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A B S T R A C T 

We present 6 GHz e -MERLIN observations of 42 z < 0 . 2 type 1 and type 2 mostly radio-quiet quasars ( L [O III ] � 10 

42 erg s −1 ; 
L AGN 

� 10 

45 erg s −1 ) from the Quasar Feedback Surv e y. The nature and origin of radio emission in these types of sources is 
typically ambiguous based on all-sky, low-resolution surveys. With e -MERLIN, we investigate radio emission on sub-kiloparsec 
scales ( ∼10s–100s pc). We find 37/42 quasars are detected, with a diversity of radio morphologies, including compact cores, 
knots, and extended jet-like structures, with sizes of 30–540 pc. Based on morphology and brightness temperature, we classify 

76 per cent of the quasars as radio-AGN, compared to the ∼57 per cent identified as radio-AGN at the ∼1–60 kpc scales probed 

in prior studies. Combining results from e -MERLIN and the Very Large Array, 86 per cent reveal a radio-AGN. On average, 
∼60 per cent of the total radio flux is resolv ed a way in the e -MERLIN maps, and is likely dominated by jet-driven lobes and 

outflo w-dri ven shocks. We find no significant differences in measured radio properties between type 1 and type 2 quasars, 
and estimate sub-relativistic jet speeds of ∼0.2–0.3c and modest jet powers of P jet ≈ ×10 

43 erg s −1 for the few targets, where 
these measurements were possible. These quasars share characteristics with compact radio-selected populations, and the global 
radio emission likely traces strong interactions between the AGN (jets/outflows) and their host galaxy ISM from 10s parsec to 

10s kiloparsec scales. 

Key words: techniques: high angular resolution – galaxies: active – galaxies: evolution – quasars: general – quasars: supermas- 
sive black holes – radio continuum: galaxies. 
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 I N T RO D U C T I O N  

or galaxy evolution models and simulations to fully explain the 
roperties of massive galaxies, active galactic nuclei (AGNs) are 
equired to inject energy into their environments. This produces 
 ‘feedback’ process, which re-distributes baryons and regulates 
alaxy growth (e.g. Bower et al. 2006 ; Hirschmann et al. 2014 ;
enriques et al. 2015 ; Schaye et al. 2015 ; Choi et al. 2018 ; Pillepich

t al. 2018 ; re vie ws in e.g. Cattaneo et al. 2009 ; Fabian 2012 ;
eckman & Best 2014 ; King & Pounds 2015 ; Harrison 2017 ;
aikia 2022 ; Harrison & Ramos Almeida 2024 ). Ho we ver, the
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ole of powerful ‘radiatively dominated’ AGN (i.e. quasars with 
 AGN � 10 45 erg s −1 ) remains contro v ersial from both theoretical
nd observ ational perspecti ve. There is an ongoing debate around the
ost important mechanism of energy injection from these sources 

i.e. jets, accretion-disc winds or direct radiation pressure on the host
 alaxy g as) and to what lev el the y can hav e an appreciable impact
n galaxy evolution (e.g. Cresci & Maiolino 2018 ; Wylezalek &
organti 2018 ; Harrison & Ramos Almeida 2024 ). 
Observ ations sho w that understanding the origin of radio emission

n typical quasar host galaxies is a key piece of the AGN feedback
uzzle. F or e xample, intriguing trends between radio emission, dust
edenning, and/or the pre v alence of outflo ws, have been presented
hroughout the literature for radiatively luminous AGNs (e.g. Mul- 
aney et al. 2013 ; Villar Mart ́ın et al. 2014 ; Zakamska & Greene
014 ; Hwang et al. 2018 ; Glikman et al. 2022 ; F a wcett et al. 2023 ;
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alistro Rivera et al. 2024 ; Kukreti & Morganti 2024 ; Liao et al.
024 ; Petley et al. 2024 ; although also see Rakshit & Woo 2018 ;
ang, Xu & Wei 2018 ). Ho we ver, since most quasars have moderate

adio luminosities (i.e. � 90 per cent with L 1 . 4GHz � 10 25 W Hz −1 ;
akamska et al. 2004 ) and have radio structures that are typically
nresolved in all-sky surveys, it is often unclear what dominates
he radio emission in this population. The primary candidates are:
ompact radio jets (i.e. � a few kiloparsec); shocks from AGN-driven
utflows; star formation processes, and/or accretion disc coronal
mission (Kellermann et al. 1994 ; Laor & Behar 2008 ; Condon
t al. 2013 ; Mullaney et al. 2013 ; P ado vani 2016 ; Behar et al. 2018 ;
anessa et al. 2019 ; Harrison & Ramos Almeida 2024 ). Indeed, at

ypical sub-mJy flux density levels of radio emission, only a small
raction of quasars are unambiguously identified as AGNs, with the
ulk of their radio emission associated with either star formation
e.g. Herrera Ruiz et al. 2016 ; Kellermann et al. 2016 ) or both star
ormation and AGN processes (e.g. Silpa et al. 2020 ; Wang et al.
023 ). 
The most commonly observed radio morphology in large radio

urv e ys are single compact objects (e.g. O’Dea & Baum 1997 ;
adhunter 2016 ; Chiaraluce et al. 2019 ; Sabater et al. 2019 ; F a wcett
t al. 2023 ). If AGN dominated, the compact nature of these objects
ay imply intense interaction with the interstellar medium (ISM) at

arsec to a few kiloparsec scales, either through small-scale radio
ets or shocks caused by outflows (launched by accretion disc winds,
adiation pressure, or jets; e.g. Mullaney et al. 2013 ; Zakamska &
reene 2014 ; Bicknell et al. 2018 ; Mukherjee et al. 2018 ; Saikia
022 ; Chen et al. 2024c ; Harrison & Ramos Almeida 2024 ; Liao et al.
024 ; Petley et al. 2024 ). Recent high resolution radio observations
eveal a high prevalence of compact radio jet-like structures at sub-
iloparsec and parsec scales for lower radio luminosity AGNs and
uasars (e.g. Hardcastle et al. 2019 ; Hardcastle & Croston 2020 ;
occardi et al. 2021 ; Jarvis et al. 2021 ; McCaffrey et al. 2022 ; Njeri
t al. 2023 ). Furthermore, studies of individual AGN-host galax-
es, combining high resolution radio imaging with multiphase gas
inematics, reveal a common spatial connection between compact
adio structures, co v ering a wide range of powers, and multiphase
GN-dri ven outflo ws (e.g. Rosario et al. 2010 ; Morganti et al. 2013 ;
iffel et al. 2014 ; Tadhunter et al. 2014 ; Husemann et al. 2019 ; Jarvis
t al. 2019 ; Santoro et al. 2020 ; Venturi et al. 2021 , 2023 ; Girdhar
t al. 2022 , 2024 ; Cresci et al. 2023 ; Holden et al. 2024 ; Speranza
t al. 2024 ; Ulivi et al. 2024 ). This may all indicate a mechanism
f AGN feedback acting in moderate radio power systems, as an
lternative to that typically associated with the mechanical input
aused by powerful relativistic radio jets on the largest spatial scales
e.g. Bridle & Perley 1984 ; Laing & Bridle 2015 ). 

The Quasar Feedback Sur v ey: Recent w ork has clearly shown
he importance of studying radio emission to understand AGN
eedback across a wide range of radio powers , with at least some of
he radio emission tracing an ongoing interaction between the AGN
nd the host galaxy multiphase interstellar medium. None the less,
ey questions remain, including: how common is such an interaction
or typical quasars? what is the efficiency of energy transfer from the
GN to the ISM?; what is the long-term impact on the host galaxies?;
nd what fraction of the radio emission can be associated with various
rocesses (shocks, radio jets, and star formation). Towards addressing
hese outstanding questions, we are undertaking a systematic surv e y
f low redshift z < 0 . 2 quasars. We have constructed a sample of
2 z < 0.2 quasars ( L AGN > 10 45 erg s −1 ) selected on their [O III ]
uminosity, and which is dominated by typical ‘radio quiet’ AGNs
Jarvis et al. 2021 ). The low redshift sample makes it possible to
tudy in high detail the physical interaction between the AGNs and
NRAS 537, 705–722 (2025) 
heir host galaxies. Using a representative sample of quasars, the
urv e y is designed to characterize the multiphase outflow properties
nd dominant outflow driving mechanisms (Harrison et al. 2014 ;
ansbury et al. 2018 ; Jarvis et al. 2019 ; Girdhar et al. 2022 , 2024 ),
ssess the impact of the AGNs on the host galaxy properties (Jarvis
t al. 2021 ; Molyneux et al. 2024 ) and to characterize the origin and
roperties of the radio emission (Jarvis et al. 2019 , 2021 ; Silpa et al.
022 ). The latter is the focus of this current study. 
We have already obtained C band (6 GHz) and L band (1.4 GHz)

arl G. Jansky Very Large Array (VLA) observations of these 42
argets and produced radio maps down to a resolution of ≈ 0 . 3 arcsec
i.e. ∼1 kpc; presented in Jarvis et al. 2019 , 2021 ). Although we
dentified morphological radio structures, on � kpc scales, many of
hese structures were ambiguous in origin. For example, they were
ften not clearly collimated into jet-like structures and/or the majority
f the flux was found to be located in unresolved/featureless nuclear
egions, for which we were unable to distinguish between an AGN or
tar formation origin. To assess the properties of the radio emission
n sub-kiloparsec scales, for this study, the 42 VLA quasars have
een followed up with ∼ 6 GHz observations on the enhanced Multi
lement Remotely Linked Interforometer Network ( e -MERLIN). e -
ERLIN 

1 is an array of seven radio telescopes spanning 217 km
cross Great Britain, making it possible to reach ∼50 mas resolution
t ∼ 6 GHz. 

This paper is organized as follows. In Section 2 , we describe
he observations, imaging strategies, and data reduction. Section 3
resents the e -MERLIN results and analysis. Section 4 presents a
iscussion on the radio properties and likely origin of the radio
mission, across our quasar sample. This includes information from
he pre vious VLA observ ations and ho w the sample may be related to
ompact radio AGN populations in the literature. Our conclusions are
resented in Section 5 . In this paper, we adopt the � CDM cosmology
arameters with H 0 = 70 . 0 km s −1 Mpc −1 and �m 

= 0 . 30. In this
osmology, 50 mas ( e -MERLIN resolution at ∼ 6 GHz), corresponds
o 130 pc for the median redshift of the sample ( z = 0.15). The
pectral index, α uses the convention S ν ∝ να , where S ν is the
ntegrated flux density. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

.1 Sample selection 

 detailed sample description has already been presented in Jarvis
t al. ( 2021 ) and so we only provide a brief description of the sample
election here. The 42 quasars in the Quasar Feedback Surv e y were
elected from the Sloan Digital Sk y Surv e y (SDSS) parent sample
f ∼ 24000 z < 0 . 4, spectroscopically identified AGN presented
n Mullaney et al. ( 2013 ). Our sample selection was restricted to
 < 0 . 2 with the highest AGN luminosities, using L [O III ] > 10 42 . 11 

rg s −1 and chosen to be dominated by moderate radio luminosities,
sing a cut of L 1 . 4 GHz > 10 23 . 45 W Hz −1 . The radio luminosities
re based on the flux densities from the NRAO VLA Sky Survey
NVSS; Condon et al. 1998 ), which were matched in Mullaney et al.
 2013 ), and assuming a uniform spectral index of α = −0 . 7. The
nal sample of 42 quasars, highlighted as stars and crosses in Fig.
 , was selected based on sky positions suitable for VLA scheduling,
ith right ascensions of RA = 10 ◦ − 300 ◦ and a declinations of
ec < 24 ◦ or Dec > 44 ◦. 

https://www.e-merlin.ac.uk
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Figure 1. Total 1.4 GHz luminosity against [O III ] for our sample of type 1 
(star symbols) and type 2 (plus symbols) quasars. The dashed lines show the 
primary criteria used to select the sample from the parent sample of z < 0 . 2 
AGNs from Mullaney et al. ( 2013 ) (circles, with upper limits shown as pale 
green triangles). The solid line marks the divide between ‘radio-loud’ and 
‘radio-quiet’ following Xu, Livio & Baum ( 1999 ). 
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The sample is predominantly made up of sources classified as 
radio-quiet’ (37/42), based on the [O III] luminosity and the radio 
uminosity division of Xu et al. ( 1999 ) (see Fig. 1 and column (6)
n Table 1 ), with 37/42 (88 per cent) radio quiet sources and the rest
adio loud. Furthermore, all but three of the targets have L 1 . 4 GHz <

0 25 W Hz −1 . Based on the optical spectra, 25/42 sources are type 2
GN and 17/42 are type 1 AGN. 

.2 e -MERLIN 6 GHz obser v ations and imaging 

bservations of the 42 quasars from Jarvis et al. ( 2021 ) were
arried out with e -MERLIN (programme ID: CY11205), excluding 
he Lo v ell telescope, between 2019 June and 2022 March across
6 observation runs for a total of ∼ 410 h. The total on-source
ntegration time was ∼ 350 h for the 42 targets, averaging to ∼ 8 
 per target. Ho we v er, the total inte gration time per target was
ependent on the minimum requested sensitivity, and therefore total 
ntegration time ranged from 4 to 12 h per target. The observation
etup frequency was 6550–7060 MHz centred at ∼6800 MHz with 
t total bandwidth of 512 MHz across 4 spectral windows (spws;
t 128 MHz per spws). The data was recorded at an aggregate bit
ate of 1024 Mbps with an integration time of 4 s and frequency 
esolution of 1.0 MHz per channel. The flux density calibrator, 
C286, was observed for ∼40 min across each epoch. The 42 targets
ere observed for on-source scan length of 6 mins per scan and the

omplex antenna gains tracked using a phase reference calibrator 
for each target) for 2 mins per scan, alternating between the target
nd the phase calibrator. For the bandpass calibrator, the source OQ 

08 (1407 + 2827) was observed for ∼ 30 min and was revisited
very 4 h. The source OQ 208 was also used as the pointing
alibrator in ∼ 1 / 3 of the observation runs, otherwise the source
C 84 (0319 + 4130) was used as the pointing and test calibrator. 
The raw uv-data was imported from the e -MERLIN archives and 

rocessed using the e -MERLIN CASA pipeline. This is a PYTHON 

ased CASA (v5.4 + ) package with standardized and optimized cal- 
bration parameters unique to e -MERLIN data. 2 Before calibration, 
ny bad data including Radio Frequency Interference (RFI) was 
utoremo v ed by the pipeline. The source 1331 + 305 (3C286) was
sed as a flux calibrator across all the observation runs since it has
 well-known source structure (Perley & Butler 2017 ). The pipeline
ses the structural input model for 3C286 which is adjusted for the
otal flux density scaled to account for the shortest available projected
 -MERLIN baseline in the observations. This flux scaling was then
pplied to the bandpass and pointing-test calibrators. Assuming 
ittle-to-no time variability, bandpass calibration only corrected 
or the variations in the channel sensitivity across each spectral 
indow. The complex gain solutions derived from the bandpass 

alibrator were applied on the flux calibrator and the pointing-test 
alibrators. All the derived solutions, flux density, bandpass, and 
ain calibration were then applied across all the phase calibrators 
nd targets in each run. Before imaging, any residual bad data and
hase errors in the pipeline products were manually remo v ed from the
ata. 
The targets were imaged using the CASA TCLEAN task, where 

000 × 2000 maps with a cell size of 0 . 01 arcsecs per pixel were
reated for each target. To reduce phase and amplitude noise, between 
ne to three rounds of self-calibration were performed on sources 
ith flux density > 1 mJy. 
Three weighting schemes were applied in the imaging: (1) natural 

eighting; (2) Briggs weighting with robust parameter r = 0.5; and
3) natural-weighted with uv -tapering applied at 4 M λ. Applying uv -
apering to the data for the latter maps, helps to probe the more
 xtended emission. Ov erall, the naturally weighted maps pro vide
he maximum point source sensitivity, the Briggs weighted maps 
rovide the highest spatial resolution, while the uv -tapered maps 
roduce the maximum sensitivity for extended emission. The natural 
eighted maps have a typical rms of ∼ 20 μJy beam 

−1 , and a typical
estoring beam ∼ 50 × 30 mas. The Briggs weighting provides the 
ighest resolution with a restoring beam of ∼ 30 × 10 mas and a
ypical central rms of ∼ 50 μJy beam 

−1 , while the tapered maps 
rovide a restoring beam size of ∼ 100 × 80 mas and a lower point
ource sensitivity with a typical central rms of ∼ 60 μJy beam 

−1 . The
ms noise and restoring beam sizes/shapes vary across the sources 
epending on the e xact e xposure times, uv co v erage, and lev el of
elf-calibration. All the e -MERLIN maps we produced (i.e. 3 maps
or each of the 42 targets) are released with this work (see Data
vailability section). Fig. 2 , shows a set of the three e -MERLIN
aps that were produced for one example target, with the equi v alent
gures for the rest of the targets provided in the Supplementary
aterial. 3 

As part of our discussion in this work, and to help with the
dentification/verification of features identified in the e -MERLIN 

aps, we make use of the VLA maps presented in Jarvis et al.
 2021 ) of the same targets. Briefly, we utilize the L -band ( ∼1.4 GHz)
nd C -band ( ∼6 GHz) maps, both taken with the A-array config-
ration of the VLA, and imaged with Briggs weighting (robust 
arameter r = 0.5). The corresponding synthesized beams have 
ajor axis sizes of ∼1 and ∼0.3 arcsec, respectively. These VLA
aps for an example target are shown in Fig. 2 , with the equi v a-

ent figures for the whole sample presented in the Supplementary 
aterial. 
MNRAS 537, 705–722 (2025) 
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Quasar Feedback Survey at 6 GHz with e -MERLIN 709 

Figur e 2. Example tar get to highlight the set of radio maps used in this work. Left: VLA 1.4 GHz image (white contours, with levels 1 σ × [5 , 10 , 12 , 15 , 16 , 20]) 
o v erlaid with the VLA 6 GHz image (red contours, with levels 1 σ × [4 , 8 , 12 , 16 , 32]; in this and all other panels). Top middle: the 6 GHz VLA image o v erlaid 
with the e -MERLIN natural-weighted image (blue contours, with levels 1 σ × [4 , 5 , 6 , 7 , 8 ... ]; in this and all other panels). Top right: e -MERLIN natural- 
weighted image (blue contours). Labelled regions on the e -MERLIN natural-weighted image are for any identified individual compact components (when more 
than one). Bottom middle: e -MERLIN natural-weighted image with tapering applied (blue contours, with levels 1 σ × [4 , 5 , 6 , 7 , 8 ... ]). Bottom right: e -MERLIN 

Briggs weighted image (blue contours, with levels 1 σ × [4 , 5 , 6 , 7 , 8 ... ]). Ellipses represent the synthesized beam for the corresponding background image in 
each panel. Scale bars are also shown to highlight physical size scales. Equivalent figures for all sources are provided in the Supplementary Material. 
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.3 Image analysis 

he CASA task IMFIT was used for source fitting any components 
hat were identified in the radio maps with peak signal-to-noise ratios
NR � 4 σ , and which could be well described by a 2D Gaussian
odel. Where multiple components were identified, their properties 
ere calculated separately. These are highlighted in the figures (see 

xample in Fig. 2 ) and are listed separately in Table 1 . Any identified
iffuse structures (not characterized by the fitting or properties in 
able 1 ) form part of the morphology discussion in Sections 3.1 and
.3 . We note that the identified e -MERLIN structures are al w ays
o-located with known existing 6 GHz emission as seen in the VLA
aps, providing further confidence in their reliability. 
The natural-weighted maps were primarily used for the extraction 

f the radio properties with CASA , as these maps provide the
aximum sensitivity to compact structures. However, in 5 sources, 

tructures were only identified in the tapered maps, and these were 
sed instead (see Section 3 ). These targets are highlighted in Table 1 .
he CASA IMFIT task fits 2D elliptical Gaussians to an intensity 
istribution region that has been manually selected on a radio map. 
he fitting process returned the source coordinates at the radio peak, 

he source size deconvolved from the beam (the angular full width 
t half-maximum, FWHM, at both the major and minor axes), the 
osition angles (PA; in degrees), the integrated flux density and the 
5  
eak brightness. In some instances, during the fitting process, some 
ources remained undeconvolved from the beam (unresolved, with 
o size constraints) or were only marginally resolved along one or
oth directions (upper limits returned on the size). These results, the
ssociated errors from the fits, and the derived radio properties are
ll provided in Table 1 . 

A visual inspection of the radio maps, combined with the measured
adio properties, and derived properties (such as the brightness 
emperature measurements) are used to investigate the origin of radio 
mission in this sample of quasars at ∼sub-kiloparsec scales, as 
resented in Section 3 and discussed in Section 4 . 

 RESULTS  

hree sets of radio maps from our 6 GHz e -MERLIN data were
roduced for each of the 42 targets of the Quasar Feedback Surv e y
see example in Fig. 2 ). As described in Section 2.3 , these maps co v er
 range of higher spatial resolution (Briggs weighting), optimum 

ensitivity to compact structures (natural weighting) and sensitivity 
o more extended structures (natural weighting with tapering). The 
atural-weighted radio maps were primarily those used for the 
xtraction of the compact radio structure properties. Ho we ver, we
nd that 10/42 sources remained undetected in these maps, but with
/10 of these sources being detected in the tapered maps. In these
MNRAS 537, 705–722 (2025) 
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 cases, the radio properties were extracted from the tapered maps,
nd are labelled with an asterisk in Table 1 . In 5 sources, more than
ne compact structure was identified in the maps. For these sources,
he properties of the individual structures were separately extracted,
abelled with ‘a’, ‘b’, etc, (see example in Fig. 2 ), and are highlighted
n bold in Table 1 . 

In Section 3.1 , we present our source classification based on
 visual inspection of the radio morphology. The flux density
easurements across sub-kiloparsec to kiloparsec scales are pre-

ented in Section 3.2 , with the radio luminosity measurements at
 GHz and brightness temperature presented in Sections 3.3 and 3.4 ,
espectively. 

Table 1 presents the properties obtained for the radio structures
dentified in the e -MERLIN images, in addition to some derived
uantities (described later in this section), and other rele v ant source
roperties used for our results and discussion. The columns are as
ollows: 

Column (1) gives the source ID in international coordinates. 
Columns (2) and (3) give the source positions from e -MERLIN

n J2000. A ‘U’ indicates that the source was non-detected in e -
ERLIN and therefore all the e -MERLIN radio measurements

emained undetermined, with a corresponding ‘U’ in all rele v ant
olumns. 

Column (4) gives the redshift values from SDSS (DR7). 
Column (5) is the projected linear size (the deconvolved major

xis) of the source. The 7 sources italicized with double asterisks
emained completely undeconvolved based on the fitting results, and
onserv ati ve upper limits are provided, using the size of the restoring
eam. 
Column (6) states the type of AGN classification whether type 1

r 2 (based on optical spectra) and if radio-loud (RL) or radio-quiet
RQ) based on Xu et al. ( 1999 ). See Fig. 1 . 

Column (7) gives the total flux density (mJy) measurements. 
Column (8) gives the peak brightness (mJy per beam) measure-
ents. 
Column (9) provides the derived brightness temperature ( T B )K
easurements. The sources italicized with double asterisks remained

ndeconvolved from the beam and the lower limits on the T B are
erived based on the size of the restoring beam. 
Column (10) list the derived radio luminosities of the extracted

adio structures at 6 GHz ( L 6 GHz ). 
Column (11) provides the spectral indices ( α, o v er 4–8 GHz) of

he core emission, as obtained from the ∼0.3 arcsecond resolution
 -band VLA images (derived in Jarvis et al. 2021 ). 
Column (12) lists our radio morphology classification, based on

isual inspection only. 
Column (13) lists our final classification of the origin of the radio

mission. Question marks (?) indicate an unknown classification,
hile J + 21 are sources classified as a radio-AGN in Jarvis et al.

 2021 ), but not in this work. 

.1 Sub-kiloparsec radio morphology 

aint radio galaxies show a diverse range of morphologies at galactic
cales from unresolved compact radio cores, sub-kiloparsec radio
ets, side lobes, hotspots, and diffuse emission (e.g. Baldi, Capetti &
iovannini 2019 ; Hardcastle & Croston 2020 ; Saikia 2022 ; Williams

t al. 2023 ). Probing the radio morphology of these quasars is
aramount and particularly useful in understanding AGN feedback
rocesses, and the corresponding implication on galaxy evolution.
herefore, using the presence (or lack) of extended emission, we
escribe the radio morphology of our target sample based on the four
NRAS 537, 705–722 (2025) 
ategories described below. Examples from the different categories
re shown in Fig. 3 . This approach is a simplified approach to that
sed in similar previous work (e.g. Baldi et al. 2018 ; Jarvis et al.
021 ). Based on visual inspection only, we classified our sources
nto: 

(i) Compact (C): targets that only visibly show compact emission,
.e. without any signs of extended, or multiple, radio structures. We
ote that these sources may still be extended when deconvolved from
he beam during the fitting process (Section 2.3 ). 

(ii) Jet (J): targets that show cores with one-sided or two-sided
et-like features (i.e. clearly asymmetric/marginally resolved and
ollimated in one or two directions from the core). Additionally,
argets that show multiple, but well collimated, radio knots were also
lassified as jet-like since well collimated symmetrical double/triple
adio knots are indicative of radio-AGN jets that are terminated in
he dense ISM (e.g. Leipski et al. 2006 ; Middelberg et al. 2007 ;
’Dea & Saikia 2021 ). This classification combines multiple sub-

lassifications of jet-like structures used in other works (e.g. Baldi
t al. 2018 ; Jarvis et al. 2021 ). We note that this definition is
escribing the morphology. It may be physically associated with
n AGN-driven jet, or potentially a collimated wind-driven outflow
see discussion in Harrison & Ramos Almeida 2024 ). 

(iii) Irregular (I): any source that is visibly extended but does not
t the jet criteria was classified as irregular. 
(iv) Non-detected (U): classification for any sources that remain

ndetected across all the e -MERLIN maps (natural-weighted, ta-
ered, and Briggs weighting). 

Visual inspection for the classification of the radio morphologies
as primarily performed using the natural-weighted maps; how-

ver, the tapered maps often provided confirmation of low surface
rightness extended structures seen (e.g. see J1316 + 1753 and
0945 + 1747, in Fig. 3 ). For the 5/10 sources that were only detected
n the tapered maps, the tapered maps were used for morphology
lassification. 

Based on this visual inspection, 15/42 targets were classified as
ompact sources, 21/42 as jet-like, 1/42 as irregular and 5/42 as
on-detected. Overall, the natural-weighted maps showed mainly
ompact structures, with isolated and well collimated radio knots
classified as multicomponent sources; e.g. J0802 + 4643 in Fig.
 ). In some cases, one-sided jet-like structures were clearly iden-
ified (e.g. J0759 + 5050 in Fig. 3 ). The Briggs-weighting maps
urther isolated/confirmed the compact cores in most targets (e.g.
0945 + 1747 in Fig. 3 ) and the well-collimated nature of the radio
nots/structures. On the other hand, the tapered maps often drew out
ome low surface brightness extended emission, which sometimes
onnected the hotspots observed in the higher resolution maps (e.g.
0958 + 1439 in Fig. 3 ). 

.2 Sizes and flux densities of sub-kiloparsec radio structures 

ig. 4 shows the ratios ( R) of the peak brightness to the integrated
ux density as a function of the projected linear size in e -MERLIN,
or each of the structures identified and fit (see Section 2.3 ). Across
he 37 detected targets, there are 44 detected structures in total (i.e.
ue to the 2–4 multiple components observed in 5 of the targets; see
able 1 ). Excluding all the upper limits, the projected linear sizes
ange from ∼30 to 540 pc, with a median size of ∼ 147 pc, Of the 37
 -MERLIN detected targets, 8 only have upper limits on the projected
inear sizes for any of the structures identified. In all these 8 targets,
nly a single compact component is identified, indicating the radio
mission on these scales is dominated by a compact, unresolved core.
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Figure 3. Example radio maps of six different targets (one in each row) to highlight the different radio morphology classifications. The first column shows VLA 

6 GHz radio maps, with the corresponding contours shown in red in all other panels. The remaining panels show the three different e -MERLIN maps made for 
each source, with corresponding contours in blue (tapered, natural weighting, and Briggs weighting). The morphology classification for each target (compact, 
jet, irregular, or non-detected) is shown on the right. 
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M

Figure 4. The ratios ( R) of the peak brightness to integrated flux density 
against the projected linear size for all the structures identified in the e - 
MERLIN images. The multicomponent sources are highlighted with dashed 
squares, using different colours for different sources. The median peak 
brightness to integrated flux density ratio is R = 0 . 76 (dashed line). As 
expected, ∼ 80 per cent of the sources showing jet-like and extended 
morphology lie below this median, while ∼ 93 per cent of the compact 
sources lie abo v e this median, indicating that a large fraction of the flux 
density in the compact sources can be attributed to the central core. 
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o we ver, the upper limits are not very constraining in most cases
ue to beam sizes (see Section 2.3 ), reaching upper limit values of
 770 pc. 
Across all 44 detected structures, the median peak/total flux

ensity ratio is R = 0 . 76. This indicates that, on average, only
20 per cent of the integrated flux density could be attributed to

ore extended radio emission in the structures, and they are typically
ery compact, confirming what was measured for the projected linear
izes. As can be seen in Fig. 4 , this peak/total flux density ratio ranges
rom ∼ R = 0 . 2 − 1 . 0, across all the structures. Overall, the sources
lassified as compact based on their morphology (Section 3.1 ) have
igh peak/total flux density values, with ∼ 93 per cent (14/15) abo v e
he median value. This is true for all of the unresolved sources,
urther indicating that they are point sources and that nearly all of
he flux can be attributed to the central core. We note that all the four
ources abo v e R > 1 (J0749 + 4510, J0842 + 0759, J1227 + 0419,
nd J1655 + 2146b), have error bars consistent with R ∼ 1.0, and
emain undeconvolved from the beam, further indicating that they
re dominated by central, unresolved, and compact cores. This is true
ven for the two sources with the least constraining upper limits on
he projected linear sizes with upper limits of 603 and 767 pc (i.e.
0749 + 4510 and J1227 + 0419). 

We investigated the 9 jet-like or irregular targets that showed a high
eak/total flux density ratio R > 0 . 76 (i.e. greater than the median).
hese targets are classified as jet-like based on visual inspection
ue to the well-collimated extended emission structure and/or the
resence of multiple radio knots in the systems seen across the whole
arget. These extended structures are not captured by the fitting of
he individual components which are presented in Fig. 4 and Table 1 ,
hich may be highly compact in themselves. We therefore conclude

hat for the extended or jet-like sources showing R > 0 . 76, this can be
NRAS 537, 705–722 (2025) 
ttributed to our fitting under sampling the total integrated flux of the
ource. For the remaining of the discussion, we will keep track of this
mportant distinction between the properties of the individual fitted
tructures, and the sources as a whole. For example, we investigate
he contribution of the compact radio structures to the total radio
uminosity in Section 4.1 . 

.3 Radio luminosity at 6 GHz 

ur data are insufficient to provide spectral indices of the indi-
idual structures observed in e -MERLIN. Ho we ver, using the 4–
 GHz spectral indices derived in Jarvis et al. ( 2021 ) at ∼0.3 arcsec
esolution VLA data (column 11 in Table 1 ), we derived the radio
uminosity L 6 GHz for the structures identified (presented in column
0 of Table 1 ). In Fig. 5 , we plot L 6 GHz as a function of the projected
inear size for each target (left panel) and the size distribution of
oth type 1 and type 2 targets in the sample (right panel). Where
ore than one structure was identified, we plot the total radio

uminosity of all of the structures, and used the largest projected
inear size in the multicomponent target. The radio luminosities range
rom L 6 GHz = 9 . 8 × 10 21 − 7 . 0 × 10 25 W Hz −1 , with a median
f L 6 GHz = 3 . 8 × 10 22 W Hz −1 . 93 per cent of the sources have
 6 GHz < 1 × 10 24 W Hz −1 with only three sources (J0749 + 4510,

1300 + 0355, and J1347 + 1217) having L 6 GHz > ×10 24 W Hz −1 

nd only 1 source, J1347 + 1217, showing L 6 GHz > ×10 25 W Hz −1 .
his further confirms our sample is dominated by radio quiet sources

Fig. 1 ), with moderate radio powers. We discuss the fraction of
otal radio luminosity located in the structures e -MERLIN maps in
ection 4.1 . 
Separating our sample into either type 1 or type 2 in Fig. 5 ( left

anel ), we find no strong evidence for a difference in the radio
izes and luminosities distribution of the radio structures identified
cross both types of sources. Ho we ver, the type 2 quasars show a
ignificant 0.45 Spearman rank correlation coefficient, whilst the
ype 1 objects show a negligible correlation of 0.02. Thean et al.
 2001 ) show a similar result where their type 2 sources show a
ignificant correlation, unlike the type 1 sources. Additionally, in the
ight panel of Fig. 5 , we constructed the cumulative distribution of
rojected linear sizes (including the upper limits), separated by AGN
ype, by using a Kaplan–Meier estimator with the y -axis showing the
robability that a target is larger than a given size. Excluding the
wo type 1 (J0749 + 4510 and J1227 + 0419) sources showing the
argest linear sizes (upper limits), there is no significant statistical
ifferences between the two types, as is typical of most compact
bjects (e.g. O’Dea 1998 ; Thean et al. 2001 ). 

.4 Brightness temperature 

sing observables of radio flux densities and the sizes, high reso-
ution radio imaging can be useful in disentangling star formation
rom AGN in radio quiet galaxies based on the brightness temperature
 B of a radio core (e.g. Condon 1992 ; Middelberg et al. 2007 ). At
oderate redshifts, compact radio cores have linear sizes of ∼parsec

cales (corresponding to a few mas in angular size) which imply high
rightness temperatures. This relates the size of the compact core to
t’s maximum flux density ( θ ≈ S 0 . 5 m 

ν−1 
c ) at GHz frequencies (Burke,

raham-Smith & Wilkinson 2019 ). Using the observed angular sizes
intrinsic radio sizes convolved with the beam), the flux density and
ssuming the brightness temperature distribution of a source at a
iven redshift z can be modelled as an elliptical Gaussian distribution
e.g. Condon et al. 1982 ; Ulvestad et al. 2005 ), we derive our T B 
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Figure 5. L eft: Projected linear sizes versus 6 GHz radio luminosity for the sample in e -MERLIN (see Section 3.3 ), separated into type 1 (red stars) and type 2 
(black diamonds). The non-detected sources are highlighted by squares and their luminosities were derived using the lower limits on the flux density (3 × rms). 
R ight: Cumulative size distributions for the projected linear sizes of the e -MERLIN radio structures for the 18 type 1 (red curve) and 24 type 2 (black curve) 
quasars as given by the Kaplan–Meier estimator. The shaded regions are 1 σ error, and reveal no strong evidence for a difference in size distributions between 
the two types. 
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Figure 6. Brightness temperature ( T B ) as a function of spectral index, α, 
(4–8 GHz core spectral index from VLA) for the 37 e -MERLIN detected 
sources that were either known or unknown to host radio AGN from previous 
VLA data (stars and triangles, respectively). Squares highlight sources that 
were classified as jet-like based on their radio morphology in e -MERLIN. For 
the multicomponent sources, we plotted the component with the highest T B 
value. The dashed red line highlights the lower limit of brightness temperature 
T B = 10 4 . 8 K for selected radio AGNs. 
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ollowing the standard equation: 

 B = 1 . 22 × 10 12 (1 + z) 

(
S ν

1 Jy 

) ( ν

1 GHz 

)−2 
(

θmaj θmin 

1 mas 2 

)−1 

K, 

(1) 

here θmaj and θmin are the deconvolved major and minor axes from 

he elliptical Gaussian model, S ν is the observed flux density, and ν
s the observing frequency. The derived T B for e -MERLIN are shown
n Table 1 . 

Fig. 6 shows the T B for our sample as a function of spectral index
derived from the VLA imaging; Jarvis et al. 2021 ) for the 37 targets
ith a detection in e -MERLIN. We note that 10 targets only have
 lower limit on the brightness temperature, due to only having a
pper limit on the measured sizes. Excluding the lower limits, the 
rightness temperature values range from 3 . 6 × 10 2 to 9 . 9 × 10 7 K.
orabito et al. ( 2022 ) find T B is dependent on the frequency of

he observations, redshift, and the spatial resolution. At a central 
requency of ∼ 6 . 8 GHz and θres ≈ 20 mas, T B > 10 4 . 8 K will be
ndicative of a radio-AGN. Based on this cut-off (see dashed line 
n Fig. 6 ), 13/37 of our sources have T B measurements that would
e classified as radio AGNs. We note that 5/13 of these sources are
dentified as radio-loud (see Fig. 1 ) and therefore, all our radio-loud
uasars are classified as radio-AGN based on brightness temperature. 
dditionally, a further 8 sources have a lower limit on T B that may,
r may not, be consistent with the AGN cut-off. In Section 4.2 ,
e discuss the implications for identifying radio AGNs across the 

ample and a comparison to what was previously learnt from the 
ower spatial resolution VLA observations of the same targets. 
MNRAS 537, 705–722 (2025) 
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Figure 7. Three example targets that show AGN-like radio structures in the 
VLA maps (1.4 GHz shown in the left panels and as white contours; 6 GHz 
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compact in the e -MERLIN images (right panels and blue contours). 

m  

a  

d  

c  

a  

d  

V  

a  

i  

s  

e  

l  

n  

t  

s
 

m  

t  

a  

m  

s  

(  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/2/705/7945806 by U
niversity of Southam

pton user on 06 February 2025
 DISCUSSION  

e have presented new e -MERLIN data for the 42 z = 0.055–
.2, type 1 and type 2, pre-dominantly ‘radio quiet’, quasars from
he Quasar Feedback Surv e y (sample selection in Fig. 1 ). These
 GHz maps reveal a range of structures on sub-kiloparsec scales
e.g. Figs 2 and 3 ). In this section, we discuss the implications
f our key measurements of the radio morphology, radio sizes,
nd brightness temperatures (presented in Section 3 ). We also
ombine these new e -MERLIN results with previous knowledge of
he kiloparsec-scale radio emission from VLA maps (Jarvis et al.
019 , 2021 ). In Section 4.1 , we discuss the radio structures on
ifferent spatial scales. In Section 4.2 , we discuss the identification
f radio AGN. In Section 4.3 , we discuss the implications of our
esults for AGN feedback and presented derived properties of the
ost clearly ‘jetted’ systems. Finally, we explore the relationship

etween our sample and literature radio-identified AGN samples in
ection 4.4 . 

.1 Radio emission at sub-kiloparsec to kiloparsec scales 

he combination of VLA and e -MERLIN maps enables us to trace
tructures from kiloparsecs to sub-kiloparsec scales. Fig. 2 shows
n example set of images from VLA and e -MERLIN that we have
btained for these targets. At z ∼ 0.15 (the median redshift of this
ample), the 1.4 GHz VLA maps ( θres ∼ 1 . ′′ 0; left panel in Fig. 2 )
re tracing up ∼10 kiloparsec scale structures, the 6 GHz VLA
aps ( θres ∼ 300 mas; top middle panel in Fig. 2 ) are sensitive to
1 kiloparsec scale structures, whilst the new 6 GHz e -MERLIN
aps ( θres ∼ 30–100 mas; top-right, bottom-middle and bottom-

ight panels in Fig. 2 ) are sensitive to structures ranging from 10s–
00s parsec scales. 
For these targets, we find that on ∼10 kpc scales (traced via the

.4 GHz VLA maps), 80 per cent of our targets reveal featureless
ompact structures, whereas for the ∼ 20 per cent of the sources that
re partly resolved, the large scale structures are mostly resolved
ut at 6 GHz ( ∼1 kpc scales) and are completely resolved out at
ub-kpc scales in e -MERLIN (see Fig. 7 for examples). Therefore,
t is crucial to trace the radio emission using a variety of data
ets that are sensitive to different spatial scales. Otherwise, key
orphological structures can be completely missed (e.g. Pierce et al.

020 ; Rosario et al. 2021 ; D’Amato et al. 2022 ; Williams et al. 2023 ;
hen et al. 2024b ; Njeri et al. 2024 ); either because the resolution is

nsufficient to characterise small-scale structures (affecting compact
adio arrays), or the structures are diffuse and resolved away in
he data (affecting extended radio arrays). Indeed, as described in
his section, we see both of these regimes are extremely important
or a complete characterization of the radio emission of our quasar
ample. 

Our e -MERLIN data are sensitive to sub-kiloparsec scales, with
 factor of ∼ 6 × and ∼ 20 × higher spatial resolution than the
xisting 6 GHz and 1.4 GHz VLA maps, respectively. We see a
ariety of structures including weak unresolved cores, well defined
otspots/knots, sub-kiloparsec radio jets, side lobes and and irregular
iffuse features, that are not identified in the lower resolution VLA
mages (examples in Figs 2 and 3 ). Such a variety of structures is
onsistent with previous work on quasars and low radio luminosity
bjects, which makes use of radio maps sensitive to sub-kiloparsec
cale structures (e.g. Kl ̈ockner et al. 2009 ; McCaffrey et al. 2022 ;
aikia 2022 ; Baldi 2023 ; Chen et al. 2024b ). 
In our e -MERLIN maps we identified 21/42 sources as having

 collimated jet-like structure. Comparing these results to the VLA
NRAS 537, 705–722 (2025) 
aps, reported in Jarvis et al. ( 2021 ), only 7/42 sources were reported
s radio-AGN based on the presence of well collimated, symmetric
ouble or triple distinct radio peaks. Jarvis et al. ( 2021 ) was
onserv ati ve in their approach of jet-like morphology classification
t ∼ 1 − 60 kpc scales, and only considered the symmetric triple and
ouble structures. Ho we ver, se veral ambiguous sources, based on the
LA maps, are revealed to be more collimated, and clearly jet-like,

t the sub-kiloparsec scales obtained in the e -MERLIN maps. These
nclude J0759 + 5050 and J0958 + 1439, which are example sources
hown in Fig. 3 . Another factor that could affect the ability to resolve
xtended radio structures could be the orientation with respect to the
ine of sight. Ho we ver, we note that, as shown in Section 3.3 , we find
o statistically significant differences in the radio sizes between the
ype 1 and type 2 quasars in our sample, albeit based on a relatively
mall sample size. 

Our results highlight one of the key advantages of the e -MERLIN
aps, enabling the identification of compact and collimated struc-

ures (along with the stronger constraints on brightness temperatures,
s discussed in Section 4.2 ). On the other hand, our new e -MERLIN
aps reveal only compact cores or no detections at all, for some

ources which show clearly extended structures of AGN origin
jets/lobes) in the VLA maps. We show three examples of this
J1016 + 0028, J1553 + 4407 and J1000 + 1242) in Fig. 7 , where we
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Figure 8. The flux density ratios of the extrapolated e -MERLIN 1.4 GHz flux 
density to the NVSS 1.4 GHz flux density as a function of the largest linear 
size (LLS: reported in Jarvis et al. 2021 ). The median flux density ratio is 0.39, 
highlighted by the dashed line. The 6 targets highlighted in blue circles remain 
ambiguous (not classified as radio-AGN in this analysis or in Jarvis et al. 
( 2021 )) and are thus excluded in the calculation of the median flux density 
ratio. We apply lower limits on the flux density (3 × rms ) measurements 
for the 5/42 non-detected sources in the e -MERLIN data (highlighted in 
diamond). We also note that 2/5 non-detections are classified as radio AGN 

in Jarvis et al. ( 2021 ); see Table 1 . The legends highlight the radio morphology 
classification of the sources in e -MERLIN. We further split our targets into 
type 1 (in red) and type 2 (in black), which shows no significant variation in 
both the flux and largest linear size distribution across the sample. 
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resent the 1.4 GHz VLA maps, the 6 GHz VLA maps, and the new
 -MERLIN natural weighted maps. The source J1016 + 0028 shows
xtended diffuse double lobe structures, separated by ∼40 kpc, in 
he 1.4 GHz VLA image (top left panel, Fig. 7 ); ho we ver, the source
emains undetected in both the 6 GHz VLA and e -MERLIN data
right panel in Fig. 7 ). The extended lobe-core-lobe radio structures
n J1553 + 4407 as seen in both the VLA maps are completely
esolved out, and remains undetected, in the e -MERLIN maps. The 
ource J1000 + 1242, which is classified as having a jet based on the
LA maps, is classified as having only a compact core in e -MERLIN

bottom panels of Fig. 7 ). This highlights that AGN radio emission
an be identified on a range of different spatial scales, from sub-
iloparsecs to 10s of kiloparsecs across this sample of predominantly 
radio quiet’ quasars. 

We can assess how much of the total radio luminosity is located in
he sub-kiloparsec scale structures that we have identified in the e -

ERLIN images. Under the assumption that the NVSS flux densities 
re a good proxy for the total radio luminosity 4 , we extrapolated the
 GHz e -MERLIN flux density measurements to 1.4 GHz to match
he NVSS at 1.4 GHz (assuming the spectral indices in Table 1 ). The
esulting total flux density ratios ( R) of e -MERLIN to NVSS, as a
unction of the largest linear size (LSS) of the radio structures seen
cross all VLA images (Jarvis et al. 2021 ) are shown in Fig. 8 . 

The e -MERLIN/NVSS flux density ratios have a median value of
.39. This implies that the sub-kiloparsec structures in e -MERLIN, 
nly account for ∼ 40 per cent of the total radio emission on average.
here are 7 sources which are compact based on both the e -MERLIN
orphology (stars in Fig. 8 ), and clearly small in the VLA (based on
LS � 1 kpc) and have the corresponding, expected, high level of flux

eco v ery in the e -MERLIN maps (R � 60 per cent). These sources
ppear to have the majority of the radio luminosity associated with 
ery compact radio structures. Also, the most compact sources in e -
ERLIN ( < 100 pc) appear to have the highest radio radio luminosity

see Fig. 5 , left panel). Nonetheless, only 5 sources are consistent
ith having ∼100 per cent of the radio emission reco v ered by e -
ERLIN. For the sources undetected in e -MERLIN, the assumed 

pper limits (i.e. 3 × the RMS in the maps) suggest that only � 10
er cent of the emission could be located in the sub-kiloparsec scale
tructures. Therefore, across the sample as a whole, the majority of
he high frequency (few GHz) radio emission is typically associated 
ith structures on scales larger than the sub-kiloparsecs, to which 
 -MERLIN is sensitive. This result may be consistent with the 
dea that the highest accretion rate radio quiet sources (like this
ample), typically become less core dominated (Alhosani et al. 2022 ); 
o we ver, a large systematic survey across a wider range of accretion
ate systems is required. 

Overall, we see a huge range in morphological structures in the 
uasar sample, including sources which are dominated by compact 
ores, sources with � 1 kiloparsec scale jet-like emission and sources
ith � 10 kiloparsec scale radio lobes. Importantly, Fig. 8 highlights, 

hat even for sources which appear compact in e -MERLIN, the major-
ty the radio emission can be located in extended structures. This adds
o the growing evidence that radio emission associated with the radio- 
uiet quasar population is a complex mix of structures/processes, 
 We note that we are unable to account for variability between the epochs of 
he NVSS and e -MERLIN observations, which may particularly affect sources 
here the radio emission is dominated by very compact cores. Therefore, 

nterpreting the flux density ratios for individual sources should be done with 
are, although we only find one such system which may have a non-physical 
 -MERLIN/NVSS flux density ratio > 1. 
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panning a range of galactic and sub-galactic scales (e.g. Jarvis et al.
019 ; Panessa et al. 2019 ; Smith et al. 2020 ; McCaffrey et al. 2022 ;
ilpa et al. 2022 , 2023 ). In the following section we investigate how
any of the sources have radio emission that can be attributed to
GN-related processes. 

.2 Identification of Radio AGN 

s radio quiet quasars do not produce powerful relativistic jets, the
rigin of the relatively weak radio emission in quasars still remains
argely unknown (e.g. Heckman & Best 2014 ; Kellermann et al. 2016 ;
anessa et al. 2019 ). This weak radio emission might arise from the
GN, star formation processes or both of these. A direct detection
f collimated jet-like emission, or a bright and central compact radio
ore with high brightness temperatures (Section 3.4 ) can serve as
n AGN identifier. We used radio morphology classification and 
rightness temperature measurements to investigate the origin of 
adio emission in these quasars. 

Fig. 6 shows the brightness temperatures for our e -MERLIN 

etected targets as a function of the spectral index measured in
arvis et al. ( 2021 ). At least 13, and a maximum of 21 (accounting
or lower limits), of these have brightness temperatures abo v e the
imit of T B = 10 4 . 8 K, which is the limit assumed to be attributable
o AGN emission (Section 3.4 ). Three of the confirmed sources
highlighted as three red triangles abo v e the T B = 10 4 . 8 K cutoff in
ig. 6 ) were not previously identified as AGN based on the VLA
nalysis presented in Jarvis et al. ( 2021 ). This is because the VLA
MNRAS 537, 705–722 (2025) 
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onstraints on the brightness temperatures were below the required
hreshold. This highlights that e -MERLIN’s superior resolution helps
dentify some AGN cores. Nonetheless, this is only three sources,
espite the order-of-magnitude increase in spatial resolution between
 -MERLIN and VLA. Indeed, our work indicates a low level of
nambiguous AGN cores ( ∼31–50 per cent) across the sample, with
 large fraction of the radio emission located within larger-scale
tructures (Section 4.1 ). Further work using very high resolution
nterferometry, and supplemented by spectral index constraints, will
elp determine the pre v alence of true AGN radio cores across the
adio quiet quasar population as a whole (e.g. Chen et al. 2023 ,
024a ). 
For the sources without a high brightness temperature AGN core,

e also rely on morphology to identify radio AGN. The sources
hat show jet-like structures still show diversity, as shown in Fig.
 . Indeed, many low-luminosity radio galaxies are characterized by
iverse morphologies (e.g. Leipski et al. 2006 ; Luo & Sadler 2010 ;
’Dea & Saikia 2021 ). Multi-component sources with symmetric
ouble-lobed morphology and well collimated radio knots are
ndicative of AGN jets, or possibly shocks from outflows, indicating
he presence of a radio AGN (e.g. Leipski et al. 2006 ; Middelberg
t al. 2007 ; O’Dea & Saikia 2021 ; Fischer et al. 2023 ). Therefore,
he 21/42 sources, which were classified as jet-like based on their

orphology, are assumed to host a radio AGN. These are highlighted
ith squares in Fig. 6 . 
Combining both morphology and brightness temperatures, we

lassified 32/42 sources as hosting a radio-AGN based on the e -
ERLIN data alone. There are 4 additional sources (J1010 + 1413,

1016 + 0028, J1100 + 0846 and J1553 + 4407) which were identified
s hosting a radio AGN based upon the VLA data in Jarvis et al.
 2021 ), but not in the e -MERLIN data. Of these, two (J1016 + 0028
nd J1553 + 4407) remain undetected in e -MERLIN but their radio
GN clasification is primarily based on the larger scale radio mor-
hology only seen in VLA maps (see Fig. 7 ). The other two sources
J1010 + 1413 and J1100 + 0846) were identified as radio-AGN
ased on a ‘radio excess’ above the far-infrared radio correlation and
urther evidence of radio AGN is presented in Jarvis et al. ( 2019 ,
020 ). Combining the new information from e -MERLIN, and that
btained with the VLA images, we identify radio emission associated
ith an AGN in 36/42 ( ∼86 percnt) of the sources in our Quasar
eedback Surv e y. This is a significant increase on the ∼ 57 per cent
f the sources identified using only the VLA data in Jarvis et al.
 2021 ). Such a large fraction of radio AGN, not easily identified
sing traditional methods (typically with spatially-unresolved data
ets), could have important implications for obtaining a complete
ensus of radio AGN activity, and for de-contaminating AGN in
adio studies of star-forming galaxy populations (Jarvis et al. 2021 ;
ansen et al. 2024 ). 
Although a radio AGN is identified in ∼86 percnt of the quasars

n our sample, it does not mean it is the dominant radio emission
echanism in all the targets. With e -MERLIN typically reco v ering

nly ∼ 40 per cent of the total flux density on average (Section 4.1 ),
his implies that more than 60 per cent of the total radio emission
n the sample can be attributed to extended radio emission. In
he absence of other information, the radio emission that is com-
letely resolv ed a way could be associated with star formation or
if fuse AGN outflo w-dri ven shocks. Indeed, a significant fraction
f diffuse, extended radio structures has been previously noted
n quasar samples (Kimball et al. 2011 ; Condon et al. 2013 ;

cCaffrey et al. 2022 ). In the following sections, we discuss the
adio emission from these quasars for understanding AGN feedback
rocesses. 
NRAS 537, 705–722 (2025) 
.3 Implications for feedback and radio jets at sub-kiloparsec 
cales 

ypically at the moderate luminosities, which represents our sample
Fig. 1 ), i.e. intermediate between ‘radio loud’ and very ‘radio quiet’,
tar formation cannot be the dominant mechanism contribution to
he radio emission (e.g. Zakamska et al. 2016 ; White et al. 2017 ;
arvis et al. 2019 ; Silpa et al. 2023 ; Liao et al. 2024 ). Therefore,
ther AGN-related processes such as compact, lo w po wer radio
ets and/or shocks due to AGN-driven outflows are expected to
ominate (e.g. Orienti & Prieto 2010 ; Zakamska & Greene 2014 ;
ims, Quataert & Faucher-Gigu ̀ere 2015 ; Kharb et al. 2021 ; Harri-

on & Ramos Almeida 2024 ; Yamada et al. 2024 ). Distinguishing
hese different processes with radio morphology alone can be very
hallenging, and additional information such as polarisation might
e crucial (e.g. Silpa et al. 2022 ; Fischer et al. 2023 ; Meenakshi
t al. 2024 ). Nonetheless, the indication is that the radio emission
s tracing an interaction between the AGN and the host galaxy
SM. 

Indeed, nine targets from this study have already been observed to
how a spatial alignment between the radio emission and multi-phase
utflows on kiloparsec scales, as traced in [O III ] and CO, indicating
hat the radio emission is tracing sites of ISM interactions (Jarvis et al.
019 ; Girdhar et al. 2022 , 2024 ). Furthermore, there is now a lot of
vidence in the literature (both from spatially-resolved observations
nd statistical samples) that radio emission is a good tracer of the
nergy deposited by AGN into the ISM of their host galaxies across
he quasar populations (e.g. Zakamska & Greene 2014 ; Harrison et al.
015 ; O’Dea & Saikia 2021 ; Calistro Rivera et al. 2024 ; Harrison &
amos Almeida 2024 ; Petley et al. 2024 ). Intrinsically small radio

ources (sub-galactic scales), which dominates this sample, may be
t the early stages of evolution, and consequently the most likely
o observe such ISM interactions (e.g. O’Dea 1998 ; Bicknell et al.
018 ; Santoro et al. 2020 ; O’Dea & Saikia 2021 ; Morganti et al. 2023 ;
ukreti & Morganti 2024 ; Miranda Marques et al. 2025 ). The 100 pc

cale structures identified in e -MERLIN in this study, would therefore
dvocate for comparable resolution observations of the multi-phase
as properties of this sample. Indeed, local studies imply that AGN
mpact could commonly be happening on these ∼100 pc scales (e.g.
enturi et al. 2021 ; Singha et al. 2023 ; Haidar et al. 2024 ; Holden et al.
024 ). 

.3.1 Jet properties 

e now continue with the assumption that the majority of the sources
n our sample contain low power jets (but see discussion abo v e).
he causes for the less-powerful radio jets to be compact, and less-
ollimated, has been attributed to several factors. This includes a lack
f sufficient energy to dissipate efficiently and thus remain entrapped
ithin the host galaxy; the jets are frustrated and their propagation

nterrupted by the dense interstellar medium (van Breugel, Miley &
eckman 1984 ; Bicknell et al. 2018 ; Mukherjee et al. 2018 ; McCaf-

rey et al. 2022 ; Kharb & Silpa 2023 ); or the jets being sub-relativistic
nd thus unable to grow due to low jet bulk velocity, or more easily
ecome disrupted (Perucho et al. 2014 ; Giovannini et al. 2023 ; Dutta
t al. 2024 ). The exact mechanism driving these moderate jets in these
adio-quiet quasars remain uncertain with magnetic fields, black hole
pin and accretion disc winds thought to play a key role (e.g. Reeves
t al. 2009 ; Shen & Ho 2014 ; Panessa et al. 2019 ; Rusinek et al.
020 ). 
These low power compact jets, still could have sufficient energy to

isrupt the ISM and affect the host galaxy evolution, depending on
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Figure 9. The four targets with the most clearly defined jetted emission, which enable common jet properties to be derived. The top row shows the VLA 6 GHz 
images, where the blue contours are from the e -MERLIN natural-weighted images. The VLA 6 GHz images are represented by red contours in all panels. The 
middle ro w sho ws the natural-weighted e -MERLIN images and the bottom row shows the e -MERLIN tapered images. The components used for calculations 
are labelled in the middle row (see Section 4.3 ). 
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heir relative inclination angle with respect to the host galaxies (e.g. 
ukherjee et al. 2018 ; Mandal et al. 2021 ; Webster et al. 2021 ;
 anner & W eaver 2022 ; Miranda Marques et al. 2025 ). Indeed,

f lo w-po wered jets remain trapped in the ISM for a longer time,
hey interact with the ISM over a large volume, e v acuating cavities
pto r ∼ 1 kpc and only leaving the densest cores (Mukherjee 
t al. 2016 ). Therefore, studying these lo w-po wered jets ( P jet �
0 44 erg s −1 ) are crucial in our understanding of the feedback mech-
nisms at galactic scales (e.g. Harrison et al. 2015 ; Kharb & Silpa
023 ). 
With all this in mind, we estimate jet properties (speeds, inclination 

ngles, and powers) using our e -MERLIN maps, for the systems
here this is possible. The disrupted nature of low power jets means

hat standard approaches to calculate jet powers and inclination 
ngles can be challenging, due to a lack of clearly defined structures.
onetheless, aligned multi-components in radio quiet quasars are 

lso thought to be termination points of radio jets (e.g. Leipski et al.
006 ), and we identify the four targets with the strongest evidence
or such structures, which allow us to perform typical types of jet
easurements done in the literature. These are the four sources shown 

n Fig. 9 . 
We estimate the jet kinetic power for all the four targets using
he jet radiative efficiency empirical formula of Merloni & Heinz 
 2007 ): 

og P jet = (0 . 81 + 0 . 11) × log L 6 GHz + 11 . 9 + 4 . 1 
−4 . 4 (2) 

We derive jet-to-counterjet surface brightness ratios, R J , for these 
ources, assuming that the asymmetries in surface brightness are 
ue to Doppler boosting and dimming effects in approaching and 
eceding jets, respectively. We also calculate the jet inclination 
ngles using the K-corrected radio core prominence parameter, R C , 
ollowing equation (C2) in Urry & P ado vani ( 1995 ); it is assumed that
he core has a spectral index of 0 and the extended emission of −1. 

 C = ( S core /S ext )(1 + z) −1 = ( S core / ( S tot − S core ))(1 + z) −1 . 

or the estimation of the K-corrected R C , we have used the core
ux density from the e -MERLIN images while the total flux density
as estimated using the VLA images. The AIPS verbs TVMAXF

nd TVSTAT were used to derive the core and total flux densities,
espectiv ely. F ollowing the work of Kharb & Shastri ( 2004 ), we have
ttempted to use the R C parameters to determine jet inclinations 
n the four jetted sources. Kharb & Shastri ( 2004 ) had estimated
MNRAS 537, 705–722 (2025) 
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 C values for a large sample of both plane-of-sky radio galaxies
s well as their pole-counterparts, i.e. the blazars, and found that
he log R C values varied roughly from −4 to + 4 for jet inclinations
espectively going from 90 ◦ to 0 ◦. Furthermore, in the absence of
ulti-epoch observations to calculate proper motions, using the
 J v alues, we have deri ved jet speeds using equation (A10) in
rry & P ado vani ( 1995 ); that is, βcos θ = 

R J 1 / p −1 
R J 1 / p + 1 

. The jet structural
arameter, p is assumed to be = 3 for a ‘continuous’ jet. We apply
hese calculations to the four most applicable systems, as follows: 

(i) J0759 + 5050 shows a two-sided jet structure. We derived
 K-corrected log R C value of ∼ −1 . 2 ( S core = 866 μJy, S total =
2 . 95 mJy). We note that this source in particular did not show a
lear compact ‘core’ in its e -MERLIN image. We used the AIPS
erb CURV to read off the flux density of the brightest pixel. A jet
nclination of 60 ◦ is implied. Using the emission from a ‘hotspot’ in
he brighter jet towards the north-west and a similar ‘hotspot’ in the
ounterjet towards the south-east, we derive an R J = 15 . 5. For an
nclination angle of 60 ◦, a jet speed of 0.85c is needed to explain the
 J value. We estimate a jet power of ∼ 10 45 . 4 erg s −1 . 
(ii) J0802 + 4643, shows two bright and compact components and

n aligned plume of diffuse emission extended to the south west. In
his case, component ‘b’ is assumed be the core and component ‘a’ a
otspot in the approaching jet. We derive a K-corrected log R C value
f ∼ −0 . 8 ( S core = 467 μJy, S total = 3 . 13 mJy) and a jet inclination
f 55 ◦. Using the counterjet surface brightness at a distance roughly
quidistant from the core, a jet-to-counterjet surface brightness ratio
an be derived; this turns out to be R J = 3 . 2. For the jet inclination
ngle of 55 ◦, this would imply a jet speed of 0.33c. We estimate a jet
ower of ∼ 10 43 . 8 erg s −1 . 
(iii) J0958 + 1439, shows a double symmetric radio structure

n VLA images. At the sub-kiloparsec scales of e -MERLIN, the
xtended emission is resolved out revealing 4 faint but distinct
omponents. We note that the tapered image shows a well collimated
adio jet connecting the northern components (a,b,c) to the southern
omponent (d). Component ‘d’ is assumed to be associated with the
pproaching jet and ‘a’ with the counterjet. We derive a K-corrected
og R C value of ∼ −1 . 2 ( S core = 157 μJy, S total = 2 . 32 mJy) and
 jet inclination of 60 ◦. We also derive an R J = 1 . 7, which would
uggest a jet speed of 0.18c for the jet inclination angle of 60 ◦. We
stimate a jet power of ∼ 10 43 . 5 . 

(iv) J1316 + 1753 shows two lobes separated by ∼ 2 kpc in the
LA images, whereas these side-lobes are resolved out at sub-
iloparsec to reveal two radio knots. Component ‘a’ is assumed
o be the core, knot ‘b’ is jet and counterjet is not clearly detected.
herefore, we can derive a lower limit to the jet-to-counterjet surface
rightness ratio of R J ≥ 2 . 4. We derive a K-corrected log R C value of
−0 . 8 ( S core = 337 μJy, S total = 2 . 17 mJy) and a jet inclination of

5 ◦. For this inclination angle, the lower limit to the jet speed would
e 0.25c. We note that the jet inclination derived here differs from the
5 ◦ derived for J1316 + 1753 earlier by Girdhar et al. ( 2022 ). This
s because Girdhar et al. ( 2022 ) had used the 5.2 GHz VLA core flux
ensity for estimating the R C without K-correction; the e -MERLIN
ore flux density used here is less contaminated by jet emission close
o the core. We estimate a jet power of ∼ 10 43 . 6 erg s −1 . 

Three of these four targets have moderate inferred jet speeds
f ∼(0.2–0.3) c, which have indeed been derived or observed to
e common in other radio-quiet quasars in the literature (e.g.
barrato et al. 2021 ; Wang et al. 2021 , 2023 ). While their radio-

oud counterparts often produce highly relativistic speeds, the jets
n radio-quiet AGN are generally slower and high resolution radio
NRAS 537, 705–722 (2025) 
maging hav e rev ealed jet components mo ving at sub-relativistic
peeds in these objects, and could even be regarded as outflows or
winds’ (Stocke et al. 1992 ; Wang et al. 2021 ; Fischer et al. 2023 ).
uture work comparing such derived jet properties to measurements
f the host galaxy ISM, will help assess the efficiency of jet-ISM
nteractions (e.g. following Girdhar et al. 2022 ). 

.4 Comparison to other radio AGN populations 

e have identified a large fraction of radio AGN in our sample
f optically selected type 1 and type 2 quasars. Our sources are
redominantly compact on � 1 kpc scales. Therefore, we discuss
he relationship between our quasar sample to other similar com-
act radio-emitting AGN such as Seyferts, compact steep-spectrum
ources (CSS), gigahertz-peaked spectrum (GPS) sources and FR0s
An & Baan 2012 ; O’Dea & Saikia 2021 ; Baldi 2023 ). At a few
GHz frequencies, the e -MERLIN has sufficient resolution to probe
eyferts (and other low luminosity radio AGN) due to their faint
ature (at a few millijanskys) and < 1 kpc in size, by minimising
he contribution of the host galaxy and resolving out sub-kiloparsec
o parsec-scale radio cores and knots as seen in this work and other
imilar probes (e.g. Thean et al. 2000 ; Baldi et al. 2021a , b ). 

F or e xample, FR0s sources hav e similar properties to FRIs but
re a factor of ∼ 30 more core-dominated than FRIs and remain
eatureless on kiloparsec scales (Baldi, Capetti & Giovannini 2016 ;
ardcastle & Croston 2020 ; Baldi 2023 ). Indeed, comparing the

adio morphology of our sample to the radio morphology of FR0s
ources in the literature, at several kiloparsec scales, most of our
ample remains compact and unresolved as is the case with FR0s.
o we ver, at a few kiloparsec (1–3 kpc) scales, a third of the sample

hows one-sided or two-sided core-jets with ∼ 80 per cent of the
ources showing steep spectrum ( < −0 . 7) in VLA (Jarvis et al.
021 ). A similar result is reported in Baldi, Capetti & Giovannini
 2015 ) and Baldi et al. ( 2019 ) for FR0s, where only a third of
heir sample exhibits double or one-sided radio jets at an angular
esolution of about 0 . ′′ 3. Furthermore, at sub-kiloparsec scales, FR0s
how a range of diverse radio properties and radio morphologies from
teep to flat spectral indices and multicomponents with luminosities
0 22 − 10 24 W Hz −1 (Baldi et al. 2016 ). At these sub-kiloparsec
cales probed by e -MERLIN, our sample mainly shows compact
adio jets (one-sided or multicomponent radio knots) at ∼< 0 . 5 kpc
r unresolved compact cores with radio luminosities similar to the
nes reported in Baldi et al. ( 2016 ). Two-thirds of our sample appear
o be slightly core dominated at ≥ 1 / 3 of the total emission (see
ig. 8 ). Baldi et al. ( 2021b ) combine both the VLA and e -MERLIN
ata of similar objects to reveal sub-kiloparsec jets and conclude
hat FR0s harbour sub-kiloparsec scale radio jets whose low surface
rightness make it difficult to detect and isolate in typical data sets. 
Our targets have projected linear size of < 500 pc in e -MERLIN,

hich co v ers the GPS size re gion (see re vie ws by O’Dea 1998 ;
’Dea & Saikia 2021 ). Furthermore, following the power versus

inear size diagram of Hardcastle & Croston ( 2020 ) and Jarvis et al.
 2019 ), our quasars lie on the lower end of the radio power for the
PS and CSS objects. The two multicomponent sources, J0802 +
643 and J1317 + 1753 (see Fig. 9 ), show compact symmetric radio
tructure with well-defined and confined side lobes. The distances
etween the two lobes is 365 pc in J0802 + 4643 (also see Fig. 2 )
nd 1 kpc in J1317 + 1753, with spectral indices of α ∼ −1 . 4 and
1 . 2, respectively (from Jarvis et al. 2021 ). Based on the double-

obe radio morphology, the projected linear size of < 1 kpc and the
teep spectra, these two sources would qualify as GPS/CSS objects.
he source J0802 + 4643 is a likely GPS ( D ∼ 364 pc) source with
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 frustrated jet within the ISM as indicated by the plume-like diffuse
adio emission located at a considerable distance away from the two 
otspots (e.g. An & Baan 2012 ; McCaffrey et al. 2022 ). On the
ther hand, the source J1317 + 1753 is a likely CSS object ( D ∼ 1 
pc) representing the young revolutionary phase of a galaxy that 
ight later evolve into an FR-II source as reported in An & Baan

 2012 ). Whilst probed at ∼ 6 kpc, McCaffrey et al. ( 2022 ) shows a
imilar (and first) FRII-like radio quiet quasar with L 6 GHz ≈ 10 22 . 9 

 Hz −1 at kiloparsec scales. We also note that side lobes remained
nresolved at ∼kpc scales and due to lack of ancillary data, the source 
as not classified as radio-AGN in Jarvis et al. ( 2021 ). Additionally,

he most luminous object (J1347 + 1217) in our sample at L 6 GHz ∼
 . 0 × 10 25 W Hz −1 , is a confirmed GPS source and is reported as
 rejuvenated radio object (Morganti et al. 2013 ; O’Dea & Saikia
021 ). 
The extended radio structures of radio-quiet quasars at sub- 

rcsecond resolution are by no means different from that of Seyferts
s reported in Leipski et al. ( 2006 ). Among the luminosities studied
ere, the morphological features and radio sizes are found to be 
imilar in both types of objects and there is no significant differences
etween the radio luminosities of the type 1 and type 2 sources
s shown in Fig. 5 . Although, type 2 sources show a significant
orrelation between radio power and radio sizes, with these targets 
ho wing e vidence of collimated radio structures that are also reported
n Thean et al. ( 2001 ). We note that all our multicomponent sources
in Fig. 9 ) showing well collimated radio structures are of type 2
nd radio-quiet quasars. Whilst type 1 sources show no significant 
orrelation, we also note that a large fraction of our type 1 sources
re classified as ‘compact’ based on their radio morphology. There 
s no statistical difference in the size distribution of both type 1 and
ype 2 sources, indicating that the central engines for each type are
imilar and both equally contribute to the extended emission (Thean 
t al. 2000 , 2001 ; Pierce, Tadhunter & Morganti 2020 ). This supports
he argument in the literature that radio-quiet quasars are scaled-up 
 ersions of Se yfert galaxies (e.g. K ukula et al. 1998 ; Chiaraluce et al.
019 ). Furthermore, Baldi et al. ( 2021a , b ) show that the compact and
dge-brightened radio jet morphology observed in Seyferts can be 
ttributed to the lo w-po wered nature of the slow jets and disc/corona
inds in disc/spiral galaxies that host lower spinning black holes, 
hich hinder launching of faster jets. Therefore, the relatively small 

mount of radiative ener gy ( P jet ≈ ×10 43 er g s −1 ) emer ging at radio
avelengths in these radio quiet quasars, may simply be due to the
resence of less powerful radio jets (Ulvestad, Antonucci & Barvainis 
005 ). 
As is typical across the quasar population, ∼ 90 per cent of our

ample is radio-quiet based on traditional definitions. Ho we ver, these 
re v alent radio-AGN appear to be a natural extension of ‘high-
uminosity’ for Seyferts and ‘low-luminosity’ for CSS/GPS objects 
also see fig. 2 in Hardcastle & Croston 2020 ). Similarly, Chilufya
t al. ( 2024 ) find that their sample of low-luminosity radio-loud AGN
hare the same region in the radio luminosity versus size diagram 

ith radio-quiet quasars and FR0s, and show similar properties in 
pectra to GPS and CSS objects. As the literature shows, based on
amples selected from a variety of different criteria, it is increasingly 
ifficult to separate these radio populations into distinct classes 
ased on their radio morphology and luminosity (e.g. Mingo et 
l. 2019 , 2022 ; Harwood et al. 2020 ; Capetti et al. 2020 ; Pierce
t al. 2020 ; G ̈urkan et al. 2021 ; Kumari & Pal 2022 ; Stroe et al.
022 ; Chilufya et al. 2024 ). Perhaps a more general question is
f these radio quiet quasars (like those studied here) show similar
adio properties to other low-luminosity compact radio objects and 
o their higher luminosity counterparts. Future studies could focus 
n spectral energy distributions and polarisation measurements to 
urther probe the differences, if any, across these low-luminosity 
ompact radio AGN populations (e.g. Jeyakumar 2016 ; Silpa et al.
022 ; Meenakshi et al. 2024 ). 

 C O N C L U S I O N  

e present a sample of 42 low redshift z < 0 . 2 type 1 and type
 quasars observed with e -MERLIN at 6 GHz. These targets have
oderate radio luminosities, and the sample is dominated by ‘radio 

uiet’ quasars, based on the [O III ] to radio luminosity ratio (Fig. 1 ).
he new e -MERLIN data enabled us to measure radio structures on
10s–100s pc scales, which is an order of magnitude smaller than

he structures measured in the existing VLA images of these targets
e.g. in Fig. 2 ). Our main conclusions are: 

(i) The targets show a wide range of morphology on sub-kiloparsec 
cales, with compact cores, knots, extended collimated structures, 
nd more diffuse structures. Based on visual inspection only, 15/42 
35 per cent) targets are classified as compact sources as they show
o extended radio features, 21/42 (50 per cent) targets are classified
s jet-like since they show either one-sided jets or well collimated
ultiple radio components and 1/42 source has an irregular mor- 

hology. 5/42 targets were not detected in the maps and 5/37 of the
etected sources show multiple distinct (2–4) radio peaks and are 
hus referred to as multicomponent sources (Fig. 3 ). 

(ii) We measured the properties of the structures identified in the 
 -MERLIN maps. The projected linear sizes range from ∼30 to
40 pc, with a median size of ∼147 pc, excluding the 10 components
hat remained unresolved on these scales (Fig. 4 ). These structures
ypically have modest luminosities, with L 6GHz ∼ 10 22 –10 24 W Hz −1 

with only 2 higher), and we found no evidence of significant
ifferences in these properties between the type 1 and type 2 quasars
Fig. 5 ). 

(iii) Although there is a large variety across the sample, we found
hat a significant fraction of the total radio luminosity in this sample
s typically not located in the compact, sub-kiloparsec structures 
raced by e -MERLIN. Indeed, most targets have moderate brightness 
emperatures, with only 13–21 targets showing clear evidence for 
GN-like values (i.e. T B > 10 4 . 8 K; Fig. 6 ). This corresponds to 31–
0 per cent, with the range due to some targets only having an upper
imits on their sizes. Furthermore, under the assumption that NVSS 

races the total radio luminosity, we find that, on average, ∼ 60 per
ent of the radio luminosity is resolved away on sub-kiloparsec scales
raced by e -MERLIN (Fig. 8 ). Previous VLA maps of the same targets
how that this resolv ed-a way emission can be sometimes located in
iffuse, loosely collimated lobes, likely associated with AGN jets or 
utflows (Fig. 7 ). 
(iv) By combining diagnostics of brightness temperature and 
orphology, we identified radio AGN activity in 32/42 (76 per cent)

f the sample (Fig. 6 ). This is an increase in ∼ 57 per cent, based
nly on the VLA maps, thanks to the increased constraints on
orphology and brightness temperatures at the higher resolution 

f e -MERLIN. None the less, 4 additional targets are only identified
s AGN based on the VLA maps (not e -MERLIN) due to large-
cale structures being resolved away (Fig. 7 ), bringing the total
umber of radio AGN being identified in the sample to be 36/42
86 per cent). 

(v) For the four targets that showed sufficiently defined jet struc- 
ures (see Fig. 9 ), we estimated the jet properties. For three sources,
he jet speeds and powers are estimated to be modest, with values
f ∼0.2–0.3 c and P jet ≈ (3–6) ×10 43 erg s −1 , respectively. If jets are
MNRAS 537, 705–722 (2025) 
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riving the radio emission across the majority of the sample, this
mplies modest jet speeds and modest powers are common. The
ack of defined structures in the majority of the sample (cores, jets,
nd counter-jets) could be partly related to disruption/dissipation by
SM interactions, or a larger contribution to the radio emission from
utflows launched by wide-angle winds. 

Our results highlight the importance of using a wide range of radio
mages (tracing sub-kiloparsec scales through to 10s of kiloparsec
cales), to obtain a full characterization of the radio morphologies
n a representative sample of quasars. Through these data, we
nd a high pre v alence of radio emission associated with an AGN
 ∼90 per cent) for a sample that is traditionally characterized as
radio quiet’. The sample shares many radio properties with other
 GN populations, including Seyferts A GN, FR0s, and GPS/CSS

ources; highlighting limited evidence for these being distinct
opulations. 
This work adds to the gro wing e vidence, by studying lo w-redshift

ystems, the importance of using sensitive radio imaging, down
o sub-kiloparsec scales, to study AGN feedback mechanisms on
alactic scales, even in low–moderate radio luminosity systems. We
dvocate for similar work in objects at cosmic noon, where the bulk
f black hole growth occurs. This will be important to establish the
riving mechanisms of multiphase outflows that are now commonly
dentified at cosmic noon, but the bolometric AGN output is often
ssumed to be the most important driving factor. Indeed, combining
WST data with radio imaging already shows a radio-outflow con-
ection in ‘radio quiet quasar’ (following our definition) at z ∼1.5
Cresci et al. 2023 ). Ongoing work to pro vide sensitiv e and high reso-
ution radio imaging of large samples (e.g. Muxlow et al. 2020 ; Mora-
ito et al. 2022 ; Njeri et al. 2024 ), and future work with new facilities
e.g. the Next Generation VLA and the Square Kilometre Array;
yland et al. 2018 ), will be crucial to characterize the sub-galactic

cale radio emission and compare to spatially resolved multiphase gas
bservations. 
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ApJ , 768, 37 
resci G. , Maiolino R., 2018, Nat. Astron. , 2, 179 
resci G. et al., 2023, A&A , 672, A128 
’Amato Q. et al., 2022, A&A , 668, A133 
utta R. , Sharma P., Sarkar K. C., Stone J. M., 2024, ApJ , 973, 148 
abian A. C. , 2012, ARA&A , 50, 455 
 a wcett V. A. et al., 2023, MNRAS , 525, 5575 
ischer T. C. , Johnson M. C., Secrest N. J., Crenshaw D. M., Kraemer S. B.,

2023, ApJ , 953, 87 
iovannini G. , Baldi R. D., Capetti A., Giroletti M., Lico R., 2023, A&A ,

672, A104 
irdhar A. et al., 2022, MNRAS , 512, 1608 
irdhar A. et al., 2024, MNRAS , 527, 9322 
likman E. et al., 2022, ApJ , 934, 119 
 ̈urkan G. , Croston J., Hardcastle M. J., Mahatma V., Mingo B., Williams

W. L., 2021, Galaxies , 10, 2 
aidar H. et al., 2024, MNRAS , 532, 4645 
ansen S. P. , Lagos C. D. P., Bonato M., Cook R. H. W., Davies L. J. M.,

Delvecchio I., Tompkins S. A., 2024, MNRAS , 531, 1971 
ardcastle M. J. , Croston J. H., 2020, New Astron. Rev. , 88, 101539 
ardcastle M. J. et al., 2019, A&A , 622, A12 
arrison C. M. , 2017, Nat. Astron. , 1, 0165 
arrison C. M. , Ramos Almeida C., 2024, Galaxies , 12, 17 
arrison C. M. , Alexander D. M., Mullaney J. R., Swinbank A. M., 2014,

MNRAS , 441, 3306 

https://www.e-merlin.ac.uk/distribute/CY11/CY11205/CY11205.html
https://doi.org/10.25405/data.ncl.c.7523193
https://doi.org/10.25405/data.ncl.13416164
https://doi.org/10.25405/data.ncl.13702021
http://dx.doi.org/10.3847/1538-4357/ac8665
http://dx.doi.org/10.1088/0004-637X/760/1/77
http://dx.doi.org/10.1007/s00159-023-00148-3
http://dx.doi.org/10.1051/0004-6361/201425426
http://dx.doi.org/10.1002/asna.201512275
http://dx.doi.org/10.1093/mnras/sty342
http://dx.doi.org/10.1093/mnras/sty2703
http://dx.doi.org/10.1093/mnras/staa3519
http://dx.doi.org/10.1093/mnras/stab2613
http://dx.doi.org/10.1093/mnras/sty850
http://dx.doi.org/10.1093/mnras/sty070
http://dx.doi.org/10.1051/0004-6361/202039612
http://dx.doi.org/10.1111/j.1365-2966.2006.10519.x
http://dx.doi.org/10.1146/annurev.aa.22.090184.001535
http://dx.doi.org/10.48550/arXiv.2312.10177
http://dx.doi.org/10.1051/0004-6361/202038671
http://dx.doi.org/10.1038/nature08135
http://dx.doi.org/10.1093/mnras/stad2289
http://arxiv.org/abs/2410.07889
http://dx.doi.org/10.3847/1538-4357/ad182a
http://dx.doi.org/10.3847/1538-4357/ad74fc
http://dx.doi.org/10.1093/mnras/stz595
http://dx.doi.org/10.1093/mnras/stae658
http://dx.doi.org/10.3847/1538-4357/aae076
http://dx.doi.org/10.1146/annurev.aa.30.090192.003043
http://dx.doi.org/10.1086/159538
http://dx.doi.org/10.1086/300337
http://dx.doi.org/10.1088/0004-637X/768/1/37
http://dx.doi.org/10.1038/s41550-018-0404-5
http://dx.doi.org/10.1051/0004-6361/202346001
http://dx.doi.org/10.1051/0004-6361/202244452
http://dx.doi.org/10.3847/1538-4357/ad67d7
http://dx.doi.org/10.1146/annurev-astro-081811-125521
http://dx.doi.org/10.1093/mnras/stad2603
http://dx.doi.org/10.3847/1538-4357/ace1f0
http://dx.doi.org/10.1051/0004-6361/202245395
http://dx.doi.org/10.1093/mnras/stac073
http://dx.doi.org/10.1093/mnras/stad3453
http://dx.doi.org/10.3847/1538-4357/ac6bee
http://dx.doi.org/10.3390/galaxies10010002
http://dx.doi.org/10.1093/mnras/stae1596
http://dx.doi.org/10.1093/mnras/stae1235
http://dx.doi.org/10.1016/j.newar.2020.101539
http://dx.doi.org/10.1051/0004-6361/201833893
http://dx.doi.org/10.1038/s41550-017-0165
http://dx.doi.org/10.3390/galaxies12020017
http://dx.doi.org/10.1093/mnras/stu515


Quasar Feedback Survey at 6 GHz with e -MERLIN 721 

H  

H
H
H  

H  

H  

H  

 

H
H  

J
J
J
J
K  

K  

K
K
K
K  

K
K  

K
K  

K
L  

L  

L
L
L
L
M  

M  

M  

M
M  

M
M
M  

M
M
M  

M  

M  

M  

M  

M
N
N
N  

N
O  

 

O
O
O
P
P  

P
P  

P
P
P
R
R
R
R  

R  

 

R  

S
S
S  

S  

S
S
S  

S  

S
S
S
S
S
S  

T
T  

T
T  

T  

U
U
U
v
V
V
V  

W
W  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/2/705/7945806 by U
niversity of Southam

pton user on 06 February 2025
arrison C. M. , Thomson A. P., Alexander D. M., Bauer F. E., Edge A. C.,
Hogan M. T., Mullaney J. R., Swinbank A. M., 2015, ApJ , 800, 45 

arwood J. J. , Vernstrom T., Stroe A., 2020, MNRAS , 491, 803 
eckman T. M. , Best P. N., 2014, ARA&A , 52, 589 
enriques B. M. B. , White S. D. M., Thomas P. A., Angulo R., Guo Q.,

Lemson G., Springel V., Overzier R., 2015, MNRAS , 451, 2663 
errera Ruiz N. , Middelberg E., Norris R. P., Maini A., 2016, A&A , 589, L2
irschmann M. , Dolag K., Saro A., Bachmann L., Borgani S., Burkert A.,

2014, MNRAS , 442, 2304 
olden L. R. , Tadhunter C., Audibert A., Oosterloo T., Ramos Almeida C.,

Morganti R., Pereira-Santaella M., Lamperti I., 2024, MNRAS , 530, 446
usemann B. et al., 2019, ApJ , 879, 75 
wang H.-C. , Zakamska N. L., Alexandroff R. M., Hamann F., Greene J. E.,

Perrotta S., Richards G. T., 2018, MNRAS , 477, 830 
arvis M. E. et al., 2019, MNRAS , 485, 2710 
arvis M. E. et al., 2020, MNRAS , 498, 1560 
arvis M. E. et al., 2021, MNRAS , 503, 1780 
eyakumar S. , 2016, MNRAS , 458, 3786 
ellermann K. I. , Sramek R. A., Schmidt M., Green R. F., Shaffer D. B.,

1994, AJ , 108, 1163 
ellermann K. I. , Condon J. J., Kimball A. E., Perley R. A., Ivezi ́c Ž., 2016,
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