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ABSTRACT
The radio quasar luminosity function exhibits an upturn around L6 GHz = 1023 W Hz−1 that is well-modelled by a star-forming
host galaxy population. This distribution leads some authors to cite star formation as the main radio emission mechanism in
so-called radio-quiet quasars (RQQs). Understanding the origin of RQQ radio emission is crucial for our understanding of
quasar feedback mechanisms – responsible for the regulation of star formation in the host galaxy – and for understanding galaxy
evolution as a whole. By observing RQQs that have been magnified by strong gravitational lensing, we have direct access to
the RQQ population out to cosmic noon, where evidence for twin mini-jets has recently been found in a sub-μJy RQQ. Here
we present radio observations of two lensed RQQs using the VLA at 5 GHz, the latest objects to be observed in a sample of
quadruply-imaged RQQs above −30

◦
. In SDSS J1004+4112 we find strong evidence for AGN-related radio emission in the

variability of the source. In PG 1115+080 we find tentative evidence for AGN-related emission, determined by comparing
the radio luminosity with modelled dust components. If confirmed in the case of PG 1115+080, which lies on the radio–FIR
correlation, the result would reinforce the need for caution when applying the correlation to rule out jet activity and when
assuming no AGN heating of FIR-emitting dust when calculating star formation rates. Our programme so far has shown that the
two of the faintest radio sources ever imaged show strong evidence for AGN-dominated radio emission.

Key words: gravitational lensing: strong – galaxies: active – quasars: general – galaxies: individual: SDSS J1004+4112 –
galaxies: individual: PG 1115+080 – galaxies: star formation.

1 IN T RO D U C T I O N

Strong gravitational lens systems involve the multiple imaging of
background galaxies or quasars, typically by a foreground galaxy
close to the line of sight (see Courbin, Saha & Schechter 2002;
Meylan et al. 2006; Bartelmann 2010; Jackson 2013 for reviews).
Since the deflection of light is dependent on the distribution of
matter, modelling of strong lens systems can map out dark matter
in the lensing galaxy, variously probing large (Treu & Koopmans
2002, 2003, 2004; Sonnenfeld et al. 2012, 2013, 2015) and small
(Mao & Schneider 1998; Metcalf & Madau 2001; Kochanek &
Dalal 2004; Vegetti et al. 2012; Nierenberg et al. 2017) scales of
dark matter substructure. Moreover, the consequent magnification of
the background object allows us to study it at some combination of
higher signal to noise and higher resolution (e.g. Claeskens et al.
2006; Spingola et al. 2019). In particular this allows studies with
radio interferometers of objects with intrinsically faint radio emission
whose detailed investigation would otherwise only become possible
with next generation telescopes, such as the Square Kilometre Array
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(SKA; Orienti et al. 2015). By using strong lenses to study the faint
radio emission from radio-quiet quasars (RQQs), we can obtain direct
evidence to address one of the oldest problems in radio astronomy:
the radio life of quasars.

Although the first quasars were discovered by identifying strong
radio sources associated with highly redshifted optical point-sources
(Schmidt 1963), quasars only rarely appear to exist in a ‘radio-
loud’ state, with more than 90 per cent (Sandage 1965) displaying
only weak radio emission. Understanding the physical mechanism
for this weak emission is crucial for our understanding of galaxy
evolution as a whole.1 Observations of radio-loud quasars (RLQ)
reveal kiloparsec-scale jets and lobes resulting from the collimation
of galactic gas and dust shredded during its accretion on to a central
supermassive black hole (SMBH). These powerful jets are thought to
regulate gas cooling and subsequent star formation (SF) within the
host galaxy, constituting a form of ‘AGN feedback’ during what
historically has been referred to as the ‘radio’ or ‘maintenance’

1The distinction between radio loud quasars RLQs and RQQs is convention-
ally made using the ratio R of 5 GHz and optical B-band monochromatic
luminosities, the cut being made at R=10
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feedback mode (Croton et al. 2006; Best & Heckman 2012).
Evidence for corresponding trajectories of SF and AGN activity
is summarized by Madau & Dickinson (2014). During the so-called
‘quasar’ feedback mode, on the other hand, luminous jets are absent;
instead, high velocity winds are thought to regulate SF by driving gas
from the galaxy. The radio emission of RQQs therefore can trace the
processes responsible for this feedback. Determining the mechanism
of this radio emission – whether it is the result of suppression or,
alternatively, activation of SF – is key to understanding this stage of
galaxy evolution.

The question of the origin of radio emission from RQQs has
been active for decades: either the emission is the result of a
scaled down version of the classic radio jet, is due to ongoing
SF in the host galaxy,2 or is the result of both. Early optically
selected samples of quasars found a bimodality in the distribution
of luminosities (Kellermann et al. 1989). A more recent National
Radio Astronomy Observatory (NRAO) Jansky Very Large Array
(VLA) Sky Survey (NVSS) sample hinted at a large population
of μJy level quasars (Condon et al. 2013). Both results imply a
quasar model consisting of two distinct populations, invoking SF
as the radio emission mechanism of the radio-quiet population.
Most recently, Malefahlo et al. (2020) used a Bayesian stacking
approach to fit quasar radio luminosity functions below the radio
detection threshold for a sample of optically selected quasars, finding
a distinct upturn below log10[L1.4/W Hz−1] ≈ 24.8 and coinciding
with luminosity ranges where star-forming galaxies are expected to
start to dominate. Further, a study of a large number of radio-quiet
gravitationally lensed quasars found that many of them lie on the
radio–far-infrared (radio–FIR) correlation occupied by star-forming
objects, suggesting that a large component of the radio emission is
due to SF (Stacey et al. 2018). This result is consistent with earlier
work by Bonzini et al. (2013, 2015), and Sopp & Alexander (1991),
who first invoked the use of the FIR to make this distinction. More
recently, Gürkan et al. (2019) and Macfarlane et al. (2021) have
used data from the Low Frequency Array (LOFAR) Two-Metre Sky
Survey (LoTSS; Shimwell et al. 2019) to find a lack of bimodality
at low radio frequencies, but evidence for low-luminosity quasars
being dominated by SF. The authors of both studies suggest that the
jet launching mechanism operates in all quasars but with different
powering efficiency.

On the other hand, there is some evidence that the same AGN
engine is in operation in all quasars, but for RQQs it is significantly
reduced in power. Blundell & Beasley (1998), for example found
strong evidence for jet-producing central engines in eight objects
from a sample observed using the Very Long Baseline Array (VLBA),
and Leipski et al. (2006) found in a sample of 14 low redshift
RQQs radio structures that can be interpreted as jet-like outflows.
Herrera Ruiz et al. (2016) used VLBA observations of intermediate
luminosity RQQs to show that the radio emission of at least some
RQQs is dominated by AGN activity, and Zakamska et al. (2016)
have found that the star formation rate (SFR) in a sample of 300
quasars is insufficient to explain the observed radio emission by an
order of magnitude. Others have used source variability (Barvainis
et al. 2005) and excess emission from the radio–FIR correlation to
rule out SF as the dominant emission mechanism (White et al. 2017).
Alternative radio emission mechanisms have been suggested such as
magnetically heated coronae (Laor, Baldi & Behar 2018; Richards

2Indeed, some (Padovani 2017) have proposed that the RLQ/RQQ distinction
be abandoned altogether and replaced by the designation of ‘jetted’ and
‘unjetted’ sources

et al. 2021), radiatively driven shock fronts (Zakamska & Greene
2014), and optically thin bremsstrahlung emission in the quasar core
(Blundell & Kuncic 2007).

We can use the magnification provided by strong gravitational
lenses to make direct study of a sample of RQQs, resolving the radio
emission in each case. This method allows us access to the very
faintest radio sources at the very highest resolution, with intrinsic
flux density values around the 1 μJy level. VLA observations of four
quadruply lensed RQQs have detected all four sources, with intrinsic
flux densities in the range 1–5μJy (Jackson et al. 2015). Follow-up e-
Multi-Element Radio Linked Interferometer Network (e-MERLIN)
and European VLBI Network (EVN) observations of lensed RQQ
HS 0810+2554 (Hartley et al. 2019) allowed us to resolve radio
structures to the sub-pc scale. The images revealed an AGN emission
mechanism in the form of twin jets on opposing sides of the optical
core, in what would be, if unlensed, the faintest radio source ever to
be observed. Follow-up Atacama Large Millimeter Array (ALMA)
and VLA observations of SDSS J0924+0219, on the other hand,
found a radio-emitting region coincident with a molecular disc and
of the same apparent size, suggesting SF as the main cause of radio
emission in this case, which lies on the radio–FIR correlation (Badole
et al. 2020). In the strongly lensed RQQ RXJ 1131–1231, no compact
radio sources were detected using EVN observations (Wucknitz &
Volino 2008), but there is evidence of turbulent gas, again consistent
with star-forming activity (Paraficz et al. 2018).

The picture emerging from this directly observed sample is mixed,
with observations to date consistent either with star-formation or
jet activity, or perhaps both. Further, Paraficz et al. (2018) suggest
that SF is dependent not on AGN activity but instead on host gas
morphology. In order to refine the picture and collect more evidence,
we have observed two more quadruply lensed RQQs using the VLA.
We also use our observations to expand the sample of quadruply
lensed radio quasars available for dark-matter sub-structure studies.
Perturbations in the distribution of the lensing mass manifest in
flux ratios that are inconsistent with predictions from smooth mass
models. In the optical, the highly compact size of the accretion disc
renders quasars sensitive to so-called microlensing by a compact
object, such as a planet or star. Microlensing has only been detected
tentatively in the radio (Koopmans & de Bruyn 2000), and is
considered unlikely due to the greater typical size of a radio source
than the μas-size microlensing Einstein radius (Dalal & Kochanek
2002). Radio observations of lensed quasars are therefore thought
more reliably to betray the presence of milliarcsecond- (mas) scale
dark matter sub-structures along the line of sight – in a phenomenon
known as millilensing (Metcalf & Madau 2001) – predicted by the
cold dark matter model. While we focus mainly on lensed source
astrophysics in this paper, we present preliminary findings on the
lensing mass structures, which will be investigated in more detail
in a dedicated study. Sections 2 and 3 of this paper present our
new observations, their results, and implications for the origin of
RQQ radio emission in each source and the mass distribution of the
lens. Section 4 presents our conclusions within their wider contexts.
Throughout this paper we assume a standard flat cosmology with �m

= 0.31 and H0 = 67.8 km s−1 Mpc−1 (Planck Collaboration XIII
2016).

2 SD S S J 1 0 0 4+4 1 1 2

SDSS J1004+4112 (Inada et al. 2003), is a giant lens system
produced by a galaxy cluster lying at redshift z = 0.68. In the
optical, several background objects appear to be distorted by the
intervening mass, producing ∼10 arcsec-scale arcs and filaments of
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lensed galaxies (Sharon et al. 2005), in addition to multiple point-like
images of a lensed quasar. The quasar, at a redshift of z = 1.734,
is lensed into five images, with four magnified images in a fold
configuration separated by a maximum of 14.62 arcsec, and a fifth
de-magnified image embedded slightly West of the central galaxy in
the cluster (Inada et al. 2005; Inada et al. 2008). The quasar source
displays intrinsic variability in the optical (see e.g. Fohlmeister et al.
2008; Fian et al. 2016), resulting in time delays of years between the
more distant components.

The first radio observation of SDSS J1004+4112 (Jackson 2011)
used the improved sensitivity of the newly expanded VLA at 5 GHz
in C configuration to produce an image of the system at a resolution
of 3.5 arcsec. The resulting radio map shows a clear detection of four
magnified quasar image components, with the brightest components,
A and B, appearing to merge. Component E was not detected. The
system has recently been observed at 144 MHz, within LoTSS data
release 2. Resulting images made detections of components A and
B with flux densities of 370 and 272 μJy, respectively, while C and
D were not detected (McKean et al. 2021). Using the relation from
Calistro Rivera et al. (2017) and under an assumption that all of the
emission originates from star-forming activity, the host galaxy SFR
would be 5.5+1.8

−1.4 M� yr−1. In order to resolve individual 5 GHz
components to greater detail and to determine the radio emission
origin, further VLA C-band observations have been made, using
longer baselines and thus higher resolution.

2.1 Observations and results

SDSS J1004+4112 was observed on 2016 November 9 and 21
using the VLA at 4.5–6.5 GHz (C-band) in the A configuration.
The total on-source integration time was 2.5 h. A nearby point
source, J0948+4039, was used for phase referencing. Data reduction
was performed using calibration and imaging routines from the
Astronomical Image Processing System (AIPS) software package
distributed by NRAO.3While 3C 286 was observed in order to set
the overall flux, its observation was unintentionally divided into two
spectral windows rather than the 16 used for the target and phase
calibrator. The overall flux was therefore set by using the phase
calibrator, assuming a flat spectral index and 1.2 Jy – according
to values from the National Aeronautics and Space Administration
(NASA) extragalactic data base4 – and inserting flux values for each
spectral window using AIPS task SETJY. After applying delay and
phase solutions to all sources and using AIPS task GETJY to bootstrap
the flux scale, the calibrated 3C 286 observation was mapped and
its flux compared with available models to confirm that the correct
flux scale had been set (Perley & Butler 2017), agreeing within the
measurement uncertainties.

After applying all solutions to the target, the two epochs of
observations of SDSS J1004+4112 were combined in the u−v

plane and imaged. A relatively bright source close to the target
permitted self-calibration to be performed, refining the phase and
amplitude solutions and improving the noise levels in the final
map. The final map was produced using natural weighting, with
a restoring beam FWHM of 405 × 374 mas at a position angle
of 79.72◦.

The previous observation, taken on 2010 October 15 in the VLA
C-configuration, was also re-analysed for uniformity and to check
the flux scale. This was set using 3C 286, and the flux scale was

3http://www.aips.nrao.edu
4https://ned.ipac.caltech.edu

Figure 1. The previous observation of SDSS J1004+4112, taken six years
earlier in the VLA C-configuration. The map was produced using robust
weighting and with a circular beam FWHM of 3.6 arcsec. All four lensed
images are visible, with the brightest two exhibiting a merging morphology
at this resolution.

checked by producing calibrated images of 3C 286 using the same
calibration applied to SDSS J1004+4112. The final map, produced
with robust weighting, has a beam of 3.6 arcsec (Fig. 1).

The final A-configuration VLA map of SDSS J1004+4112 is
presented in Fig. 2. The off-source root mean squared (rms) noise
is measured at 2.8 μJy beam−1. The flux density values associated
with each component were obtained by using AIPS task JMFIT to
fit single Gaussian components in the image plane. The values and
their uncertainties are reported in Table 1. Components A, B, and
C are clearly visible above the noise, with flux values and ratios
which agree with the 2010 C configuration image, within the errors.
A tentative detection at image D is made. No detection is made
in the optical location of image E. The flux density of image D
is inconsistent with the 2010 measurement, which is significantly
higher (see Fig. 1). All components are unresolved.

2.2 Structure of the lensing cluster

SDSS J1004+4112 has undergone mass modelling of varying com-
plexity in the literature (Inada et al. 2003; Oguri et al. 2004; Williams
& Saha 2004; Liesenborgs et al. 2009). Most recently, Oguri (2010)
has modelled the system as a parametrized composite mass distribu-
tion in order to account explicitly for individual galaxies in addition
to a smooth dark matter halo and an external shear component. The
authors used constraints from measured time delays of lensed quasar
components, as well as their positions and flux densities and those of
additional lensed galaxies. The model is found to be in agreement,
within photometric fitting errors, with the lensed quasar optical flux
ratio constraints measured in 2004 April by Inada et al. (2005). Ratios
of the magnification values predicted by the model at each lensed
component are in agreement with the flux ratios of components A,
B, and D in the VLA 5 GHz 2016 observation. Magnification ratios
involving component C, however, are inconsistent with those in the
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Figure 2. Left: the final 5 GHz A-configuration VLA map of J1004+4112, produced using natural weighting and with a restoring beam at full width of
half-maximum (FWHM) 405 × 377 mas at a position angle of 77

◦
. The asterisk indicates the approximate location of the lensing galaxy in the optical and the

dashed circle is centred on the expected location of component D. Right: map of the same field as Fig. 2 but produced using a u−v tapering scheme. A Gaussian
function was used to weight down longer baseline lengths, with a distance to 30 per cent of the Gaussian height of 300 kλ. The restoring beam used a FWHM
of 670 × 620 mas at a position angle of −85

◦
.

Table 1. Flux density values in μJy for each lensed component in the VLA
5 GHz observations of J1004+4112, measured using AIPS task JMFIT. Two
sets of values are measured for the observations made using the VLA A
configuration: one from the image produced using natural weighting (column
2), and one from the image produced after using a Gaussian function to
weight down longer baseline lengths (see Section 2.3), with a distance to 30
per cent of the Gaussian height of 300 kλ (column 3). The measurements
made by Jackson (2011) from C-band observations using the VLA at C
configuration are also presented, for comparison (column 4). Magnification
μ values predicted by the model of Oguri (2010) are included for reference.

Cpt. 405 × 377 mas 670 × 620 mas
3.95 × 3.69 arc-

sec μ

2016 Nov 2016 Nov 2010 Nov

A 56.1 ± 2.8 54.1 ± 3.6 64 ± 8 29.7
B 35.0 ± 2.8 34.6 ± 3.6 39 ± 8 19.6
C 31.7 ± 2.8 31.6 ± 3.6 30 ± 8 11.6
D 10.1 ± 2.8 10.1 ± 3.6 33 ± 8 5.8

radio map, with component C appearing to be brighter by at least one
third than the mass model would predict. The flux ratios of D in the
earlier epoch are also inconsistent with the modelled magnification
values, being anomalously bright by a factor of at least 2: intriguingly,
component D appears to have weakened since the 2010 observation,
while components A, B, and C show no variation.

Several mechanisms could explain the anomalous brightness
values observed at components C and D. Millilensing, due to sub-halo
sized dark matter structures in the lensing cluster or along the line of
sight, cannot be ruled out. While optical observations of this system
can be well-modelled without invoking substructure components, it is

possible that the radio emission originates from a source that is offset
from the optical quasar core and therefore the lensed emission has
traversed different regions of the intervening mass distribution. This
scenario is consistent with flux measurements taken at component
C from both epochs, although the relative uncertainties of the 2010
values are too large to make definitive statements, being consistent
also with the magnification ratios from the optical model. The time-
scale of variability due to lensing – being proportional to the Einstein
radius of the lens – increases with the square root of the lensing mass.
This precludes detection of any millilensing-induced variability
over our observational time-scale and rules out millilensing of a
static source as the cause of the variability of component D. It is
possible, however, that the source is not static and is instead moving
with respect to the lensing caustics of a millilensing object, which
could result in the flux density variation observed at image D (see
Section 2.3).

Another explanation is that components C and D are undergoing
microlensing events, which have persisted during both the 2010
and 2016 observations. While considered unlikely in the radio
due to source sizes typically extending over regions larger than
microlensing caustics, VLBI observations of radio-loud AGN have
found jet structures of sizes down to the μas scale and below (see
e.g. Lister et al. 2016; Jorstad & Marscher 2016 for recent studies).
Furthermore, imaging of twin mini jets in quadruply lensed RQQ
HS 0810+2554 finds jet components no larger than 0.27 pc at z =
1.51. These spatial scales suggest that the variability of components
C and D is possibly due to the microlensing of a small jet structure
such as that typically found within ∼mas of the central SMBH
(Blandford, Meier & Readhead 2019). The locations of C and D, far
from the central galaxy in the lensing field, occupy apparently sparse
environments. Tidal interactions within the cluster, however, would
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Figure 3. Flux density values of each lensed image of SDSS J1004+4112
plotted over time, using data from the 2010 and 2016 VLA 5 GHz observa-
tions. The arrival times observed by Fohlmeister et al. (2007) between A, B,
and C and predicted by Oguri (2010) for D have been used to indicate the
time of emission of each component in both epochs. The flux density of each
component has been divided by the magnification factors of Oguri (2010).

likely increase the abundance of compact objects between galaxies.
Furthermore, Hawkins (2020) have shown that, if the assumption of
smoothly distributed dark matter is relaxed, microlensing events in
J1004+4112 could be explained by assuming that the cluster’s dark
matter is in the form of primordial black holes.

Finally, it is possible to avoid the need to include additional
lensing structures if instead intrinsic source variability is considered.
Fohlmeister et al. (2007) have performed optical monitoring over the
four year period 2003–2007 to demonstrate intrinsic variation of the
source of at least 0.5 mag over the time-scale. The variation allowed
the authors to measure time delays between lensed components of the
system, which arrive in the order C-B-A-D, with C-A and B-A delays
of 821.6 ± 2.1 d and 40.6 ± 1.8 d, respectively. The mass model
of Oguri has predicted a D-A delay of 1218 d, while Fohlmeister
et al. (2007) obtain a lower limit of 1250 d and median 2000 d.
Using the respective time delays to plot 5 GHz image flux densities
against time of emission from the source (Fig 3), the anomalous flux
density values of components C and D could be explained by intrinsic
variation of the source; for their flux ratios with other components to
be consistent with the model of Oguri, the source would be required
to have weakened by at least a half and later brightened by at least
a third over three and two year time-scales, respectively. This is
possible for a source size smaller than 0.6 pc.

There is no convincing detection of a de-magnified fifth lensed
image (component E) in the 5 GHz radio maps. Such a detection
would have been unlikely given the low flux densities of the
magnified images, despite the relatively shallow mass profiles of
cluster lenses resulting in a more modest de-magnification of the
central image (Wallington & Narayan 1993; Rusin & Ma 2001;
Winn, Rusin & Kochanek 2004; Quinn et al. 2016). Using the
predicted magnification value of μE = 0.16 from the model of Oguri
in combination with the flux density and magnification value of
component A, a flux density of 0.3 μJy would be expected at the
location of the fifth image: significantly below the 2.8 μJy beam−1

rms noise.
Given that the observational results at 5 GHz are consistent with

scenarios that do and do not feature micro- and millilensing, events,
it is not possible to make a conclusive statement on the presence of

small-scale lensing structures in the system. It is possible, however,
to use the data to draw tentative conclusions on the nature of the
source radio emission.

2.3 Origin of the RQQ radio emission

The flux densities measured at component C are consistent with all
scenarios presented in section 2.2. The variation and anomalous flux
density of component D, however, is inconsistent with a scenario
involving the millilensing of a static source, which would not be
observable over the 6 yr time-scale between epochs. Ruling this out
therefore leaves the possibilities of microlensing, of millilensing of
a moving source, and of intrinsic variability of the source, all of
which have the requirement that the source is either very compact
or is moving. The scenarios of microlensing and intrinsic source
variability both require an emitting region smaller than ∼1pc in
size, within which either a radio jet or a supernova event (see e.g.
Argo et al. 2004) could reside. Using the α144MHz

5GHz spectral index of
−0.46 ± 0.05 measured by McKean et al. (2021) and an intrinsic
flux density of ∼2 μJy estimated using the lens model of Oguri,
the rest-frame luminosity of SDSS J1004+4112 can be estimated at
L5GHz ∼ 2.4 × 1022 W Hz−1. Given that the maximum supernova
luminosity at 5 GHz is of order ∼3 × 1020 W Hz−1 (Rupen et al.
1987), supernova activity is very unlikely to be responsible for the
radio emission in this case.

For the millilensing scenario, the requirement of a moving source
could be fulfilled in the case of an AGN-launched jet, especially in the
case of a jet undergoing apparent superluminal motion. For example,
according to geometry, a jet travelling at a velocity of 0.95c at an
angle 20◦ from the line of sight would project an apparent transverse
motion of ∼3c, which could traverse angular distances of over 0.5
mas in the space of 6 yr: far enough to move behind a millilensing
object in the lensing cluster. SDSS J1004+4112, a broad line quasar,
is likely to be inclined at a shallow angle from our line of sight.
While any jets present in this faint source must be very low powered,
relativistic velocities may still be present.

Two further possible causes of the lower flux of component D
in the 2016 image could be the result of scattering by intervening
plasma, which would result in a broadening of the image (Biggs et al.
2003), or of the presence of another radio source in the vicinity of
image D such that the higher resolution observation would resolve
out or de-blend, respectively, some of the source flux. In order to
investigate the possibility of scattering, the data were re-imaged
using heavy tapering on the long baselines. A map produced using
a Gaussian function to weight down longer baseline lengths, with
a distance to 30 per cent of the Gaussian height of 300 kλ, is
presented in Fig. 2. This map shows no increase in the flux density of
component D with respect to the full baseline image. Inspection of
Hubble Space Telescope (HST) images from Oguri (2010) finds no
significant nearby optical source. Scattering and deblending from a
nearby source are therefore ruled out, leaving the possibilities either
of variability of the radio source or of milli- or microlensing along
the line of sight as the cause of the lower flux.

While various explanations are possible for the disagreements
of flux values at D, all possible scenarios require that the radio
emission originates from a highly compact and/or moving source.
Based on these measurements therefore we suggest that the origin
of radio activity in this source is an AGN core or jet. The spectral
index α144MHz

5GHz of −0.46 ± 0.05 obtained by McKean et al. (2021) is
flatter than is typical either for AGN jet or for star-forming regions,
but is steeper than typically found for radio AGN core emission
(Hovatta et al. 2014), where significant synchrotron self-absorption
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is expected. It is possible that the emission is the combined result of
core and jet activity. On the other hand, recent studies using LoTTS
have found that the spectral index of lower brightness AGN jets
appears to tend towards flatter values (Sabater et al. 2019).

Component D has also been observed to vary in a consistent way
over the same time period in the in C IV broad line region emission
Popović et al. (2020). Additionally, while the 2010 VLA epoch was
observed a month after last epoch of Fian et al. (2016), component
D appears to be on a downward trend in the optical at that point in
time. A scenario involving related AGN processes driving a mutual
intrinsic variation in the radio, optical and C IV line emission is
therefore an attractive one. No IR photometric measurements are
recorded in the literature, with a lack of detection in the AKARI all-
sky catalogue (Murakami et al. 2007) providing an upper limit with
respect to the radio–FIR correlation (Ivison et al. 2010), quantified
by parameter qIR, of 3.9.

A lower limit to the source brightness temperature Tν can be
calculated as follows:

Tν = 1222 × I

ν2θmaj θmin
, (1)

where ν is the observing frequency in GHz, I is the source brightness
intensity measured in mJy beam−1, and θmaj and θmin are the
major and minor axis FWHM beamwidths in arcseconds. Projecting
component A back to the source plane using the magnification factor
from Oguri (2010), and using the flux density after applying the
standard radio K-correction, (1 + z)α − 1, with the spectral index
α144MHz

5GHz of −0.46 ± 0.05 obtained by McKean et al. (2021), we
arrive at a lower limit of T5.5GHz = 240 K. The resolution afforded
by Very Long Baseline Interferometry (VLBI) would provide much
greater constraints to the brightness temperature, with a detection
alone confirming AGN activity as the radio emission mechanism.
VLBI maps may also distinguish between a core-jet and jet-only
structure.

3 PG 1 1 1 5+0 8 0

Discovered by Weymann et al. (1980), PG 1115+080 is a lens system
in a merging fold configuration, situated within a galaxy group.
The lensed source is a broad absorption line (BAL) quasar with
a redshift of z = 1.722, and the lensing galaxy lies at z = 0.311
(Kundic et al. 1997) and has an Einstein radius of about 1 arcsec.
A faint arc of unobscured SF in the host galaxy is visible in the
near-infrared and optical (Impey et al. 1998; Sluse et al. 2012; Chen
et al. 2019). The merging pair of quasar images shows a flux ratio
anomaly in the optical, which has varied over time (e.g. Courbin et al.
1997; Schechter et al. 1997; Impey et al. 1998; Pooley et al. 2006).
Tsvetkova et al. (2010) collated past values of the ratio and performed
additional new observations, finding that the A/B ratio showed a
distinct trend over a time-scale of 26 yr since the object’s discovery,
beginning at approximately unity and falling to 0.5 before rising to
approach unity again. The authors concluded that the steady fall and
rise was indicative of microlensing in the lens galaxy. Observations
by Pooley et al. (2006) found a stronger flux anomaly still in the
X-ray, with a value of 0.2. That the X-ray anomaly is more extreme
than in the optical further supports a microlensing scenario, since
a stronger effect would be expected from the smaller X-ray source
size. The authors argue that the higher ratio in the optical implies
an optical region ∼10–100 times larger than expected from a thin
accretion disc mode.

Figure 4. The final 5 GHz VLA map of PG 1115+080, imaged using a
443 × 370 mas restoring beam at a position angle of −15.4◦. Contours begin
at 2 σ at 10 μJy beam−1 and increase by factors of

√
2. A clear detection is

made, and a flux anomaly is noted between lensed image components A1 and
A2. The lensing galaxy is also seen.

Table 2. Flux density values, values of the major and minor axes, and position
angles for each component in the VLA C-band observations of PG 1115+080.
The measurements and uncertainties were obtained by using AIPS task JMFIT

to fit Gaussian components to the image components.

Comp. Flux density (μJy) Maj. (mas) Min. (mas) PA (deg)

A1 82 ± 12 667 ± 65 489 ± 48 78 ± 13
A2 42 ± 5∗ 474 ± 57 343 ± 41 176 ± 15
B 20 ± 5∗ 485 ± 120 344 ± 86 4 ± 28
C 35 ± 17 853 ± 265 487 ± 151 84 ± 21
G 22 ± 13 875 ± 297 359 ± 122 50 ± 14

Note. ∗ denotes that the component is unresolved. Position angles are
measured East of North.

3.1 Observations and results

PG 1115+080 was observed on 2016 November 23 using the VLA
at 4.5–6.5 GHz (C-band). The total on-source integration time was
approximately 40 min. Calibration and imaging was performed
manually using AIPS, with 3C 286 observed in order to set the
overall flux, and nearby point source J1116+0829 used as the
phase reference source. The final map was produced using natural
weighting, with a restoring beam FWHM of 443 × 370 mas at a
position angle of −15.4◦.

The final radio map of PG 1115+080 is presented in Fig. 4. All
four lensed components are visible, and the lens galaxy is tentatively
detected in the centre. The off-source rms noise is 5.1 μJy beam−1.
The lensed components hint at some extension to the lensed source:
this is noted in the shape of merging components A1 and A2 and
in the shape of component C. Table 2 reports the total flux density
measurements using JMFIT to fit Gaussian components to the lensed
components in the image plane.

3.2 Unlensed source modelling

In order to obtain a reconstruction of the background source we
used the VISILENS package (Hezaveh et al. 2013; Spilker et al.
2016) to fit a model directly to the visibility data. Fitting in the
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MicroJy radio origin in two strongly lensed RQQ 4631

visibility plane has the advantage that all calibrated data are used and
avoids the danger of fitting to deconvolution artefacts in the image
plane. Using parametrized models of the source and lens, VISILENS

performs inverse ray-tracing to populate an image plane with surface
brightness values from the source plane, before transforming into
Fourier components and interpolating on to the observational u–v

coordinates. An objective function is constructed using the values of
observed, V o

i and model, V m
i complex visibilities such that the χ2

value is equal to

χ2 =
N∑
j

(
Re

(
V o

i

) − Re
(
V m

i

))2 + (
Im

(
V o

i

) − Im
(
V m

i

))2

σ 2
i

, (2)

where σ i is the error on each visibility, and is calculated by rescaling
the relative visibility weights determined by AIPS by the mean
difference between successive visibilities on each baseline. VISILENS

uses the EMCEE package (Foreman-Mackey et al. 2013) to perform
Markov Chain Monte Carlo (MCMC) analysis, which explores the
parameter space to build posterior distributions of model parameters
while maximizing the log likelihood, ln
. Making the assumption
that the errors are Gaussian and uncorrelated, the log likelihood is
trivially related to the χ2 value: ln
 = −χ2/2.

We modelled the system using a singular isothermal ellipse (SIE)
plus external shear to represent the lensing mass, and a single
Gaussian profile to represent the source. We fixed the ellipticity e
and position angle θ of the lens, and the magnitude � and position
angle �θ of external shear to the values of the model predicted by
Chiba (2002). We allowed the lens position xL, yL, and mass ML, and
source position xS, yS, flux density FS, major axis aS, axial ratio bS/aS,
and position angle φS to vary. The light profile is parametrized such
that half-light radius Reff = aS × (bS/aS)0.5. Uniform priors were
placed on all parameters. A milliJy source located approximately
2 arcmin from the phase centre was subtracted from the observed
visibility data, before averaging heavily in time and frequency in
order to reduce modelling computation time. Experiments to subtract
the faint emission of the lensing galaxy from the visibility data were
also made, but this did not appear to improve results, possibly because
the apparent emission may include deconvolution artefacts. Setting
sensible priors for the lensing galaxy position and its mass avoided
the inclusion of the lensing galaxy emission in the source model.

An image of the best-fitting model is shown in Fig. 5 and parameter
values with associated uncertainties are reported in Table 3. Fig 6
shows the marginalized posterior probability distribution function
(PDF) of the modelled parameters. A χ2

red = 1.1 represents a rea-
sonable fit to the data. The model predicts an extended source of
size 40 and 23 mas along the major and minor axes, respectively,
representing a physical major axis extent of 348 pc with an effective
radius Reff = 120 pc. An intrinsic source flux density of 4 μJy is
predicted.

3.3 Sub-structure in the lensing galaxy

The C-band VLA observations of PG 1115+080 show an A/B
peak flux density ratio of 0.51 ± 0.10, while – in the case of an
unresolved source – a ratio of approximately 1 would be expected
from the merging fold configuration of the lensed components. The
model prediction of an extended source would appear to explain
the flux ratio. The comparison of observed and modelled images
in Fig. 5 illustrates that differential lensing of the source due to its
location across different parts of the caustic can be responsible for
the seemingly anomalous flux distribution of these observations. This
result is consistent with those from the optical, which indicate that

the optical flux anomaly in this system is due to microlensing, and
also with the mid-infrared (Chiba et al. 2005), where a flux ratio of
0.93 is found by the authors to be virtually consistent with smooth
lens models. Milliarcsec-scale substructure is not required to explain
the observations made to date.

The modelled source size of 40 mas provides a limit on the possible
size of substructures in the region of the A/B merger. Using the simple
requirement that the Einstein radius of a lensing object must be larger
than a background source in order to magnify it and that the object
is located at the same redshift as the macro lens, we determine an
upper limit of Map = 2.7 × 108M� for any Singular Isothermal Sphere
(SIS) substructures in the vicinity of the A/B pair, where Map is the
mass enclosed within the aperture defined by the Einstein radius.
The simulation results of Wyithe, Agol & Fluke (2002) showed that
an emitting source must be at least an order of magnitude greater
in size than the Einstein radius of a lensing object for the object to
produce no additional magnification. This places a tighter limit of
4 mas on possible substructure radii, equivalent to a mass Map =
2.7 × 106 M�.

3.4 Origin of radio emission in the lensed RQQs

The unlensed RQQ source is predicted by our model to be relatively
extended and quite linear, with a major axis size of 348 ± 103 pc.
While the model does not put very tight constraints on the axial ratio,
the extension seen to the South of merging components A1 and A2
further suggests a linear source morphology. The size and shape of
the object is consistent with those of a small and compact radio jet,
and is smaller than often is observed in star-forming regions. For
example, Badole et al. (2020) performed unlensed source modelling
of CO line and radio emission in RQQ SDSS J0924+0219 to predict
a star-forming region 1–2.5 kpc in extent. On the other hand, the
source is comparable in size with some starburst regions, which can
range in size from just 0.1 to over 2 kpc (Hinojosa-Goñi et al. 2016).
Based on source morphology alone therefore it is not possible to
distinguish between AGN or starburst origin of radio emission.

We assume a power-law dependence of flux density S with
frequency ν, Sν∝να . Using the total lensed 8.4 GHz flux density
S8.4 GHz = 153 ± 17 μJy from Jackson et al. (2015) and the lensed
flux density of the four lensed components plus the lensing galaxy
emission at 5 GHz, we find a spectral index of α = −0.65 ± 0.38.
This value makes the assumption that the lensing galaxy emission has
the same spectral index dependence and contributes negligibly to the
total flux density. The value is again consistent with both AGN and
star-forming radio emission (see e.g. Calistro Rivera et al. 2017 for
recent spectral index studies). The beamsize of the A configuration
VLA observation only allows us to measure a rest-frame brightness
temperature lower limit of T5.5GHz = 7K, using the flux density value
of component A. In order to make further statements on the possible
origin of the radio emission, we compare the source brightness and
morphology with multiwavelength values from the literature.

Chiba et al. (2005) have used the cooled mid-infrared camera and
spectrometer (COMICS) attached to the Subaru Telescope to perform
mid-infrared (mid-IR) imaging at 11.7 μm of PG 1115+080. The
resulting image shows four point-like components of emission, the
photometric measurements of which the authors use to identify a
clear infrared bump at the rest wavelength of 4.3 μm in the spectral
energy distribution (SED) of the source. Limits to the source size
derived from lensing magnification factors in the tangential direction
suggest that the emission originates from a region of FWHM no larger
than 240 pc. The authors then use reported line widths of polycyclic
aromatic hydrocarbon (PAH) emission – a known indicator of SF
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4632 P. Hartley et al.

Figure 5. Results from modelling the 5 GHz VLA observations of PG 1115+080 using VISILENS. From left: the map of observed data convolved with the beam;
the map of the modelled data convolved with the beam; residual map; modelled image plane and lensing caustic curves; modelled source plane and lensing
caustic curves. Contours are drawn at (3, 6, 9) times the observed image rms value of 4.9 μJy beam−1 for the observed and model maps, and at (−2, 2) times
the observed image rms for the residual map.

Table 3. 50th, 16th, and 84th percentile model pa-
rameters obtained by using the calibrated VLA 5 GHz
visibility data to fit a model of the PG 1115+080
system in the u–v plane. The fitting was performed using
VISILENS (Hezaveh et al. 2013; Spilker et al. 2016). The
lens position xL, yL is quoted with respect to the phase
centre of 11h18m17.00s +7

◦
45’57.70” (epoch J2000)

and the source position xS, yS with respect to the lens. RE

is the Einstein radius of the lens, FS is the flux density of
the source, aS is the major axis FWHM, bS/aS is source
axial ratio, φS is the source position angle, and μ is the
total magnification. Position angles are quoted East of
North.

Parameter Value

xL (arcsec) 1.739+0.029
−0.032

yL (arcsec) 1.020+0.039
−0.050

RE (arcsec) 1.213+0.059
−0.069

xS (arcsec) −0.010+0.013
−0.014

yS (arcsec) 0.139+0.012
−0.013

FS (mJy) 0.004+0.001
−0.001

aS (arcsec) 0.040+0.010
−0.013

bS/aS 0.586+0.026
−0.027

φS (deg) 33.306+79.3
−32.4

μ 22.760+3.393
−4.326

activity – in starburst regions to find that starburst activity can
only contribute up to 0.01–0.1 of the total mid-infrared emission,
concluding that it must originate instead from a dusty circumnuclear
AGN torus. Serjeant & Hatziminaoglou (2009) have also detected
PG 1115+080 in the infrared, using the Infrared Astronomical
Satellite (IRAS) to find values close to 1 Jy each at 80 and 100 μm.

More recently, Stacey et al. (2018) used Herschel/SPIRE to
measure emission in the far-IR. The authors used the 250, 350,
and 500 μm flux densities in addition to the 353 GHz value from
Barvainis & Ivison (2002) to model a single heated dust component
with a modified blackbody spectrum, assuming optically thin dust,
obtaining an effective dust temperature Te = 52K. Observations using
the Atacama Large (sub)Millimeter Array (ALMA) have been used
to produce a map of 346 GHz emission (Stacey et al. 2020), which
shows a detection of all four lensed components. The total 346 GHz
flux density was used to refine the dust component model, obtaining
a fit to the data of Te = 66+17

−21 K. The authors used the visibilty data
to perform non-parametric modelling of the source with a singular
power-law ellipsoid lens plus external shear representing the lensing

mass, predicting a source size of effective radius Re = 140 ± 40 pc.
While this is consistent, within the errors, with the source size
determined by the 5 GHz emission source model, inspection of
the respective maps finds that the emission in the ALMA image,
produced using a restoring beam of size 0.32 × 0.21 arcsec, appears
to be more compact than the 5 GHz emission.

3.4.1 Dust properties

Returning to the SED of the source, we model the contribution to
the lensed IR emission from dust by making use of both the mid-
IR and far-IR values from the literature, which correspond to a rest
wavelength range 20–330 μm. According to Hildebrand (1983), we
model dust components as modified blackbody spectra, assuming an
optically thin component:

Sν ∝ ν3+β

ehν/kTe − 1
, (3)

where ν is the rest frequency, β is the emissivity index, Te is
the effective dust temperature, h is the Planck constant, k is the
Boltzmann constant, and c is the speed of light. We make the
assumption that each modelled component is optically thin. We
note the limitations of this simple parametrization, which does not
account for varying sizes of dust grains (Hayward et al. 2012), and for
which the effective dust temperature is known to be degenerate with
emissivity index. We construct four models as follows: Ms, a single
dust component with a dust emissivity index fixed at β = 1.5; Msβ ,a
single dust component with an emissivity index allowed to vary; Md,
two dust components each with a dust emissivity index fixed at β

= 1.5; Mdβ , two dust components each with an emissivity index
allowed to vary. In all cases we allow the normalization constant
A to vary for each component. We use least squares (LS) fitting
to perform initial model selection. In each case, the numbers of
constraints and free parameters are used in conjunction with the
minimized value of the objective function to obtain a reduced chi-
squared value and a Bayesian inference criterion (BIC) value. Table 4
reports parameter values and goodness-of-fit measurements for each
model. From the reduced chi-squared values the four models are
ranked in order of preference to obtain two favoured models: Msβ

and Md. Approximating the weight of evidence, log B12, using the
BIC values:

2 logB12 = −BIC1 + BIC2, (4)

we determine a Bayes factor B12 of 1:1.9 in favour of Msβ , over Md.
Given that this is not a strong preference, we retain both models for
consideration.
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MicroJy radio origin in two strongly lensed RQQ 4633

Figure 6. Marginalized posterior PDFs obtained via MCMC analysis of the PG 1115+080 model parameter space within VISILENS. Contour levels drawn at 1,
2, and 3σ .

Table 4. Model selection performed by optimizing using least squares. Models containing single(s) and double(d) dust components are considered, in addition
to models with and without a freely varying emissivity index (β). In each case we report the best-fitting model parameters – with fixed parameters indicated in
bold – along with the goodness-of-fit metrics.

Model Te,w (K) Te,c (K) βw βc LFIR, c(L�) LFIR, w(L�) qIR, w qIR, c χ2
red BIC

Ms 117 – 1.5 – 2.27 × 1013 – 2.83 – 2.22 12.5
Msβ 150 – 1.14 – 1.70 × 1013 – 2.71 – 1.18 8.93
Md 131 31.3 1.5 1.5 1.68 × 1013 4.23 × 1011 2.70 1.10 1.57 10.3
Mdβ 123 32.8 1.69 1.50 1.68 × 1013 6.73 × 1011 2.70 1.31 inf 13.71
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4634 P. Hartley et al.

Figure 7. Millimetre to centimetre SED (solid curve) plotted using values
from the literature. A warm dust component (dotted curve) is modelled as a
modified blackbody spectrum and a non-thermal component (dashed curve)
is parametrized as a power law. The grey shaded region represents the range
of SEDs produced between the 16th and 84th percentile values of the warm
component model parameters.

Figure 8. Millimetre to centimetre SED (solid curve) plotted using values
from the literature. Two dust components – cool (dot–dashed curve) and
warm (dotted curve) – are modelled as modified blackbody spectra and a
non-thermal component (dashed curve) is parametrized as a power law. The
grey shaded region represents the range of SEDs produced between the 16th
and 84th percentile values of the model parameters for each component.

Performing MCMC sampling in order to obtain the posterior
distribution for model parameters, we find that the single component
model predicts a warm dust component of effective temperature
Te,w = 149.7+5.9

−6.1K and emissivity index β = 1.15+0.17
−0.07 (Fig. 7).

The double component model predicts a cold dust component of
Te,c = 12.5+21.7

−3.9 K and a warm component of Te,w = 126.6+14.1
−8.0 K

(Fig. 8). Our results therefore define two alternative scenarios that
could explain the SED: one scenario featuring a single warm dust
component, and one featuring a warm and a cool component. New
data points could distinguish between these scenarios, could allow the
temperatures to be constrained more tightly, and could also provide
constraints on the emissivity index in the two component model.

In order to attribute physical origins to the modelled dust compo-
nents, we compare the modelled effective temperatures with values
from the literature. The temperature of the warm dust component
in both models is warmer than observations would suggest is

possible for star-related activity. Radiative transfer models of clumpy
circumnuclear tori predict emission that peaks in the near-infrared,
with temperatures above 1000 K (Barvainis 1987; Rodrı́guez-Ardila
& Mazzalay 2006). On the cooler side, direct observations of
galaxy NGC 1068 have found a 320 K toroidal dust structure
surrounding a smaller hotter structure (Jaffe et al. 2004), while
effective temperatures of ∼200–300K have been predicted by Hönig
& Kishimoto (2010) and observed by Kishimoto et al. (2011) for
optically thick torus dust clouds further from the central AGN. A
torus model alone would not therefore appear to explain the ∼20–
40μm peak in the SED of PG 1115+080. Instead, it is possible
that a second AGN-related feature is responsible for the warm dust
emission.

Recently, Symeonidis et al. (2016) have used a sample of z <

0.18 unobscured and optically luminous quasars from the Palomar
Green survey to obtain intrinsic spectral energy distributions for
AGN. The authors isolate the contribution to the SED from AGN
by using the 11.3μm PAH feature to remove the contribution from
stars. The results find a far-IR excess with respect to torus-only
AGN models, which the authors suggest is likely to stem from AGN-
heated dust in the host galaxy at kpc scales and, consequently, that
FIR emission cannot safely be used to calculate SF rates without
subtracting the AGN contribution. McKinney et al. (2021) also show
that AGN can contribute to FIR emission, using radiative transfer
models and taking the differences of SEDs to conclude that AGN
heating of host-galaxy scale diffuse dust may contribute to the FIR
emission, and again the consequence that SF rates calculated from
the FIR luminosity assuming no AGN contribution can overestimate
the true value. Kirkpatrick et al. (2015) also notice in a sample of
343 (Ultra) Luminous Far Infrared Galaxies that the far-IR emission
becomes flatter due to an increase in the warm dust emission. These
results have been challenged by Xu, Sun & Xue (2020) and Bernhard
et al. (2021) who, using SED templates featuring dust clouds that
are distributed in a torus-like geometry with no contribution from
AGN-heated host galaxy dust, demonstrate a significantly smaller
AGN contribution to the FIR than found by Symeonidis et al. (2016)
and McKinney et al. (2021).

In the double dust component model, the temperature of the cold
component is consistent with those of regions containing old stars
and also star-forming regions. Kannan et al. (2020) for example have
combined radiation hydrodynamics with non-equilibrium thermo-
chemistry to simulate the interstellar medium (ISM). The simulations
predict dust temperatures of ∼18 K for regions heated only by
old stars, and ∼30–40 K for star-forming regions, in agreement
with the dust temperatures of star-forming regions of Local Group
galaxies (Relaño & Kennicutt 2009; Tabatabaei & Berkhuijsen 2010;
Utomo et al. 2019). Further, Stacey et al. (2018) selected a sample
of high redshift (z ∼2) dusty star-forming galaxies from the study
of Magnelli et al. (2012) and excluded all objects with evidence of a
strong AGN component to find a median effective dust temperature
of 38+12

−5 K for 46 objects. The lack of a cold component in the single
dust component model points to minimal SF activity.

3.4.2 Comparison with the radio–FIR correlation

In order to investigate the origin of the radio emission in this
source we return to the 5 GHz VLA observations and compare
the radio luminosity with the modelled FIR luminosity. In the
single dust component model, negligible contribution from star-
forming activity points to radio emission that originates from the
AGN engine. In the double dust component model, star-forming
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MicroJy radio origin in two strongly lensed RQQ 4635

activity giving rise to the cold dust component would also result in
radio emission. A correlation between FIR and radio luminosities
has long been established for star-forming galaxies and star-burst
regions (de Jong et al. 1985; Helou, Soifer & Rowan-Robinson 1985;
Condon, Anderson & Helou 1991), and is attributed to the connection
between young massive stars and their end products. The correlation
is quantified by the ratio qIR of rest-frame 8–1000 μm flux, LIR, to
monochromatic radio luminosity L1.4 GHz:

qIR = log10

(
LIR

3.75 × 1012L1.4 GHz

)
, (5)

which has been determined using Herschel and VLA observations
of the GOODS North field to be qIR = 2.40 ± 0.24 (Ivison et al.
2010). Evolution of the correlation with redshift z has been observed
in some studies. For example Magnelli et al. (2015) find the relation
qIR(z) = (2.35 ± 0.08)(1 + z)(− 0.12 ± 0.04) + log10(1.91) and Delhaize
et al. (2017) find qIR(z) = (2.88 ± 0.03)(1 + z)(− 0.19 ± 0.01), producing
the ratios qIR = 2.37 ± 0.12 and qIR = 2.38 ± 0.04 at the redshift of
PG 1115+080. The correlation has also been observed in the radio-
quiet quasar population (Sopp & Alexander 1991), and has therefore
traditionally been used to rule out AGN activity as the source of radio
emission in those quasars where no radio emission in excess of the
correlation is found.

In order to investigate whether the SF of the double dust component
model could fully explain the radio emission of PG 1115+080,
we calculate the qIR ratio using the radio luminosity of the lensed
source components with the lensed IR luminosity from the cold dust
component only, having removed the contribution from the non-star-
forming warm dust component. We first calculate the lensed FIR
luminosity LFIR of the component by integrating the FIR emission of
the fitted modified blackbody component over rest wavelengths 40
to 120 μm:

LFIR = 4πD2
L

1 + z

∫ 40 μm

120 μm
Sν,rest dν, (6)

where DL is the luminosity distance. We obtain, in units of solar
luminosity L�, LFIR,c = 2.26+405

−2.21 × 109L�. We use the colour cor-
rection factor of 1.91 from Dale et al. (2001) in order to extrapolate
to the wavelength range of 8–1000 μm via LIR = 1.91LFIR. The IR
luminosity allows us to calculate a rate of SF associated with the
cold dust component in the two component model. For this we use
the conversion from Kennicutt (1998),

SFR (M� yr−1) = LIR

5.8 × 109
, (7)

assuming a Salpeter initial mass function, to determine a maximum
rate of SF, SFR 9.58 M� yr−1, having used the FIR magnification
factor of 21.5 from Stacey et al. (2020) to arrive at the unlensed IR
luminosity in units of solar luminosity.

The total lens-magnified 5 GHz flux density of the source, at
179 ± 22 μJy, corresponds to a K-corrected luminosity at L1.4GHz of
6.4 ± 3.5 × 1024 W Hz−1, making use of the spectral index of α =
−0.65 ± 0.38. We therefore find for the cold dust component a ratio
qIR,c = −1.16+2.25

−1.16. While not well constrained using the available
data, this value falls below the value found by qIR = 2.40 ± 0.24, and
by Magnelli et al. (2015) and Delhaize et al. (2017) for star-forming
regions at the redshift of the source. We tentatively suggest that the qIR

value is inconsistent with the radio–FIR correlation for star-forming
regions and that most – or all, in the case of the single dust component
model – of the radio emission we observe at 5 GHz originates not
from star-forming activity but from an AGN mechanism.

Given that the SED of PG 1115+080 appears to include a warm
dust feature resulting neither from the AGN torus nor from star-
forming activity, and given the suggestion in the literature that such a
component may result from AGN-heated dust in the host galaxy, the
result leads us to hypothesize that the warm dust emission may be
directly connected to the origin of the radio emission, perhaps from
a small jet which is able to heat host-galaxy dust close to the central
AGN engine via recycled UV radiation produced as jet shock fronts
collide with interstellar gas (Villar-Martin et al. 2001). We use 5 GHz
luminosity and the IR luminosity of the warm component in both the
single and double dust component models to calculate their position
with respect to the radio–FIR correlation. For the single component
model, we find LFIR,w = 1.69+0.07

−0.07 × 1013L� and qIR,w = 2.70+0.02
−0.2 .

For the double dust component model, we find LFIR,w = 1.84+0.29
−0.43 ×

1013L� and qIR,w = 2.60+0.06
−0.12. These values are consistent with the

radio–FIR correlation observed for star-forming regions, despite the
effective temperature of the component being above observed values
of star-forming or star-burst regions. This suggests therefore that the
radio–FIR correlation may not be a reliable way of distinguishing
between AGN and SF related mechanisms of radio emission in radio
quiet quasars. Instead, the correlation could conceal additional radio-
and FIR-producing mechanisms, such as those due to AGN activity.
The result also supports the suggestions of Symeonidis et al. (2016),
McKinney et al. (2021), and Kirkpatrick et al. (2015) that SFR may
be overestimated when assuming no AGN heating of host-galaxy
scale dust.

Strong evidence for sub-pc twin jets spanning 40 pc in RQQ
HS 0810+2554 has previously been found (Hartley et al. 2019),
in a source which sits within the scatter of the radio–FIR correla-
tion when modelled using cold and warm dust components. Both
HS 0810+2554 and PG 1115+080 have been found to contain
relativistic X-ray absorbing outflows, with inferred velocities of
outflowing components ranging between ∼0.1c and ∼0.4c in each
(Chartas, Brandt & Gallagher 2003; Chartas et al. 2007, 2014, 2016).
We therefore make a very tentative hypothesis that mini jets have
coupled with the X-ray-absorbing gas to produce the outflows. We
note that emission originating from two individual dust components
may experience differential lensing magnification. The effect of this
could be to boost the relative contribution from either star-forming
or AGN activity in both the IR and the radio and could the bias
qIR value, which may require a revision accounting for differential
macro-magnification. The very high resolution afforded by VLBI
observations would again be able to confirm AGN-originating radio
emission in this source.

4 D I SCUSSI ON AND C ONCLUSI ONS

We have presented the results from 5 GHz VLA observations of two
quadruply lensed RQQs. Observations of these objects are important,
because the magnification afforded by strong lensing allows us direct
access to very faint radio source populations out to cosmic noon,
allowing us to make maps of the lensed source radio emission,which
would not otherwise be possible. With high-resolution radio maps in
particular, we are able to place constraints on source structure that
enable us to determine the nature of the emission and begin to resolve
the longstanding problem of radio emission in RQQs. Understanding
whether RQQ radio emission results from SF, from some form of
AGN activity, or from both, is crucial if we are to understand galaxy
feedback models, their role in SF ‘quenching’, and galaxy evolution
as a whole.

In our observations of SDSS J1004+4112 and PG 1115+080, we
have found strong and tentative evidence, respectively, for AGN jet
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Table 5. Summary of systems which have been imaged with high (<1 arcsec) resolution in the radio to determine whether the dominant emission mechanism
in the radio is SF or AGN activity. The latter is typically determined by the discovery of small extended sources; an asterisk denotes confirmation using VLBI.
Both emission mechanisms can occur in any one source. See Stacey et al. (2018) for evidence for SF in the general population of RQQs using IR-to-radio SEDs.

System zlens zsource Radio emission Evidence References
mechanism

HS 0810+2554 ∼0.8 1.51 AGN dominant∗ Twin compact radio components Hartley et al. (2019)
PG 1115+080 0.31 1.72 AGN dominant Dust components; qIR This work
RXJ 1131-1231 0.30 0.66 SF No compact components; turbulent gas Wucknitz & Volino (2008); Paraficz et al. (2018)
SDSS J0924+0219 0.39 1.52 SF Radio coincident with rotating disk Badole et al. (2020)
HE 0435-1223 0.45 1.69 AGN/SF Moderately extended source Jackson et al. (2015)
SSDS J1004+4112 0.68 1.73 AGN dominant Intrinsic variability of the radio source This work; McKean et al. (2021)
RX J0911+0551 0.77 2.76 AGN/SF Moderately extended source Jackson et al. (2015)

activity. In SDSS J1004+4112, we find an apparent variability of
the source in the radio that co-occurs with a similar variability in
the optical. We rule out all explanations for variability that do not
require the radio source to be of AGN origin. In PG 1115+080, we
use photometric infrared flux measurements from the literature which
allow us to model contributions to the SED from warm and cool dust
components. We find two plausible models: one described fully by a
warm dust component only, and one with contributions from warm
and cool dust components. By removing the warm component from
both models – likely arising from AGN activity – we find evidence
either for minimal SF activity or for an excess of radio emission
with respect to the radio–FIR correlation observed for star-forming
regions. We therefore make a tentative conclusion that at least some
of the radio emission originates from AGN activity.

Our recent observations bring to a total of seven, the number
of quadruply lensed RQQs that have undergone high (<1 arcsec)
resolution radio observations (see Table 5). The sample, which uses
the magnification properties of strong gravitational lenses to make
direct observations of the quasar radio structure, reveals a mixed
picture. From this modest number of sources, we see evidence
for both SF and AGN activity as the dominant radio emission
mechanisms within RQQs. These findings are consistent with the
contradicting nature of results found from statistical investigations,
and may explain why debate over RQQ radio emission has been
able to persist in the literature for so long. We note the relatively
low intrinsic rest-frame radio luminosities of HS 0810+2554 and
SDSS J1004+4112, at L5GHz ∼ 2.4 × 1022 W Hz−1 and L5GHz ∼
3 × 1021 W Hz−1, respectively. Both objects show strong evidence
for AGN-dominated radio activity, yet both are the among the faintest
known radio sources ever to be imaged (see also Heywood et al.
2021), with peak surface brightness values of just ∼0.9 and ∼2
μJy beam−1, respectively. Both sources are located within the upturn
at the faint end of the radio quasar luminosity function, which
has previously been modelled using a star-forming population (e.g.
Kimball et al. 2011).

Rather than a question of the physical differences between RQQ
and RLQ populations, we may instead need to ask what is responsible
for the difference within the RQQ population itself. Recent work by
Paraficz et al. (2018), who studied lensed RQQ RXJ 1131–1231
in the far-IR, found that a ∼21 kpc rotating disc of molecular gas
coincident with a spiral host clearly visible in the optical (Suyu et al.
2014; Chen et al. 2019), and which appears to be embedded with
turbulent regions of ongoing SF, would explain the radio emission
in this case. Similarities with local and high redshift disc galaxies
lead the authors to suggest that the star-forming properties of this
and similar systems are dependent on host gas morphology. The
results lead to the tentative idea that the radio emission mechanism

of RQQ is not only determined by the activity in the core, but on
the morphology of the host galaxy. This idea is supported by the
near-IR studies of RLQs, RQQs, and radio galaxies (RGs) made by
Taylor et al. (1996), who found that while RLQs and RGs have a
de Vaucouleurs host galaxy morphology that is shared by half of
the RQQ population, the other half of RQQs have an exponential
disc morphology. Indeed, VLA and ALMA observations of SDSS
J0924+0219 found evidence for a CO molecular disc coincident in
size and orientation with radio emission, suggesting SF is responsible
for the radio emission in this source (Badole et al. 2020).

Meanwhile, in RQQs with evident AGN-driven radio emission,
authors have begun to use observational evidence to understand the
role small-scale jets may play in the so-called ‘quasar’ feedback
mode of RQQs. Jarvis et al. (2019) used radio morphology to
favour the existence of low-powered jets in sources known to
have ionized outflows, and Villar-Martı́n et al. (2017) infer the
presence of jet activity as the cause of feedback ‘bubbles’ in a RQQ.
Hypotheses have been constructed which designate the jet as the
driving mechanism behind the wind or, conversely, the wind as a
source collimation for the jet (see e.g. Rankine et al. 2021). The
findings, showing the coexistence of two forms of quasar feedback,
are consistent with multiwavelength observations of lensed objects
HS 0810+2554 and PG 1115+080; both are RQQs of very faint
radio emission which show evidence for small-scale jet activity in
addition both to wider-angled wind outflows (Chartas et al. 2014,
2016 and Chartas et al. 2003; Chartas et al. 2007, respectively) and
to absorption lines close to the accretion disc (narrow and broad,
respectively). These findings are also consistent with those of Kratzer
& Richards (2015), who find an anticorrelation between wind speeds
and the radio loud fraction in the quasar population. Perhaps, in those
quasars able to produce jets, the feedback mode is determined by
whether the jet is powerful enough to drill through the host galaxy
atmosphere – heating it in the process to prevent SF – or is not
powerful enough to emerge from the host galaxy atmosphere, instead
coupling to it and clearing star-forming material from the centre of
the galaxy (Morganti et al. 2016).

The total radio and infrared luminosities of objects PG 1115+080
and HS 0810+2554 appear to place them on the radio–FIR correla-
tion, commonly used to rule out AGN activity as a source of radio
emission when no radio excess is seen over the infrared. Indeed,
Zakamska et al. (2016) have found AGN-dominated radio activity in
a sample of the radio-quiet majority of 160 obscured and unobscured
quasars which lie close to the correlation. In PG 1115+080, our
5 GHz observations provide tentative evidence that the position of
RQQs on the correlation could in some cases be explained by pro-
cesses other than SF. In AGN-dominated RQQs, it may be that small-
scaled jets are able to heat host galaxy dust via shock front interaction,
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in a feedback mode that conspires to place the object on the radio–
FIR correlation. Sub-millimetre observations of SDSS J1004+4112
and other RQQ where AGN activity is responsible for the faint
radio emission can further test this hypothesis. We suggest that these
results reinforce the need to use caution when applying the radio–FIR
correlation to attribute radio emission to SF alone and when using
FIR emission to estimate SFRs.

Our recent observations also provide a further two sky brightness
distribution maps that can be used for the study of intervening
dark matter substructure. The resolution of the VLA observations
in A configuration has allowed us to rule out the presence of
>2.5 × 106 M� dark matter structures in the vicinity of the merging
components of PG 1115+080, which display a modest flux ratio
anomaly in the radio that can be explained by an extended source
structure. This finding is consistent with those of Tsvetkova et al.
(2010), who ascribe a flux ratio in the optical to microlensing.
Our observations of SDSS J1004+4112 reveal an anomalous flux
density value at component C when compared with the smooth
mass models of Oguri (2010). The anomaly could be the result of
substructures in the galaxy or along the line of sight, but could also
be explained by the intrinsic variability of the source that is evident
in the variation of component D. Further observations can determine
whether the anomaly remains over an extended time and thus allow
the intrinsic variability of the source to be decoupled from any milli –
or microlensing effects, providing a window on the cold dark matter
paradigm. In both objects, the greater understanding of the source
structure will reduce the number of assumptions that need to be made
when modelling the intervening matter. Future dedicated studies will
investigate the mass structure of these objects in more detail.
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