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ABSTRACT

We present a comprehensive study of the physical origin of radio emission in optical quasars at redshifts z < 2.5. We focus particu-
larly on the associations between compact radio emission, dust reddening, and outflows identified in our earlier work. Leveraging the
deepest low-frequency radio data available to date (LoTSS Deep DR1), we achieve radio detection fractions of up to 94%, demon-
strating the virtual ubiquity of radio emission in quasars, and a continuous distribution in radio loudness. Through our analysis of
radio properties, combined with spectral energy distribution modelling of deep multiwavelength photometry, we establish that the
primary source of radio emission in quasars is the active galactic nucleus (AGN), rather than star formation. Modelling the dust
reddening of the accretion disc emission shows a continuous increase in radio detection in quasars as a function of the reddening
parameter E(B—V), suggesting a causal link between radio emission and dust reddening. Confirming previous findings, we observe
that the radio excess in red quasars is most pronounced for sources with compact radio morphologies and intermediate radio loudness.
We find a significant increase in [O1T] and CIv outflow velocities for red quasars not seen in our control sample, with particularly
powerful [O11I] winds in those around the threshold from radio-quiet to radio-loud. Based on the combined characterisation of radio,
reddening, and outflow properties in our sample, we favour a model in which the compact radio emission observed in quasars orig-
inates in compact radio jets and their interaction with a dusty, circumnuclear environment. In particular, our results align with the
theory that jet-induced winds and shocks resulting from this interaction are the origin of the enhanced radio emission in red quasars.
Further investigation of this model is crucial for advancing our understanding of quasar feedback mechanisms and their role in galaxy

evolution.
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1. Introduction

Quasars, also known as quasi-stellar objects (QSOs), were
first discovered as bright radio sources with luminous star-like
compact optical counterparts. Through optical follow-up spec-
troscopy (Schmidt 1963) they were then identified to be extra-
galactic objects, powered by accreting supermassive black holes
(SMBHs). The powerful radio emission that initially character-
ized their discovery was later attributed to the presence of radio
jets and lobes, which can extend to impressive lengths of up to
7 Mpc according to recent observations (Oei et al. 2024). How-
ever, despite their initial characterisation as radio sources, it
soon became evident that the large majority (~90%) of QSOs
did not show radio detections at the sensitivities of the tele-
scopes at the time (e.g. Sandage 1965). With new-generation

* Corresponding author; gabriela.calistrorivera@dlr.de

radio interferometers of high sensitivity and large sky cov-
erage (Norris et al. 2013), such as the LOw-Frequency Array
(LOFAR; van Haarlem et al. 2013), we are now able to inves-
tigate the radio properties of the QSO population to the lowest
radio luminosities at low radio frequencies (e.g. Giirkan et al.
2019; Macfarlane et al. 2021; Arnaudova et al. 2024; Yue et al.
2024).

Despite these advancements, the origin of the faint radio
emission in QSOs remains strongly debated in the commu-
nity (Bonzini et al. 2015; Padovani 2016; Panessa et al. 2019;
Chen et al. 2023). When large-scale jets are not present, the
question of the nature of the radio emission in QSOs is chal-
lenging since complementary multiwavelength and multi-scale
information is required to determine the primary physical ori-
gin amid various processes that can give rise to radio emis-
sion. On the one hand, synchrotron emission can originate in
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star forming regions through the interaction of the high-energy
electron plasma from supernova events with magnetic fields,
and therefore can be directly linked to massive star formation
at galactic scales (e.g. Helou et al. 1985; Bell 2003). On the
other hand, the radio emission in QSOs can be of AGN ori-
gin, and connected to the black hole accretion responsible for
the energetic optical radiation that defines QSOs. Here, physi-
cal mechanisms that could produce the synchrotron radio emis-
sion are low-power, small-scale versions of the kpc-scale jets
observed in traditionally ‘radio-loud’ quasars (e.g. Jarvis et al.
2019; Hartley et al. 2019), shocked electrons produced by the
interactions of the interstellar medium (ISM) with jets and/or
powerful winds (e.g. Zakamska & Greene 2014; Nims et al.
2015; Hwang et al. 2018), and hot electrons from the X-ray-
emitting corona (e.g. Laor & Behar 2008; Baldi et al. 2021;
Chen et al. 2023). The identification of the main mechanism(s)
responsible for the radio emission is key to characterising the
mechanical energy and momentum released as a function of the
SMBHs properties. This is in turn essential in order to con-
strain the overall impact of accreting SMBHs on their host galax-
ies (black hole/AGN feedback, e.g. Croton et al. 2006; Fabian
2012; Harrison et al. 2018) and is therefore a potential avenue
to observationally characterise feedback mechanisms in galaxy
evolution.

Traditionally, obscuration in AGN has been ascribed to
the dusty structure around the accretion disc known as the
torus, and to its orientation with respect to the line of sight
(Antonucci 1993). Recently, this picture is evolving, as increas-
ing evidence suggests that the evolutionary stage of the AGN
is also an important factor for obscuration (e.g. Hopkins et al.
2004; Alexander & Hickox 2012; Riccietal. 2017). In par-
ticular, fundamental differences have been seen in the radio
emission between optical reddened QSOs and the bulk of
the QSO population with average blue colours (Klindt et al.
2019; Fawcett et al. 2020, 2021, 2023; Rosario et al. 2020, 2021;
Glikman et al. 2022). This finding appears in tension with mod-
els that ascribe obscuration exclusively to orientation of the
dusty torus. Instead, it may be consistent with the notion that
some QSOs are obscured by polar dust, potentially distributed
within winds (e.g. Stalevski et al. 2019; Honig & Kishimoto
2017) and/or galaxy-scale material linked to different evolu-
tionary phases (e.g. Circosta et al. 2019; Andonie et al. 2024).
Indeed, recent studies suggest that there is a close connec-
tion between QSO reddening and increased level of outflows
(Zakamska et al. 2016; Hamann et al. 2017; Bischetti et al.
2017; DiPompeo et al. 2018; Mehdipour & Costantini 2018;
Perrotta et al. 2019; Temple et al. 2019; Villar Martin et al.
2020; Rojas et al. 2020; Calistro Rivera et al. 2021; Stacey et al.
2022), where the dust responsible for the red colour in
QSOs could potentially reside in circumnuclear dusty winds
(Calistro Rivera et al. 2021). Similarly, studies have also focused
on the connection between the radio emission and out-
flow properties in QSOs (e.g. Jarvis et al. 2021; Girdhar et al.
2022; Baldietal. 2021), finding a positive correlation (e.g.
Mullaney et al. 2013; Wangetal. 2022; Petley etal. 2024;
Escott et al., in prep.), in particular for compact and GHz-
peaked, potentially younger, radio sources (Molyneux et al.
2019; Kukreti et al. 2023).

While most of these studies have individually explored the
connection between radio emission and either reddening or
outflows, drawing comprehensive conclusions has proven chal-
lenging due to the heterogeneity of data sets, and sometimes lim-
ited sample sizes and multiwavelength coverage. In this paper
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we leverage the deepest radio data to date from the LOFAR tele-
scope (LoTSS Deep DR1; Tasse et al. 2021; Sabater et al. 2021),
in combination with a comprehensive multiwavelength charac-
terisation, to investigate the physical origin of the radio emis-
sion in QSOs. Crucially, using a single consistent sample, we
investigate the connection between the radio, reddening and out-
flow properties of QSOs. In particular, we build upon a detailed
analysis of the multiwavelength spectral energy distributions
(SEDs) and optical spectral properties of QSOs presented by
Calistro Rivera et al. (2021, hereafter CR21). Throughout this
work, we adopt a cosmology with Hy = 70kms™' Mpc™!, Q, =
0.3 and Q4 = 0.7.

2. Observations and analysis
2.1. Sample selection, multiwavelength data, and SED fiting

The selection process for the QSO sample used in this investi-
gation is described in detail by CR21 as well as in our previ-
ous SDSS QSO studies (Klindt et al. 2019; Rosario et al. 2020;
Fawcett et al. 2020, 2022). In summary, we select our sam-
ple from the SDSS DR14 Quasar catalogue (Paris et al. 2018),
which has detailed photometric and emission line measurements
(Rakshit et al. 2020). Adopting the rest-frame luminosity at 6 um
(L6 um) as the proxy for QSO intrinsic luminosities which is most
adequate for our study of optical reddening, we further select
only sources with WISE (W1, W2 and W3; Wright et al. 2010)
detections at S/N > 3. Then, based on SDSS ugriz bands, we use
the redshift-dependent g* — i* colours to define the populations
of red QSOs (10% reddest) and a control sample of ‘normal’
QSOs (50% around the distribution median). As demonstrated
in our previous studies, this selection ensures a robust and unbi-
ased comparison between red QSOs and a consistently selected
control sample. Finally, the most significant cut made by CR21
on the SDSS QSO parent sample was the sky coverage. As illus-
trated in Figure 1, six survey fields were chosen to achieve the
combined availability of deep radio observations and multiwave-
length data across all frequencies from the radio to X-rays for all
QSOs. They comprise a total area of 175 deg?, including three
surveys in the northern sky which are part of the LoTSS Deep
Field surveys: the Bodétes field, the Lockman-Hole Field, and
the ELAIS-N1 Fields (Tasse et al. 2021; Sabater et al. 2021), and
three areas in the equatorial sky covered by the Galaxy And Mass
Assembly (GAMA) survey fields (Driver et al. 2011), as shown
in the upper panel of Figure 1. In the overall LOFAR fields
shown by the light cyan areas, we have 4436 QSOs at 7 < 2.5,
from which 755 are red QSOs and 3681 represent the control
sample (ALLQSOs sample, see Table 1).

To obtain a detailed multiwavelength characterisation of
the QSOs in this study, the SDSS ugriz and WISE pho-
tometric bands used in the selection, were complemented
with abundant FIR-to-UV aperture-matched photometry com-
piled by Kondapally et al. (2021) for the LoTSS Deep Fields,
and the Herschel Extragalactic Legacy Project HELP project
(Shirley et al. 2019) for the equatorial GAMA fields. A more
detailed description of the multiwavelength photometry con-
sisting of 25-30 photometric data points, from the FIR to
the UV (including SDSS and WISE photometry), and the
Bayesian SED modelling were presented by CR21. The frac-
tion of the fields (LoTSS Deep + GAMA) with multiwavelength
coverage (MWQSOs sample) include 1789 QSOs, from which
306 are red QSOs and 1483 represent the control sample. To
disentangle the different physical components, and infer the
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Fig. 1. Radio and multiwavelength data used in this paper. The upper
panel shows the sky coverage of the LOFAR pointings (cyan area) in
the 3 LoTSS Deep Fields DR1 (upper sub-panel) and the GAMA sur-
vey fields (lower sub-panel). The sky areas with deep multiwavelength
coverage are overplotted (grey stars). The lower panel show the rms
sensitivities and sky coverage of the LOFAR data used in this work,
i.e. the LoTSS Deep Fields and the LOFAR GAMA Fields, compared
to other past and future radio surveys. To enable the comparison, all
survey depths are converted to a 1.4 GHz equivalent rms assuming a
spectral index of @ = 0.7.

relevant physical parameters we used the Bayesian AGNFITTER
code (Calistro Rivera et al. 2016; Martinez-Ramirez et al. 2024),
which applies an MCMC approach to sample the poste-
rior distributions of all physical parameters. The physical
model for the host galaxy component in AGNFITTER con-
sists of the stellar populations in the NIR/optical/UV (mod-
els by Bruzual & Charlot 2003), and the cold dust emis-
sion in the IR/sub-mm (models by Schreiber et al. 2018). The
galaxy infrared luminosities used as tracers of the star forma-
tion rates (SFR) were estimated by integrating the cold-dust
model within 8—1000 um. The AGN emission was estimated by
the addition of the accretion disc emission in the optical/UV
(Richards et al. 2006) and the hot dust/torus emission (models

Table 1. QSO samples used in this study.

Samples LOFAR SDSS LOFAR
Fields QSOs 30 detection
ALLQSOs Deep Fields+ GAMA 4436 2469 (56%)
Deep Fields 2105 1555 (74%)
GAMA 2331 914 (39%)
MWQSOs  Deep Fields+ GAMA 1789 1002 (56%)
Deep Fields 480 451 (94%)
GAMA 1300 551 (42%)

Notes. Description of the different samples used for this study, includ-
ing the number of LOFAR detected quasars and their corresponding
fractions. The MWQSOs and the ALLQSOs samples correspond to the
areas in Figure 1 which are filled with grey stars and the light-cyan
shaded areas, respectively.

by Silvaetal. 2004). In particular, the dust-reddening of the
accretion disc (also called the Big Blue Bump, BBB) is mod-
elled following a Small Magellanic Cloud dust attenuation law
(Prevot et al. 1984), and parametrized by the reddening parame-
ter E(B_V)BBB'

2.2. Radio data

The main radio data used are part of the LoTSS Deep Fields DR1
(Tasse et al. 2021; Sabater et al. 2021), which comprise repeated
observations with the LOFAR High Band Antenna (HBA) at
150 MHz of the ELAIS-N1, Lockman Hole, and Bodtes fields
for a total of ~380h. The LoTSS Deep Fields observations are
among the deepest wide-field radio-continuum survey at low-
frequencies to date, at a resolution of ~6arcsec, and with an
rms sensitivity reaching 20, 22, and 32 uJy beam™! in the cen-
tres of the three fields, respectively (Figure 1). To complement
the LOFAR Deep Fields and obtain a larger sampled volume
which is key given the low number density of quasars, we used
LOFAR equatorial observations from pipeline verification data
which targets three fields from the Galaxy And Mass Assem-
bly survey (GAMA). Each GAMA field consists of 4 LOFAR
pointings at 2 X 4 h integration time, at a resolution of ~8 arcsec
and achieving an rms noise level of around 200 uJy beam™!
in the centres of each field (Figure 1). The diversity of sen-
sitivity limits in the different fields was overcome by both
field-independent and combined assessments, as well as by
focusing on a comparison strategy, carefully matching red and
control samples for intrinsic AGN luminosity (Leunm) and red-
shift, following our previous work (Lz-matching: Klindt et al.
2019; Fawcett et al. 2020; Rosario et al. 2020, CR21). In par-
ticular, the Lz-matching was performed by selecting the closest
control QSOs in Lg,m and z for each red quasar (within each
field), matched using the Nearest Neighbour method defining
a two-dimensional metric on the Lgym — z space. The result-
ing luminosity and redshift distributions are shown in Figures 2
and 3, respectively. To quantify the equivalency between the
properties of red QSOs and of the Lz-matched control sample we
applied the non-parametric two-sample Kolmogorov—Smirnov
(KS) test. Based on this test, we found that both the luminos-
ity and redshift distributions are equivalent with p-values of
pxs-value =0.953 and pgs-value =0.983, respectively. When-
ever the limited sample sizes did not allow us to apply this
matching approach, we make an explicit note in the respective
sections.
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Fig. 2. Distributions of 6 um luminosities (Lg,m, left panel) and radio
loudness R;s¢ (right panel), for all SDSS QSOs from the ALLQSO sam-
ple. The parent sample of red and control QSOs are shown as red and
blue shaded areas, respectively, whereas the subsample of control QSOs
matched in z and Lg,, to the red QSOs are shown by the dark blue
unfilled histogram.

For the catalogued sources, the radio to optical cross-
matching was performed using the likelihood-ratio matching for
all fields, and additional visual inspection for the LoTSS Deep
Fields. A detailed description of the cross-matching process is
presented by Kondapally et al. (2021). For this study, we used
optical position coordinates from the LoTSS catalogue to find
the counterparts to the SDSS QSOs in our sample, adopting a
search radius of 1 arcsec with respect to the SDSS positions. In
addition to using the LOFAR catalogues associated with the data,
we computed the radio fluxes for the SDSS QSOs with fainter
radio emission, which are not formally detected by the source
extraction strategy used in the construction of the catalogue
(Python Blob Detector and Source Finder, see Mohan & Rafferty
2015), which is limited to sources with S/N > 5. We estimate
these fluxes by measuring the peak fluxes within circular aper-
tures around the known SDSS source positions, and consider a
measurement as a detection if it has a S/N > 3, where the noise
is estimated from the local rms. Given the higher spatial reso-
lution, for the Deep Fields we choose an aperture of rpp = 67,
while for the GAMA fields we use rg = 10” (chosen due to
the non-circular shape of the beam in the equatorial fields). To
test the robustness of our method, we compare the fluxes com-
puted using this approach with those from the source extrac-
tion method for the sources formally detected in the catalogue.
We find a tight agreement between these values, with a Pearson
product-moment correlation coefficient of 99.93% and a p-value
of <0.0001.

Additionally, in order to assess the ratio of potential false
associations we performed a simulation of random associations.
In particular, we generated a set of random positions within the
survey areas, which have the same number density and distribu-
tion characteristics as our QSO population. We then applied the
same matching technique and search radius applied to the QSOs
in the respective survey areas, and obtained a 30 detection ratio
for the simulated sources. Finally, we repeated the random gen-
eration and matching process 100 times to get an average. The
average detection ratio of these random positions provides an
estimate of the ratio of potential false associations for the 30
detections in our QSO sample. Comparing these estimates to the
radio detection fraction of our QSO population we found false
detection ratios to the non-catalogued 30 sources of 5.2% for
the GAMA Fields and 9.3% for the Deep Fields. For 5o sources
these false association ratios decrease to 0.3% and 3.8%, for the
GAMA and Deep Fields, respectively. The difference between
the surveys is likely driven by the different depths of both fields,
where the Deep Fields maps have a larger density of sources.
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Fig. 3. Luminosities at 150 MHz as a function of redshift for SDSS
QSOs detected at 30- by LOFAR (ALLQSOs sample). LOFAR detec-
tions in the total SDSS sample are represented in the central panel as
red and blue markers, for red QSOs and control QSOs, respectively.
The thick grey line shows the radio luminosity expected from a SFR of
100 M, year™! and the thin grey lines represent the sensitivity levels for
the different fields as described in the legend. The upper and side panels
show the one-dimensional distributions for the redshifts and 150 MHz
luminosities, respectively. The red and blue filled histograms represent
the red QSOs and control QSOs respectively, and the dark blue unfilled
histogram shows the Lz-matched sample of control QSOs. The distri-
bution of the luminosities at 6 um for this sample is shown in a similar
manner in Figure 2.

2.3. Detection fractions, radio loudness and morphology

From the 4436 QSOs in the ALLQSOs sample, we found that
941 QSOs (21%) have radio detections in the LOFAR cata-
logues (250, LoTSS Deep+ GAMA), and 2469 (56%) have
radio detections at >30. Remarkably, in the areas of LoTSS
Deep (northern areas) with multiwavelength coverage (MWQ-
SOs), 94% (451/480) of the SDSS QSOs are 30-detected, which
is the largest radio detection fraction ever achieved for optical
QSOs, even after considering the largest ratio of potential false
associations (9.3%). Using the catalogued sources only (250),
we found a detection fraction of 60% (286/480), instead. For
the entire LOFAR region of LoTSS Deep (ALLQSOs) this num-
ber decreases to 74%, due to the fact that the radio sensitivity
decreases moving from the centers of the LOFAR pointings. See
Table 1 for details on the sample differences. The unique high
detection fractions in the LoTSS Deep fields and the comple-
mentary wide field coverage of the GAMA fields, allows this
study to achieve an improved characterisation of the radio prop-
erties of optically selected QSOs at both the radio-faint and the
radio-bright ends.

In order to explore the radio luminosity distribution of the
QSOs, in Figure 3 we show the 150 MHz luminosities L;50muz,
of all radio-detected sources as a function of redshift. The upper
and right panel show histograms of the distributions of redshift
and radio luminosities for the radio-detected red and control
sample (shaded histograms), as well as the Lz-matched con-
trol sample (dark blue unfilled histograms; see Section 2.2 for
a description of the Lz-matched sample). While it is clear that
an improved similarity in redshift distribution (upper panel) is
achieved for the red and control samples matched in redshift
and 6 um luminosity as expected, this is not the case for the
radio luminosity (right panel), where the red quasar populations
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Fig. 4. Radio detection fraction at 30 of the ALLQSOSs sample in the
combined LOFAR fields, as a function of radio loudness. Red QSOs and
control samples are matched in Lg,, and z. Radio loudness was esti-
mated for the sources without detections using measured radio fluxes
at the QSO position. These upper limits are included in this plots and
dominate the lower bins of the radio faint regime. Consistent with previ-
ous studies, the detection fraction of red QSOs (red line), is significantly
higher than the control sample (blue) in particular in the regime of inter-
mediate radio loudness (=5.5 < R;so < —4.5). The shaded areas repre-
sent 10~ binomial uncertainties for each bin following Cameron (2011).

clearly shows a higher radio luminosity despite being matched
in 6 um luminosities. As a reference we plot as well the sensi-
tivity limits for each one of the LOFAR fields. Figure 3 shows
that the low-frequency radio luminosities covered by our sam-
ples of red and blue QSOs vary by 6 orders of magnitude, from
102-10% WHz™!.

The range of radio luminosities and radio properties in the
QSO population is in part driven by the diversity in AGN intrin-
sic power, traced by Lg,m. Analysing and comparing radio lumi-
nosities alone can thus be non-informative on the physical con-
ditions which lead to the production of radio emission itself.
To focus on this instead, we weight the radio luminosities by
the AGN radiative power and define the radio loudness of the
populations as Ryso = log;(1.5 X Li50[W Hz '1/Lg um[€TgS ).
This definition follows the description by Rosario et al. (2020),
and is equivalent to the relation used at higher radio frequencies
(Klindt et al. 2019). We note that in contrast to many definitions
of radio-loudness in the literature which use the optical regimes
to trace the radiative power in AGN (e.g. Kellermann et al. 1989;
Giirkan et al. 2019; Arnaudova et al. 2024), we use Lg . instead
to avoid biases due to optical reddening, crucial for our study.
The deep and wide-field radio maps used in this work allow us
to explore the radio loudness parameter space in a complete man-
ner. The distributions of radio-loudness for the ALLQSO sample
is shown in Figure 2. We calculate upper-limits for the radio-
loudness in non-detected sources using radio aperture fluxes.
These are included in Figure 4 to showcase the detection frac-
tions as a function of radio-loudness, where they contribute to
the lower radio-loudness bins. However, we note that for the
remaining investigation we only consider sources that are radio-
detected. To put the radio-loudness distribution observed with
our deep radio data in context with traditional radio classifica-
tions, we define the limit between radio-loud and radio-quiet at
Riso = —4.5, equivalent to previous studies. While our sample
comprise an extensive range of radio-loudness (—7.4 < Ryso <
—2.), the vast majority of the QSOs (94%) in our sample would
be considered ‘radio-quiet’ according to traditional classifica-

tion, and only a small percentage would be considered radio-
loud (6%). Given the continuous distribution of radio loudness
which is observed in our sample and other deep radio surveys
(see also Giirkan et al. 2019; Macfarlane et al. 2021; Yue et al.
2024), for the remaining of this paper we move on from the tra-
ditional bimodal scenario to a more detailed study of the radio-
loudness distribution.

To investigate how the radio detection fraction changes as a
function of radio loudness in our QSO sample, Figure 4 shows
the radio detection fraction of red QSOs and the control sam-
ple populating each bin of radio loudness. In agreement with
our previous studies (Klindtetal. 2019; Fawcett et al. 2020;
Rosario et al. 2020), we find a clear difference in the detection
fractions as a function of radio loudness R;sq for red and con-
trol QSOs, where red QSOs achieve close to 85% detections
already at (Ryso > —5.2), whereas control QSOs only reach that
detection fraction at the radio-loud limit (Ry59 > —4.5). In the
regime traditionally known as ‘radio-quiet’ (R;s59 < —4.5), the
radio detection of red QSOs is higher than for the control sample,
with a maximum difference at a radio-loudness of (R;59 ~ —5.0).
To further investigate the radio emission in QSOs traditionally
classified as ‘radio-quiet’ (Rys9 < —4.5; e.g. Klindt et al. 2019;
Rosario et al. 2020), we further divide the radio-quiet popula-
tion into two regimes which appear relevant from Figure 4. We
therefore define the radio-intermediate regime within the range
of =5.5 < Rys0 < —4.5, and the radio-faint regime at values of
Riso < —5.5, as shown in Figure 4. We observe that the radio-
detection excess for red QSOs peaks in the radio-intermediate
regime and then decreases for the radio-faint sources. This sug-
gests that the radio-loudness parameter might be a good indica-
tor of the different mechanisms producing radio emission. More-
over, sources within the radio-intermediate regime appear to be
particularly relevant for the study of the connection between
QSO reddening and radio emission.

The morphology of radio sources can be informative on the
physical origin of the radio emission. To apply a morphological
analysis to our sample, we restrict our coverage to the QSOs
with counterparts in the LoTSS Deep Fields catalogues (e.g.
>507; 166 red QSOs and 405 control QSOs) due to their superior
depth and spatial resolution (6”). Extracting thumbnail images
from the LOFAR maps at the QSO positions, we classify the
sources through visual inspection, without previous knowledge
of the colour properties of the source. To make a simple com-
parison we classify the sources into four morphological classes.
These are defined as: ‘compact’ sizes, which are unresolved at
the scales of the LoTSS Deep resolution, equivalent to scales
of <50kpc for a redshift of z = 2; ‘medium’ sizes, which are
resolved, slightly larger than the LOFAR beam and correspond-
ing to sizes of 40kpc < s <85kpc; ‘extended’ sizes which are
long multi-component structures, corresponding to >85 kpc; and
‘faint’, as shown in the upper panel of Figure 5. The respec-
tive numbers and fractions are reported in Table 2. The latter
class ‘faint’ refers to sources with low surface brightness and
low S/N, where no assessment can be made on the morphol-
ogy. As shown in the lower panel of Figure 5, we find that
the majority of QSOs are too faint (55% and 77% for red and
control QSOs) to characterise their morphologies. After exclud-
ing the faint sources, we find that QSOs are overall preferably
compact (46%). This is in agreement with our previous stud-
ies (Klindt et al. 2019; Fawcett et al. 2020; Rosario et al. 2020)
using high frequency and/or shallower radio data. The frac-
tion of sources with medium sizes is lower (35% and 37%
for the red and control QSOs, respectively), whereas a minor-
ity are extended (19% and 17% for the red and control QSOs,
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Fig. 5. Fraction of sources of a given radio morphology (faint, compact,
medium, and extended) within each bin of radio loudness. Thumbnails
of the LOFAR images are shown in the upper panel to exemplify the
morphological classes used here, where two circles are depicted at 3”
(dashed line) and 10" (solid line). The bars in the lower panel include all
morphology classes (each denoted by a single letter). Only ALLQSOs
from the LoTSS Deep Fields catalogue (northern fields) were used here
due to their depth and better resolution (6”). Error bars represent 1o
binomial uncertainties.

Table 2. Number (and fraction) of QSOs included in each of the mor-
phology classes in Figure 5.

Red QSO Control QSO
All 393 1712
Radio-det 166 (42.2%) 405 (23.6%)
Faint 92  (23.4%) 313 (18.3%)
Compact 34 (8.6%) 43 (2.5%)
Medium 26 (6.6%) 33 (1.9%)
Extended 14 (3.5%) 16 (0.9%)

Notes. The QSO sample used here is restricted to the ALLQSOs sample
within the LoTSS Deep Fields (northern fields), and only radio counter-
parts from the catalogue (>50°) were considered due to the high S/N
requirements of the morphological study.

respectively). Given the radio sensitivity achieved in the LoTSS
Deep Fields, we can now investigate the distributions of the mor-
phologies as a function of radio loudness. Given that the large
majority of morphologies in the radio-faint end is predominantly
unconstrained, we focus on the other two radio-loudness bins.
Overall we find that compact and medium (marginally resolved)
morphologies are present for both red and control populations
in a similar manner in the radio-intermediate regime, suggest-
ing that radio mission at both sub-galactic and circum-galactic
scales can be both expected. In both the radio-intermediate and
at the radio-loud end, we find that compact morphologies are
more prevalent for red QSOs than for the control QSOs. This is
particularly clear in the radio-loud bin where ~60% of the red
QSOs remain compact, while only $20% of the control sample
does so, suggesting that red QSOs are less likely to host radio
structures of 10s of kpc.

Our morphology results are in overall agreement with
the conclusions from our previous work, i.e. we also find
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that faint and compact sources dominate the morphology
distribution of QSOs (Klindt et al. 2019; Fawcett et al. 2020;
Rosario et al. 2020, 2021), and that the radio-excess in red
QSOs is mainly driven by the compact and marginally
resolved sources (Fawcett et al. 2020). However, our deep low-
frequency radio data reveal larger fractions of medium-sized
(marginally resolved) sources (35% and 37% for red and con-
trol QSOs, respectively) as compared to the fractions reported
by Fawcett et al. (2020) using similarly deep radio data at
1.4-3GHz (18% and 23% for red and control QSOs, respec-
tively). These different fractions are potentially explained by the
fact that the most extended regions of radio structures are more
visible at lower radio frequencies, as these have steeper radio
spectra due to ageing of the electron populations producing the
radio emission. We note however that this analysis is limited by
caveats related to the small sample statistics as well as potential
biases intrinsic to the visual inspection which are not taken into
account within the uncertainties.

3. Results

3.1. The origin of the bulk of the radio emission in QSOs is
not star formation

It has been widely debated in the community whether syn-
chrotron emission from star formation can be the principal or
a significant source of radio emission in radio-quiet AGNs (see
Panessa et al. 2019, for a recent review). Building upon pre-
vious work (Fawcett et al. 2020; Rosario et al. 2020), we now
take advantage of the increased sensitivity and sky coverage
of our radio data, to explore this question in a statistical sam-
ple of QSOs that populates an extensive range of radio lumi-
nosities. Based on our detailed Bayesian SED-fitting approach
applied to deep photometry in all the studied fields, including
deep Herschel PACS and SPIRE data, we can estimate the radio
synchrotron emission expected from star formation using the
infrared-radio correlation (IRC). Since the SED fitting output
is required for the central and upper panel of Figure 6, we use
here the MWQSO sample, which has extensive deep photomet-
ric coverage allowing us to distinguish between the different host
galaxy and AGN components in individual QSOs.

The IRC is a tight empirical correlation observed across sev-
eral orders of magnitudes in radio luminosities, redshift, and
using different radio frequencies (for low radio frequencies see
e.g. Calistro Rivera et al. 2017; Gtirkan et al. 2018; Smith et al.
2021; McCheyne et al. 2022; Bestetal. 2023). The IRC is
parametrized by the girc parameter, defined as

L3 1000 um
3.75 x 1012 Hz % L]S()MHZ

qRC = log( (D

where Lg_1000um 1S the galaxy rest-frame IR luminosity (in
ergs™!) and is estimated after subtracting the contribution from
the AGN torus emission to the total infrared emission. Li50muz
is given in ergs s~ Hz™!, and the factor of 3.75 x 10'2 Hz is the
frequency corresponding to 80 um used in the definition to make
qirc a dimensionless quantity. The AGN subtraction to the total
IR luminosity is estimated from the Bayesian SED fitting and,
while it varies largely across the sample, the torus contribution
is overall substantial with a median value of the posterior distri-
bution of ~70%, and is equivalent for both red and control QSOs
(see CR21 for more details).

The central panel in Figure 6 shows the median posterior
values of the grc parameter for each source in relation to their
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Fig. 6. Radio loudness R;sy for the MWQSO sample, as a function of
the grc-value, which parametrises the IR-radio correlation. The central
panel shows the posterior median values for red QSOs and the control
sample. The upper panel shows the combined distribution of the grc
posteriors (100 realizations per source) for the two samples, obtained
from the Bayesian SED fitting. The grey shaded area represents the
value of grc found by Calistro Rivera et al. (2017) for star forming
galaxies at 150 MHz grc-150mu, = 1.54 with a scatter of 0.5. The right
panel shows the combined distribution of the R;sy values for the two
samples.

radio loudness R;sg. To estimate the fraction of the radio emis-
sion that is consistent with star formation, we use the value of
girc at 150 MHz found by Calistro Rivera et al. (2017) for star
forming galaxies grc-150muz = 1.54 with a scatter of 0.5, shown
as a grey shaded area in Figure 6. The upper side panel shows the
distribution of grrc for red and control QSOs. In particular, we
note that the grc distribution in the side panel is a superposi-
tion of the posterior distributions for each source, obtained from
the Bayesian SED fitting, therefore accounting for the uncer-
tainties in the measured IR luminosities, as well as uncertain-
ties on the AGN subtraction. To compare the distributions in
the different samples we apply the non-parametric two-sample
Kolmogorov—Smirnov (KS) test. Based on this test, no signifi-
cant differences are seen in the relative contribution of star for-
mation to the radio emission between red and control QSOs
(pxs-value = 0.48), albeit the sample size might limit the recog-
nition of subtle differences. This is in line with CR21, which
report no differences in the star formation rates between the red
and the control QSOs. The right side panel in Figure 6 shows
the distribution of R;s5¢ for the MWQSO sample. No significant
differences are found between the Rs( distributions for red and
control QSOs according to the KS test, due to the small samples
involved. In contrast, using the (>2x) larger ALLQSO sample,
we find significant differences between the R distributions for
red and control QSOs (p = 0.002 overall, p = 10”7 when Lz-
matched), as shown in Figure 2. Using this larger sample it is
clear that red QSOs have a higher density at intermediate radio-
loudness. As seen in Figure 6 for the MWQSO, a trend between

girc and Rjsq is observed, where higher radio-loudness in the
QSOs makes it less probable for their radio emission to origi-
nate in star formation. At the radio-faint end (R;59 < —5.5), star
formation can start dominating the radio emission for a small
fraction of the QSOs.

To further investigate the origin of the radio emission in
QSOs, we use the grc to compute the fraction of the radio
luminosity of each source which originates in the AGN, i.e.
which is in excess from the IRC. Since a multiwavelength
characterisation is required here, the study in this section is
restricted to the MWQSOs sample. As is apparent from Figure 6
only a small fraction of the QSO population has radio emis-
sion which is consistent with being produced by star forma-
tion only (grey shaded area). We discuss this fraction in detail
next, as well as the implications of different calibrations of the
girc value. Assuming the median value of grc reported by
Calistro Rivera et al. (2017) (girc = 1.54), we find that the radio
emission from 76% of the QSOs in our sample (log Ls,m > 43.7)
is AGN-dominated. However, the value and potential dependen-
cies of grc have been a matter of discussion and revision in
the recent years enabled by the increasing number of deep radio
surveys. Indeed, Calistro Rivera et al. (2017) reported a redshift-
evolution of girc following the relation grc = 1.72 % (1 +2)7022,
If we apply this relation, the fraction of QSOs where the radio
emission is dominated by the AGN decreases to 70%. Larger
studies using deeper radio data and mass-complete star forming
galaxy samples (instead of a radio-selected sample as used by
Calistro Rivera et al. 2017) have reported slightly different val-
ues of grc at low frequencies, and crucially, a dominant depen-
dence on stellar mass (Smith et al. 2021; McCheyne et al. 2022;
Das et al. 2024, but see also). In particular, McCheyne et al.
(2022) reported a weaker grrc—z relation following girc =
1.94 x (1 + 2% and a gre—M, relation following grc =
2-0.22 x (log M. — 10.05). Applying this relation to our sample
in combination with stellar masses for all sources estimated from
the SED fitting (CR21), we find that the fraction of QSOs where
the radio emission is dominated by the AGN increases to 91%
and 93%, for the z and M.—relations, respectively. To account
for the diversity of these results, we will conservatively assume
the median value reported by Calistro Rivera et al. (2017) for the
remaining of this study, i.e. that at least 76% of all QSOs in our
sample (log Leum > 43.7) are AGN-dominated.

The combination of a statistical sample of QSOs, uniquely
deep radio imaging and FIR-to-UV SED fitting in this study
allows us to confirm and complement our previous results on
SDSS QSOs (Fawcett et al. 2020; Rosario et al. 2020), which
find similar conclusions albeit with smaller radio samples and
less multiwavelength coverage, respectively. To see how this
fraction evolves as a function of radio luminosity, in Figure 7
we show the AGN fractions for each QSO in our sample as grey
points. Although there is a significant variation from source to
source, the bulk of the radio luminosity from the QSO popu-
lation clearly originates in processes other than star formation.
A statistical view is shown with the dark cyan line and uncer-
tainties, which represent the fraction of QSOs in our sample for
which the AGN fraction at 150 MHz is higher than 50%, i.e.
the radio emission is dominated by AGN processes. Account-
ing for the binning uncertainties (shown as shaded area), we
find that the radio emission in QSOs originates in the AGN in
>68% of the QSOs even at the lowest luminosity bin probed
(Lisomuz > 102 WHz™!). This result is also in agreement
with previous literature (Zakamska & Greene 2014), but now
exploring lower AGN luminosities. Macfarlane et al. (2021) and
Yue et al. (2024) also address this question by performing a para-
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Fig. 7. AGN contribution fraction to the radio emission of QSOs at
150 MHz, as a function of radio luminosity L;s, (for the MWQSO sam-
ple). The grey dots show the AGN fraction of the L,s, for each source,
i.e. the fraction which is in excess from the SF relation accounting for
the scatter. The dark cyan line and shaded area represent the percentage
of the overall population which have AGN fractions larger than 50%,
i.e. are dominated by the AGN. The shaded dark area around the line
shows 1-0- binning uncertainties.

metric modelling of the radio luminosity distributions of QSOs
using larger shallower data sets from LoTSS DR2, with the
model assumption that the radio emission is a superposition of
two components: star formation and jet emission. While they
also find that the fraction of the radio emission in QSOs orig-
inating in jets/AGN can be significant and prevalent for QSOs at
radio luminosities of L;sommuz > 107, they find lower fractions
at lower luminosities. This discrepancy is however mainly due
to their different definition of AGN dominated sources. While
they define AGN dominated sources as sources with AGN radio
emission 5 times larger than that from SF, we consider AGN
dominated sources as those where the AGN is responsible for
the majority (>50%) of the total radio emission. Interestingly,
when adopting their definition we find consistent results despite
our independent methodologies as well as different data sets
employed. In particular, their methodology consists of modelling
the shape of the radio luminosity distributions while we study
the emission from single sources. Furthermore, while the quasar
sample employed in their study is significantly larger (>40 000
QSOs), their study is restricted to the radio, while our study uses
deeper radio data in combination with detailed radio-to-UV pho-
tometry and multiwavelength SED modelling for each source.

3.2. A fundamental connection between dust-reddening and
radio emission

The remarkable finding of an enhanced compact radio detec-
tion fraction in red QSOs (Klindt et al. 2019; Fawcett et al. 2020;
Rosario et al. 2020; Glikman et al. 2022) suggests a connection
between the radio emission and intrinsic QSO properties. We
investigate this further, by looking beyond the red and con-
trol QSO classification, and investigating the overall dependence
of the radio detection fraction on dust-reddening of the accre-
tion disc, parametrized by the E(B—V)gpp parameter. Through
the Bayesian SED-fitting applied on the rich optical photome-
try available in our fields (Section 2.1), we have inferred robust
E(B—V)ggg for all QSOs in our sample (CR21). Interestingly,
Figure 8 shows a positive correlation between the detection frac-
tion as a function of reddening E(B—V)ggg. The solid black line
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Fig. 8. Radio detection fraction of QSOs at 150 MHz as a function of
the accretion-disc reddening in the MWQSO sample. The accretion-
disc reddening is estimated from the SED fitting for each source and
is parametrised by the E(B—V)gpp parameter. The solid line shows the
trend considering only catalogued sources (2507), whereas the dashed
line considers all QSOs detected down to ~30-. The shaded area repre-
sent 1o~ binomial uncertainties for each bin. A clear positive relation is
apparent, where the radio detection fraction increments with increasing
dust-reddening, in agreement with QSOs detected in the DESI survey
(black circles).

shows the dependence for the sources in the catalogue (50),
while the dashed black line, which shows higher fractions for
the 30 detections at 150 MHz, as expected, presents a similar
trend. Uncertainties from the binning are shown as shaded area,
colour coded to represent the continuous QSO colour transition
traced by the E(B—V)gpp. As shown in Figure 8, this result is
in agreement with recent findings by Fawcett et al. (2023), esti-
mated from fitting the DESI spectra of ~35000 QSOs. Similar
to our findings, they report a continuous relation between the
radio detection fraction and the E(B-V) values out to higher
dust extinction values than we can probe in SDSS QSOs (up
to E(B—-V) ~ 1.0) but with lower-sensitivity LOFAR data. The
finding of this continuous relation strongly suggests that there is
a physical relation between the dust attenuation at nuclear scales
(as suggested by the high dust temperatures found by CR21) and
the production of radio emission, which is not restricted to the
most reddened optical sources but is a continuous property rele-
vant for the entire quasar population.

3.3. The connection between radio, dust reddening and
outflows

In our previous work (CR21), our analysis of SDSS spectral
properties revealed a higher incidence of winds in red QSOs as
compared to the control sample, traced by high-velocity [OII]
wing components (z < 1), and CIV blue-shifts (1.4 < z < 2.5).
Additionally, we found that the sources with stronger outflow
components exhibit higher levels of hot nuclear dust emission
(Taust ~ 1000 K) as revealed by the SED fitting. These high dust
temperatures suggest that the dust reddening in QSOs originates
over nuclear and circumnuclear scales (<1 kpc) and is connected
to CIv and [O111] winds. The reddening material thus might be
distributed along nuclear dusty winds, similar to what has been
observed in a few local AGN (e.g. Honig & Kishimoto 2017;
Lyu & Rieke 2018). We now explore the radio data of these
sources to look for a link between the higher incidence of winds
and the higher radio detection fractions in red QSOs. Here we
use the ALLQSOs sample.
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Studies in the literature suggest that the radio detection
fraction in QSOs increases as a function of wind velocities
(e.g. C1V blueshifts, Rankine et al. 2021), or that radio detected
AGN have a higher outflow rate than non-detected radio AGN
(Mullaney et al. 2013; Perrotta et al. 2019; Petley et al. 2024;
Escott et al., in prep.), although most of them do not con-
sider colour in their study. We evaluate whether this is also
observed in our sample using catalogue-detections (~507) in
the ALLQSOs samples. We confirm that the radio detection
fractions grow as a function of both increasing CIV blueshifts
and increasing [OII] velocities. However, we argue that this
effect is largely dominated by a dependence of both radio detec-
tions and C1v and [O11] line-widths on AGN bolometric lumi-
nosities (see also Woo et al. 2017; Rankine et al. 2021). To test
this and capitalize on the depth of our data, we use the radio-
loudness parameters instead of radio detection fractions, which
normalizes the radio luminosities by the AGN intrinsic radiative
power.

Figure 9 shows the cumulative distributions of spectral line
velocities used as outflow tracers ([O111] wing velocities and CIv
blue-shifts), for both red and control QSOs, split into three sub-
samples of different levels of radio-loudness, radio faint (R <
—5.5), radio-intermediate (—5.5 < R < —4.5) and radio-loud
(R > —4.5)'. We apply the same sample cuts as in our previous
work, to avoid contamination from the host galaxy and incom-
pleteness (Lgum > 44.5 ergs s71), as well as to ensure high quality
detections of the wing components (Fiompeak > 3 X IMSs;00 4)-
After these cuts we have in total 33 red QSOs and 144 control
QSOs for the [O11] outflow study and 108 red QSOs and 921
control QSOs for the CIV outflow study. Given the small sample
size for the [O111] study, we are not able to match the red and con-
trol sources by L m and z, however we note that the cuts applied
already ensure very similar distributions. We overplot the cumu-
lative distributions of non-detected sources just for reference to
make the comparison easier.

As shown in the upper panel of Figure 9, we find a slight
apparent enhancement in [O11] wind strength for the red QSOs
in the radio-faint regime as compared to the control sample,
yet it is not significant according to the 2-sample KS test (p-
values = 0.16). Interestingly, for the radio-intermediate subsam-
ple, we find that the [O11] wind strength for the red QSOs
significantly increases as compared to the control sample (p-
value = 0.024). For the last bin of radio-loud sources, our sam-
ple was severely reduced, therefore not allowing us to make any
comparison. These findings suggests that the bulk of increased
[Om] wind velocities reported in the red QSOs by CR21 is con-
nected to radio emission in red QSOs with intermediate radio-
loudness.

In the lower panel of Figure 9 we perform the same experi-
ment for the CIV blue-shifts. We find increased CIV blue-shifts
for the red QSOs as compared to the control QSO, also when
matching the samples in L¢,n and z, with p-values of pgs =
0.0001, 0.002, 0.035, 0.001 for the radio non-detected, the radio-
faint, the radio-intermediate and the radio-loud populations,

' We note that to obtain these spectral properties in Rakshit et al.

(2020), a double Gaussian model was used to represent the [OIII] emis-
sion line; one for the core narrow component and another for the wing
component, to characterise potential winds. In this paper we use the
widths of the wing component to characterise the wind velocities. In
the case of C1v the total profile was used without the subtraction of a
narrow component, because of the ambiguity in the presence of narrow
components in these lines. A detailed description of the spectral fitting
can be found in Rakshit et al. (2020).
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Fig. 9. Cumulative distributions of the [O111] and CIV velocities (upper
and lower panel, respectively). The [O11I] velocities are parametrised
by the FWHMs for the wing component of the [O11I] emission line, and
the CIV velocities are paremetrised by the velocity blueshifts of the CIv
emission lines. Red and blue lines represent the distributions for the
red and control QSOs, respectively. The left to right panels show the
distributions for radio-faint, radio-intermediate and radio-loud subsam-
ples. Solid lines are the distributions of radio detected QSOs within each
bin of radio-loudness, while the distributions of undetected sources are
shown as dotted lines for reference. Here we use the ALLQSOs sample
at the redshifts required to cover the respective emission line within the
SDSS spectral window (z < 1 for the [Om] line, and 1.4 < z < 2.5
for C1v). Additionally, a luminosity threshold from our parent sample
was applied to avoid contamination from the host galaxy, as well as a
S/N criterion to ensure high quality detections of the [O11T] wing com-
ponents.

respectively. This is in line with our previous findings in CR21,
as well as with simulations which propose that radiation pres-
sure on dust is effective in launching outflows (e.g. Costa et al.
2018; Soliman & Hopkins 2023). Interestingly, in contrast to
what we found in the [OIII] analysis, the CIV velocity distribu-
tions do not seem to change with respect to the radio-loudness.
Indeed, comparing the distributions in the three radio-loudness
bins to the distributions for the radio-undetected sources (dot-
ted lines), we find that they are consistent according to the KS-
test (pks = 0.98, 0.66; pxs = 0.99, 0.24; pxs = 0.56, 0.11 for
control and red QSOs at the radio-faint, the radio-intermediate
and radio-loud bins, respectively). This suggests that while there
might be an increase in radio detections with increased CIV
blue-shifts (e.g. Rankine et al. 2021), this effect disappears when
accounting for the intrinsic AGN power. We will discuss possi-
ble scenarios which could explain the differences in the outflow
properties between CIV and [O111] in Section 4.

We note that our results are limited by a few factors. The
SDSS [Or11] spectra are available only for sources at z < 1,
and strictly require further S/N cuts due to the limited spectral
quality, which significantly decreases the sample relevant to the
[Om1] studies. While the compared quasar samples have equiva-
lent median intrinsic luminosities (differences are <0.1 dex) and
similar redshift distributions due to the cuts performed, the lim-
ited sample size did not allow us to further match them in z and
L6 pum-
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4. Discussion: the origin of the radio emission in
QSOs

We can now contextualise these results within physical scenarios
that can provide a unified explanation for all observed phenom-
ena. The consistent relationship between reddening and the radio
detection fraction, as presented in Figure 8 and Fawcett et al.
(2023), implies the existence of a shared physical mechanism
responsible for both the compact radio emission in QSOs and the
reddening of the accretion disc emission. Having excluded star
formation as the origin of the compact radio emission through
our SED-fitting approach in Section 3.1, we evaluate the remain-
ing potential explanations.

4.1. Shocks from radiative driven winds

A possible candidate for this mechanism is shocks from
dusty radiation-driven winds (e.g. Costa et al. 2018; Soliman &
Hopkins 2023). These AGN winds have been proposed in the
literature to explain the radio emission in radio-quiet quasars
(Zakamska et al. 2016; Nims et al. 2015; Hwang et al. 2018). In
particular, accelerated particles in the shock fronts of the winds
emit synchrotron radiation through the interaction with the mag-
netic fields. Since no physical explanation is apparent, which
would enhance the radio emission in shocks for dusty (as com-
pared to less dusty) winds of fixed wind velocities, we would
expect stronger wind signatures for stronger radio emission,
irrespective of their colour. However, for red QSOs, we detect
a significant enhancement of [OII] wind velocities at inter-
mediate radio-loudness, as compared to the radio-faint regime,
whereas no enhancement is observed for the control QSO sam-
ple (Figure 9). This suggests that circumnuclear dust is a key
condition to detect a relation between radio emission and [OIII]
outflows. Moreover, our morphology analysis in Figure 5 sug-
gests that, at the intermediate radio-loudness regime, moder-
ately extended emission (>40kpc) is present in the morpholo-
gies of the radio emission in both red and control QSOs. While
we cannot rule out the wind scenario for red QSOs given their
primarily compact morphologies, we argue that the radio emis-
sion at 40—85 kpc scales observed for a fraction of both the con-
trol and red (radio-quiet) QSOs cannot be due to shock interac-
tions (which would be expected to be most effective on host-
galaxy scales where the gas density is higher) and is almost
certainly due to jets. Therefore, to reconcile this observation
with the observed continuity in radio-loudness, as well as the
continuous radio-reddening relation found in Figure 8 and by
Fawcett et al. (2023), a self-consistent explanation is achieved
by invoking the presence of compact radio jets of different sizes
in QSOs.

4.2. Jets and jet-induced shocks

The prevalence of radio jets of compact and moderate scales
in ‘radio-quiet’ QSOs has been recently supported by obser-
vations at high-resolution (e.g. An & Baan 2012; Jarvis et al.
2019; Hartley et al. 2019) as well as by modelling the flux-
density distributions in deep wide-field radio surveys (e.g.
Macfarlane et al. 2021; Yue et al. 2024). On the one hand, in
our sample we have observed extended morphologies (>85 kpc)
in a fraction of the QSOs in the radio-intermediate and radio-
loud bins (Figure 5) for both red and control QSOs. These
morphologies strongly suggest that these structures are radio
jets, since those extensions cannot easily be created by winds
if they are not collimated or exceptionally strong, whereas
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we find no strong wind signature in their [OII] spectra
(Figure 9).

On the other hand, we also see that the radio emission in red
QSOs, even at the ‘radio-loud’ regime, is predominantly com-
pact (<40kpc). Indeed, the results presented in CR21 find dust
temperatures of 1000 K for the dust responsible for the redden-
ing in this QSO sample. These temperatures suggest that the dust
is distributed on scales of a few pc to a few 10s of pc. Addi-
tionally, results reported in the literature for small samples at
higher radio resolution at 1.4 GHz (Rosario et al. 2021) suggest
that the compact radio emission in red QSOs dominates at scales
of <2kpc. We find as well that the dust and the radio emission is
connected to the presence of high-velocity [O111] winds, i.e. wind
components at circumnuclear narrow line region (NLR) scales,
whereas we do not find this connection to the CIV winds preva-
lent at broad line region (BLR) scales. We note, however, that
these results are limited by the availability of SDSS [O111] and
CIV spectra, which is restricted to a few available redshift win-
dows and by S/N cuts due to low spectral quality. Furthermore,
this part of the study adopted a less conservative approach when
defining comparative samples, since the limited sample size of
spectra did not allow us to further match red and control QSOs
in z and L. Limitations aside, these observations would sug-
gest that the radio-wind connection occurs at scales beyond cir-
cumnuclear rather than happening at the accretion disc/jet base
scales.

To reconcile these observations, we argue that the connection
between the radio emission, reddening, and outflows occurs pre-
dominantly on circumnuclear-to-sub-galactic scales. This sug-
gests that (a) the origin of the radio emission in red QSOs is
different to the control QSOs, and/or (b) radio jets in red QSOs
are in a younger phase (i.e. they are smaller) and/or (c) the radio
jets in red QSOs are maintained compact due to interaction with
the circumnuclear/ISM environment.

While scenario (a) is plausible, it does not agree well with the
continuous relation which we observe between the radio emis-
sion and QSO reddening in Figure 8, which requires a unified
physical explanation for the radio emission in red and control
QSOs. So, while different mechanisms might indeed be in place,
scenarios that include radio jets as a continuous physical com-
ponent are more likely, even if these are potentially not the most
relevant for the radio excess observed to increase with reddening.

Scenario (b), where red QSOs host younger (more compact)
radio jets than control QSOs, on the other hand, would explain
our observations on morphology well, as well as those found
in the literature (Rosario et al. 2021), since sizes of radio jets
are a proxy of the age of the jet (e.g. Hardcastle & Croston
2020). It would also be in agreement with other studies on
red QSOs, which suggest red QSOs are part of a different
evolutionary phase (Urrutia etal. 2005; Glikman et al. 2012,
2013, 2022; Banerji et al. 2015; Klindt et al. 2019). On the other
hand, in order to explain our observations on dust and out-
flows the younger red QSOs would be required to coinciden-
tally be undergoing a blow-out phase at the same time, where
dust and gas would be ejected from the obscured AGN phase
to an unobscured phase, as suggested by evolutionary models
(Sanders et al. 1988; Hopkins et al. 2008; Alexander & Hickox
2012). This is supported by our findings and studies in the liter-
ature, which also find that the [O111] outflows are more prevalent
when the radio emission is compact (Molyneux et al. 2019), and
young, as suggested by their peaked radio SEDs (Santoro et al.
2020; Kukreti et al. 2023). Our observations of a continuous
relation between dust reddening and radio detection, however,
is more suggestive of a causal and gradual connection than the
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parallel occurrence of jet launching and a blow-out phase. We
explore this in scenario (c).

Finally, in scenario (c) we propose that the radio emission
arise from a superposition of compact radio jets and their interac-
tion with the environment, which produce additional radio emis-
sion from jet-induced shocks. For this scenario, we consider that
red QSOs are sources with overall denser and dustier circum-
nuclear environments than the control QSOs, potentially due to
evolutionary reasons connected to (b). The interplay between
compact radio jets and this dense circumnuclear environment
is naturally expected to produce outflows and shocks (e.g. in
simulations, Mukherjee et al. 2018; Bicknell et al. 2018). The
increased incidence of jet-induced outflows and shocks in redder
QSOs would, in turn, produce both the radio emission observed
to gradually increase as a function of E(B—V)gpp (Figure 8),
as well as the stronger [OIIT] kinematics we observe in these
radio-intermediate sources (Figure 9 and e.g. Mizumoto et al.
2023). Additionally, these interactions with a dense environment
would restrict the growth of the evolving radio jet, therefore
maintaining it to the compact scales at which they are observed
even at the radio-loud regime (here <40kpc due to resolution,
while sub-arsecond resolution studies suggest sizes of <2kpc
are typical at least at 1.4 GHz Rosario et al. 2021). This con-
finement to compact scales will also enhance the radio lumi-
nosity of the jets by decreasing adiabatic expansion losses (e.g.
Barthel & Arnaud 1996). Conversely, the radio-jets in the con-
trol QSOs, residing in less dense environments, can potentially
pierce through a circumnuclear and interstellar medium with-
out significant interaction with the galactic environment (as seen
also in simulations Mukherjee et al. 2018), growing to the mod-
erate sizes observed in the radio-intermediate and radio-loud
populations. While extended radio jets are observed in a simi-
lar manner for the control QSOs and red QSOs, they are overall
very rare and would correspond to a small fraction of sources
which are sufficiently powerful to pierce quickly through the
(clumpy) surrounding medium despite the denser environments.
This would mean that the early evolution of compact radio jets
in QSOs would either be truncated by the dense medium and
remain compact (such as most red QSOs even in the radio-loud
regime), or grow without much interaction but disappear as it
evolves within/shortly after surpassing galactic scales (such as
the control QSOs), while a small minority would evolve into a
‘jetted’, radio-loud object. Scenario (c) can be also discussed in
the evolutionary context described in (b). In red QSOs, the pro-
posed compact jets could expel dust and gas from the nuclear
regions, reducing the dust and gas column density in the pro-
cess of growth, till they become bluer, consistent with a blow-out
phase.

5. Conclusions

In this paper we have presented a comprehensive study of the
origin of the radio emission in SDSS QSOs, capitalizing on
radio surveys of an unprecedented combination of sensitivity
and sky coverage, as well as a consistent multiwavelength char-
acterisation through SED modelling and spectral fitting. Our
unique radio data set, in combination with the extensive mul-
tiwavelength study presented by Calistro Rivera et al. (2021) for
the same sources, allow us to consistently investigate the phys-
ical connection between radio emission, dust reddening and the
presence of outflows in a statistical sample of QSOs. Our main
results are the following:
— Using the deepest low-frequency radio maps to date, avail-
able for a subset of our sources, we find detection fractions

up to 94% showing that the radio emission from QSOs is

virtually ubiquitous.

— Applying AGN-tailored IR-to-UV SED-fitting to isolate the
host-galaxy and AGN contributions to the overall energetics,
we find that the radio emission in >76% of QSOs is con-
sistent with originating from AGN processes rather than star
formation at galactic scales.

— Consistent with previous studies, we find that this AGN radio
emission is enhanced for red QSOs as compared to the con-
trol sample, in particular at intermediate radio-loudness and
at compact scales, unresolved by the resolution limit of our
survey (<6”).

— Going beyond the colour-based classification, we find a con-
tinuous positive correlation between the radio detection frac-
tion and the accretion disc reddening parameter E(B—V)ggg
in QSOs, in agreement with previous results (Fawcett et al.
2023). This finding suggests that the production of radio
emission is likely physically connected to the dust attenu-
ation at circumnuclear scales, and is an intrinsic property in
QSOs.

— We find that the [OI1I] and CIv outflow velocities gener-
ally increase when QSOs have red colours (CR21). We find
that the [OI1I] wind velocities are significantly larger for red
QSOs at intermediate radio-loudness, whereas for the con-
trol QSO sample no differences are observed with respect
to radio loudness. No differences are observed for the C1v
emission with respect to radio properties in either the red or
control samples.

— We find that faint and compact radio sources dominate the
morphologies of the overall population of QSOs, although
marginally resolved and extended sources are also detected
in all bins of radio-loudness. The radio emission in red
QSOs, however, is mainly compact also in radio-loud
sources, whereas radio-loud control QSOs are predominantly
extended or marginally resolved.

While we cannot rule out other scenarios, our results are con-
sistent with a picture where small-scale jets are a ubiquitous
phase in QSOs (see also Jarvis et al. 2019; Hartley et al. 2019;
Macfarlane et al. 2021), and that they represent a key part of
the evolutionary path of QSOs. We propose that the radio emis-
sion in most QSOs arise mainly from a superposition of com-
pact radio jets and their interaction with the environment, which
produce additional radio emission from jet-induced shocks. The
increased incidence of jet-induced outflows and shocks in redder
QSOs would, in turn, produce both the radio emission observed
to gradually increase as a function of reddening, as well as the
stronger [OI11] kinematics.

If the ubiquitousness of compact radio jets is confirmed in
new-generation deep radio surveys, this would represent a cru-
cial aspect to consider in our understanding of quasar feedback
in galaxy evolution (e.g. Thomas et al. 2021). Indeed, small-
scale jets are suggested to have a larger impact on galaxy growth
than their large-scale counterparts, heating and inducing turbu-
lence in the surrounding ISM more efficiently, and therefore
suppressing the star formation capabilities of the ISM. (e.g.
Mukherjee et al. 2018; Cielo et al. 2018; Girdhar et al. 2022).
Further studies are necessary to confirm this model and fully
understand the connection between radio emission, dust red-
dening and outflows in QSOs. In particular, one limitation of
our study was the restricted availability and moderate quality
of SDSS spectra. Therefore, larger studies of spectral prop-
erties will be insightful to better characterise outflows in sta-
tistical QSO samples. Ongoing programs, such as WEAVE-
LOFAR (Smith et al. 2016) will provide large new samples of
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radio-detected QSOs in the near future. Radio SED curvature
and spectral analysis (Fawcett et al., in prep.; Sargent et al., in
prep.), as well as high-resolution sub-arcsecond imaging of these
sources (e.g. LOFAR LBA, VLBI observations) will furthermore
inform us on the origin of the radio emission by estimating the
time scales of the emission and resolving the scales at which it
is produced.
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