Matteo, Springel & Hernquist 2005).
Radiative and mechanical feedback associated with star formation
and AGN activity is then expected to clear the host galaxy of dust and
gas, revealing the previously obscured quasar and preventing further
significant star formation and black hole growth (e.g. Hopkins et al.
2005). Although further merger events over cosmic time may resultin
a new starburst/AGN phase, such galaxies are expected to passively
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evolve until present day, with only small amounts of star formation
produced through minor mergers and gas accretion.

This evolutionary model successfully explains the high levels of
dust-obscured star formation in quasar host galaxies at redshifts
between 1 and 4, where galaxy growth, star formation, and AGN
activity peak (e.g. Madau & Dickinson 2014), and there is substantial
evidence that mergers and feedback play an important role in galaxy
evolution at these epochs (e.g. Heckman & Best 2014; Hodge & da
Cunha 2020). In particular, resolved observations at mm-wavelengths
of optically/X-ray luminous quasars detect large molecular gas
reservoirs and heated dust that is consistent with extreme levels
of star formation (>10° Mg yr~!), close to Eddington-limited star-
formation rate intensities, and evidence of nearby companions in
around 30 per cent of cases (Beelen et al. 2006; Coppin et al. 2008;
Banerji et al. 2017; Nguyen et al. 2020; Stacey et al. 2021). However,
testing the full evolutionary path of this model requires identifying
quasar hosts at high redshift that have lower levels of star formation,
even though there is significant molecular gas still available. At high
redshifts, this is only possible using the increased sensitivity and
angular-resolution provided by gravitational lensing. For example,
a study of 104 (mainly optically selected) lensed quasars with the
Herschel Space Observatory detected heated dust in 66 per cent of
the sources, with cold dust temperatures (median of 38f;2 K) and a
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range of FIR luminosities that were consistent with significant levels
of star formation (median of 120745" M, yr~'; Stacey et al. 2018).

Studying lensed quasar hosts at high redshift with even lower
star-formation rates (<40 Mg yr~!) is more challenging, given the
sensitivity and source confusion of FIR survey telescopes. In this
respect, wide-field surveys at radio wavelengths offer the possibility
to identify quasar hosts that have low levels of star formation via the
radio—infrared correlation (e.g. Calistro Rivera et al. 2017; Giirkan
et al. 2018; Wang et al. 2019). The Low Frequency Array (LOFAR;
van Haarlem et al. 2013) is currently undertaking the LOFAR Two
Metre Sky Survey (LoTSS; Shimwell et al. 2019) that aims to image
the northern sky at 144 MHz with an angular resolution of 6 arcsec
and an rms of 70 puJy beam™! at optimal declinations. From the
first data release, covering 454 deg” of the sky, three lensed quasars
were found to have 144 MHz radio emission that was consistent with
star formation at the level of 60-210 M, yr~', given their correlated
radio and FIR luminosities (Stacey et al. 2019). The LoTSS data
release two (DR2; Shimwell et al., in preparation) covers a sky
area of 5720 deg’ that includes 63 known lensed quasars in the
survey footprint, of which around two-thirds are detected (>30) at
144 MHz (Luichies et al., in preparation). The vast majority of the
detections are consistent with star formation at a similar level to that
found with the (albeit smaller) DR1 sample of lensed quasars (Stacey
et al. 2019), although a number of objects also have significant low
frequency emission that is almost certainly associated with radio jets
(Badole et al., in preparation; Lafontaine et al., in preparation).

In this letter, we focus on two of the lensed quasars from
the LoTSS-DR2, namely SDSS J1004+4112 (z = 1.730) and
SDSS J2222+2745 (z = 2.805), which stand out from the rest of the
sample due to their very high total lensing magnifications (67 and
32, respectively). As a result, multiple lensed images from the same
object are resolved by LOFAR for the first time, and extremely faint
radio emission is detected, which in one case is close to the LoTSS
confusion limit. In Section 2, we briefly summarize the LOFAR and
archival radio data for both lensed quasars, and in Section 3 we
discuss the nature of their 144 MHz radio emission and the future
prospects of using LOFAR and gravitational lensing to probe the faint
radio source population at high redshift. Throughout, we assume a
flat ACDM Universe with Hy = 67.8kms~'Mpc~!, Qy =0.31, and
Qa = 0.69 (Planck Collaboration XI 2016). The radio spectral index
« is defined as S, oc v, where S, is the flux density and v is the
frequency.

2 OBSERVATIONS AND RESULTS

2.1 LoTSS 144 MHz imaging

SDSS J1004+4-4112 and SDSS J2222+2745 were observed at a
central frequency of 144 MHz with the High Band Array (HBA)
of LOFAR as part of LoTSS on 2015 August 25 and 2019 October
3, respectively. Both data sets were acquired following the standard
LoTSS observing procedure, that is, an 8 h observation consisting
of 230 frequency sub-bands between 120 and 167 MHz, each with a
bandwidth of 195 kHz (Shimwell et al., in preparation). The standard
LoTSS calibration and imaging pipelines were used to produce the
final mosaics of the target fields, which had a restoring beam of 6
arcsec (Shimwell et al. 2019; Tasse et al. 2021). An inspection of the
mosaics found no significant imaging artefacts in the regions of sky
containing the two lensed quasars. Therefore, no further calibration
and imaging was needed. The off-source rms map noise was 74 and
104 puJy beam™! for SDSS J1004+4112 and SDSS J2222+42745,
respectively.
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In Fig. 1 the 144 MHz surface brightness contours for each system
overlaid on the r-, i-, and z-colour image from Pan-STARRS is
presented. The radio emission from each system was modelled using
delta functions to estimate the total flux density from each detected
lensed image (see Table 1). This was done in the image plane using
the IMFIT task within the Common Astronomy Software Applications
package. We discuss the results for each system separately.

2.2 SDSS J1004+-4112

SDSS J1004+4112 is a broad emission line quasar at redshift 1.730
that is gravitationally lensed by an intervening galaxy cluster at
redshift 0.68 into five images with a maximum separation of 14.62
arcsec (Inada et al. 2003). The positions of the lensed images are
in a fold configuration, where the two closest lensed images, A and
B, have the highest point-source magnifications of 29.7 and 19.6,
respectively, and the three other images, C, D, and E have point-
source magnifications of 11.6, 5.8, and 0.16, respectively (Oguri
2010). Previous radio imaging with the Very Large Array at 5 GHz
detected emission from lensed images A, B, C, and D, implying an
intrinsic (lensing corrected) flux density at 5 GHz of 2.5 + 0.2 uly
(Jackson 2011).

The LoTSS image of SDSS J1004+-4112 at 144 MHz detects low
frequency radio emission from lensed images A and B at the 60 -
level, with a combined peak surface brightness of 430 uJy beam™'.
The measured flux densities of A and B at 144 MHz are 369 &+ 76 and
271 £ 75 uly, respectively, which given their lensing magnifications
implies an intrinsic (lensing corrected) flux density of 13 £ 2 ulJy.
This intrinsic flux density is about 27-times lower than the 5o
detection threshold of LoTSS, and is close to the LOFAR 6 arcsec
beam-size confusion limit (~8-11 uJy for a point source; Sabater
etal. 2021). SDSS J1004+-4112 is currently the faintest radio source
detected by LOFAR. No 144 MHz radio emission was detected from
lensed images C, D, and E, which is to be expected given the 3o upper
limit to their flux densities and their lower lensing magnifications.

The radio spectral index between 144 MHz and 5 GHz is found
to be o}, SN, = —0.46 & 0.05, under the assumption that this is
described by a single power-law model, which is rather flat when
compared to a typical starburst galaxy (see Section 3 for further
discussion). Using this spectral index, the rest-frame 144 MHz
luminosity density is L4 pp, = 1.58 2 0.08 x 10> W Hz ™!, making
SDSS J1004+4-4112 the lowest radio-power source currently known
at z 2 0.65 that has been detected with LOFAR (e.g. Kondapally
et al. 2021; Sabater et al. 2021). Under the assumption that all of
this radio emission is associated with star formation, and using the
redshift-dependent radio—infrared correlation at 150 MHz derived by
Calistro Rivera et al. (2017), we find that this luminosity density is
equivalent to a radio-derived star-formation rate of 5.51% Mg yr='.

2.3 SDSS J2222+2745

SDSS 1222242745 is a gravitationally lensed quasar at redshift
2.805 that was identified from follow-up observations of a candidate
lensing cluster at redshift 0.49 (Dahle et al. 2013). The lensing
cluster has three similar-mass elliptical galaxies at the centre that
together produce a complex set of lensing caustics. This results
in six lensed images of SDSS J22224-2745 being formed, with a
maximum image separation of 15.1 arcsec. Lensed images A, B, and
C have the highest point-source magnifications of 14.5, 10.8, and 6.7,
respectively, whereas lensed images D, E, and F have point-source
magnifications close to unity (1.43, 0.76, and 0.95, respectively) due
to their proximity to the central galaxies of the lensing cluster (Sharon
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Figure 1. Pan-STARRS r-, i-, and z-combined colour image with the LOFAR 144 MHz emission contours shown in red for SDSS J1004+44112 (left) and
SDSS J22224-2745 (right). The LOFAR surface brightness contours are at oms % (=3, 3,4.24, 6, 8.49, 12, ...) where 0y, is the rms map noise that is 74 and
104 puJy beam™! for SDSS J1004+4112 and SDSS 1222242745, respectively. The 6 arcsec restoring beam size is shown as the filled circle in the bottom right
corner of each plot. There is clear radio emission associated with lensed images A and B from SDSS J10044-4112, and lensed images A, B, and C from SDSS
J2222+2745. The non-detection of emission from lensed images C, D, and E from SDSS J1004+4112 is consistent with the expected magnification of those
images and the sensitivity of the LOFAR imaging. The optical (and possible radio) emission from lensed images D, E, and F of SDSS J2222+2745 is blended

with the foreground lensing galaxies, and is not considered further here.

Table 1. Summary of the emission from SDSS J1004+4112 and SDSS
1222242745, including the 5 GHz flux density (S5 gu,) from Jackson (2011)
and the 144 MHz flux density (S144 mu) reported here, and the point-source
magnification (p) from lens modelling by Oguri (2010) and Sharon et al.
(2017), respectively. Non-detections assume point source emission and are
quoted at the 30 level.

Source name Lensed image  SsgH; S144 MHz 1%
(uJy) (udy)
SDSS J1004+4112 A 64+8 369 £ 76 29.7
B 39+8 271 £ 75 19.6
C 30+ 8 <222 11.6
D 33£8 <222 5.8
E <21 <222 0.16
SDSS J2222+2745 A 749 + 110 14.5
B 606 + 108 10.8
C 496 + 107 6.7

et al. 2017). In addition to the lensed quasar, there is a gravitational
arc at redshift 2.30 that is highly distorted, but is only singly imaged,
and there are three other lensed galaxies that are multiply imaged, one
of which is at redshift 4.56. There are no published high frequency
radio measurements of SDSS J2222+4-2745 that resolve the lensed
images.

The LoTSS image of SDSS J2222+42745 at 144 MHz is quite
complex; there is clear radio emission associated with lensed images
A, B, and C, but there is also extended radio emission at the position
of the lensing galaxies within the cluster. The emission from lensed
images A and B is blended with a peak surface brightness of 745 uly
beam™! that is equivalent to a 7o detection. Lensed image C is well
resolved from the other lensed images and the lensing galaxies, and

MNRASL 505, L36-L40 (2021)

is detected at the 4o level; this is the first time that gravitationally
lensed images of the same background source have been fully
resolved with LOFAR. The flux densities of lensed images A, B,
and C at 144 MHz are found to be 749 £+ 110, 606 £ 108, and
496 + 107 uly, respectively. Given their lensing magnifications, this
implies an intrinsic (lensing corrected) flux density of 58 £ 6 uly
for SDSS J2222+42745. Similar to above, this intrinsic flux density
is below the detection threshold of LoTSS. The radio emission
from lensed images D, E, and F is predicted to be below the rms
noise level of the data. Therefore, the radio emission seen at their
locations is almost certainly associated with the lensing galaxies
within the cluster. The angular resolution of the data is also not
sufficient to determine if there is any radio emission associated with
the gravitational arc, or the other lensed galaxies in the background
of the cluster.

Assuming that SDSS J2222+4-2745 has a typical radio spec-
tral index of ¢ = —0.7 (Calistro Rivera et al. 2017), the rest-
frame 144 MHz luminosity density is found to be Ligmu, =
2.65 & 0.27 x 10%* W Hz ™. This is equivalent to a star-formation
rate of 733‘2‘ Mg yr~!, under the assumption that all of the radio
emission is associated with star formation.

2.4 Lensed image flux ratios

As gravitational lensing conserves surface brightness, the observed
flux ratios of the different lensed images can directly trace the relative
magnifications provided by the lens. Any deviations from what is
expected from the best lens model can therefore be used to infer if
there is additional unaccounted for mass structure. This could be due
to low-mass dark matter haloes in the main lensing halo or along
the line of sight to the background quasar, the abundance of which
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can directly test models for dark matter (e.g. Hsueh et al. 2020). The
mass distributions of massive clusters can also be quite complex, but
sophisticated lens modelling has recently been used to test the cold
dark matter model of galaxy formation with this method (Meneghetti
et al. 2020). At optical wavelengths, the observed flux ratios can be
changed (as a function of time) by microlensing, as quasar accretion
disks are sufficiently small that lensing by stars in the lensing halo
can occur. At radio wavelengths, source sizes are expected to be too
large for microlensing to have a strong effect, and therefore radio
flux ratios are best used to test the smooth lens mass model.

For SDSS J1004+-4112, we find that the flux ratio of lensed images
A and B at 144 MHz is Fga = 0.73 = 0.25, which is in good
agreement with the prediction of 0.66 from the lens model of Oguri
(2010) and the measurement at 5 GHz of Fga = 0.61 & 0.15 by
Jackson (2011). For SDSS J22224-2745, the 144 MHz flux ratios
between the three detected lensed images are Fg/a = 0.81 = 0.18 and
Fc/a =0.66 £0.17. However, although the flux ratio of lensed images
A and B is in good agreement with the predicted magnification
ratio of 0.74 from the lens model by Sharon et al. (2017), we find
that the observed magnification of lensed image C is a factor of
1.5 + 0.4 higher than expected; the predicted magnification ratio
is 0.46. Further observations will be needed to determine if this
difference between the observed and predicted flux ratios for image
C of SDSS J2222+4-2745 is significant and whether they change as a
function of time.

3 NATURE OF THE RADIO EMISSION

The underlying physical processes that lead to faint radio emission
from extragalactic sources is not clear. It could be related to
supernovae remnants or compact HiI regions associated with massive
star-formation (e.g. McDonald et al. 2002), or from weak radio-jets
(e.g. Radcliffe et al. 2018), coronal emission (e.g. Laor, Baldi &
Behar 2019), thermal bremsstrahlung (e.g. Blundell & Kuncic 2007),
or radiatively driven shocks (e.g. Zakamska & Greene 2014) that are
associated with AGN activity. There is also growing theoretical (e.g.
Thomas et al. 2021) and observational (e.g. Delvecchio et al. 2017;
Algera et al. 2020) evidence that points towards a transition at uJy-
levels (cm wavelengths) from AGN-dominated sources to those that
are mainly (>75 per cent) driven by star formation.

For those radio sources associated with a quasar, the star-formation
properties can only be determined via their FIR luminosities. How-
ever, there is a poorly understood scatter and redshift evolution in
the radio—infrared correlation that could potentially be accounted
for through variations in the stellar mass of the host galaxies
(Giirkan et al. 2018; Smith et al. 2020) and/or through inverse
Compton losses at high redshift (Schleicher & Beck 2016). In
addition, even in sub-uJy-level radio sources where the radio and FIR
luminosities are consistent with the radio—infrared correlation for
star-forming galaxies, observations with cm-wavelength very long
baseline interferometry (VLBI) has demonstrated that AGN activity,
in the form of small-scale jets and a high brightness-temperature
core, is the dominant source of the radio emission (Hartley et al.
2019).

In the case of the two high redshift radio sources investigated here,
there is clearly evidence of AGN activity in the form of the quasar
emission seen at optical and infrared wavelengths. However, it is not
clear from the data in hand whether the weak radio emission observed
at low frequencies with LOFAR is related to AGN activity or star for-
mation. The radio spectrum of SDSS J1004+4112 between 144 MHz
and 5 GHz is about 1 to 1.30 flatter than is typically observed for
AGN and star-forming galaxies, respectively (e.g. Calistro Rivera
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et al. 2017). If the radio spectrum is genuinely flatter, this could
be due to either free—free absorption or synchrotron self-absorption
attenuating the spectrum at low frequencies, or alternatively, could be
due to the presence of an optically thick radio source that dominates at
high frequencies. In the case of the former, differentiating between
these two absorption mechanisms is challenging unless the shape
of the optically thick part of the spectrum at very low frequencies
can be modelled (e.g. McKean et al. 2016). For the latter, cm-
wavelength VLBI observations could be used to determine if there
is evidence of AGN activity. However, such observations would not
necessarily rule out that a significant amount of the radio emission
observed here is due to star formation; for example, the broadband
spectrum could show a typical steep radio spectral index, which is
consistent with star formation at low frequencies, that flattens (or
is inverted) at higher frequencies where an AGN component could
dominate. Such a flattening in the radio spectra of AGN dominated
sources from a}5f §H2 = —0.66 to alst $ = —0.52 has previously
been reported (Calistro Rivera et al. 2017). Further multifrequency
measurements between 150 MHz and 5 GHz are needed to determine
if SDSS J1004+4112 has a flat, single power-law spectral energy
distribution or not.

We note that SDSS J1004+4112 (image A) is also included in
the DR14 quasar sample of the SDSS, with a lensing-corrected
absolute i-band magnitude of M; = —22.73 + 0.04 (Myers et al.
2015); this corresponds to a rest-frame luminosity-density of L; pung
=5.4740.20 x 10> WHz~!. Using this and the radio luminosity-
density determined above, we find that SDSS J1004+4112 has a
radio-loudness parameter of R = 2.9 + 0.2 that would place this
object at the high-end of the distribution for optically selected quasars
at | < z < 2 (see Giirkan et al. 2019 for details). This suggests that
some fraction of the weak radio emission may be due to jets that are
associated with AGN activity. However, due to micro-lensing by stars
or compact objects within the lensing cluster (Mediavilla et al. 2009),
and the intrinsic optical variability of the quasar continuum emission
(Fohlmeister et al. 2008), the r-band magnitudes from lensed images
A and B changed by Am = 0.75 between 2003 and 2007. A decrease
in the i-band emission at this level in 2015 would give R ~ 1.5. This
would be in good agreement with the mean value of R for the sample
of optically selected quasars at this epoch, whose radio emission is
thought to be dominated by star formation (Giirkan et al. 2019).

In the event that the radio emission observed here is due to
star formation within the two quasar host galaxies, then their low
star-formation rates, particularly in the case of SDSS J1004+4112,
could point toward systems at the end of their starburst phase, as
predicted from galaxy formation models (e.g. Sanders et al. 1988).
To confirm this, further observations at mm-wavelengths would be
needed to determine if there is a paucity of heated dust emission from
obscured star formation, and to determine if there are disturbed gas
kinematics or morphologies due to radiative feedback from the AGN
or recent mergers (e.g. Paraficz et al. 2018; Spingola et al. 2020).
Also, low molecular-gas fractions have been taken as evidence for
the post-starburst phase in quasars (Stacey et al. 2021) and dusty star-
forming galaxies (Spilker et al. 2016). Therefore, further follow-up
observations of low excitation CO could be used to investigate the
evolutionary stage of SDSS J1004+4112 and SDSS J2222+2745.

The LOFAR imaging presented here can not unambiguously
determine the nature of the radio emission from SDSS J1004+4-4112
and SDSS J2222-+2745. However, we have demonstrated that low-
luminosity radio emission is detectable from the population of
sources that are expected to dominate the faint low-frequency sky
at high redshifts. Such objects will be further investigated in larger
numbers when the forthcoming LOFAR deep surveys are completed
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(e.g. Kondapally et al. 2021; Sabater et al. 2021). In the meantime,
by combining gravitational lensing and LOFAR, it will be possible to
identify objects like SDSS J10044-4112 and SDSS J22224-2745 for
detailed multiwavelength studies, so that we can better understand
the composition of the faint radio source population at high redshift.
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