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ABSTRACT

The wide-area component of the LOFAR Two-Metre Sky Survey (LoTSS) is currently the largest radio survey ever carried
out, and a large fraction of the 4.5 million radio sources it contains have been optically identified with galaxies or quasars
with spectroscopic or photometric redshifts. Identification of radio-luminous active galactic nucleus (AGN) from this LoTSS
source catalogue is not only important from the point of view of understanding the accretion history of the universe, but also
enables a wide range of other science. However, at present the vast majority of the optical identifications lack spectroscopic
information or well-sampled spectral energy distributions. We show that colour and absolute magnitude information from the
Wide-Field Infrared Survey Explorer (WISE) allows for the robust and efficient selection of radio AGN candidates, generating a
radio AGN candidate sample of around 600 000 objects with flux density > 1.1 mly, spanning 144-MHz luminosities between
10?" and 10?* W Hz~!. We use the catalogue to constrain the total sky density of radio-luminous AGN and the evolution of
their luminosity function between z = 0 and z ~ 1, and show that the typical mass of their host galaxies, around 10''M), is
essentially independent of radio luminosity above around L 44 &~ 10** W Hz~!. Combining with Very Large Array Sky Survey
(VLASS) data, we show that the core prominences, radio spectral indices and variability of extended sources from the sample
are qualitatively consistent with the expectations from unified models. A catalogue of the radio AGN candidates is released with
this paper.
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from certain lines of sight. Other selection effects remain poorly
understood.

One key selection effect in most wavebands is that the requirement
for luminous radiation directly produced by the accretion on to

1 INTRODUCTION

1.1 Why select active galactic nucleus?

Although the central supermassive black holes of galaxies must
grow by accretion and merger so as to maintain the observed
black hole mass/galaxy mass relation (Reines & Volonteri 2015),
direct evidence for accretion comes only from the observation of
active galactic nucleus (AGN) activity at one or more wavelengths.
However, observational selection methods are essentially all biased
in terms of the population of AGN that they can find. For example,
selection of radiatively efficient AGN by their infrared (IR) or X-
ray emission produces largely disjoint sets of galaxies in many
studies (e.g. Hickox et al. 2009) despite the fact that we expect
AGN to be luminous in both bands. Some of the selection effects
in these populations are clearly expected in the context of unified
models of AGN (Antonucci 1993), in which anisotropic extinction
(due to the ‘torus’) affects the optical and X-ray emission of AGN

* E-mail: m.j.hardcastle @herts.ac.uk

the black hole selects, both theoretically (Narayan & Yi 1995) and
observationally, for objects accreting at a rate above approximately
1 per cent of their Eddington rate, defined as

4nGMm,

neor

MEgaq =

where G is the gravitational constant, M is the black hole mass, m , is
the mass of a proton, 1 is a radiative efficiency factor, c is the speed of
light, and o7 is the Thomson cross-section. It follows that most AGN
selection methods cannot even in principle select for accretion that is
taking place at lower mass accretion rates than M = 10~2 Mgyq. This
imposes biases against detecting the accretion on to the most slowly
growing or most massive black holes.

A crucial realization of the past couple of decades is that radio se-
lection, while of course still biased, is not limited by an accretion rate
bias in the same way. Radio emission from active galaxies is produced
(dominantly in the high-luminosity population, among other possible
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mechanisms that we will discuss in more detail later) by synchrotron
emission from particles accelerated as a result of the evolution of
relativistic jets generated close to the central supermassive black
hole. It has long been known (Hine & Longair 1979) that only a
fraction of radio-luminous AGN (hereafter radio AGN or RLAGN)
show strong optical emission lines of the type associated with quasars
or Seyfert 1 and 2 galaxies that participate in standard unified models.
A consensus has now emerged (Hardcastle, Evans & Croston 2007;
Antonucci 2011; Best & Heckman 2012; Hardcastle & Croston 2020)
that some RLAGNs have all the apparatus of optical, IR, and X-
ray emission directly from the accretion flow, and an obscuring
torus, that we see with other AGN selection methods: these are
the radiatively efficient (Hardcastle 2018a) or thermal (Antonucci
2011) RLAGN, and are observationally described as radio-loud
quasars or high-excitation radio galaxies (HERGs). Others, which
are generally the majority in samples selected without a strong bias
to high radio luminosities, do not have any of the standard AGN
apparatus but do still possess powerful jets: these are radiatively
inefficient (Hardcastle 2018a) or non-thermal RLAGN (Antonucci
2011) and are observationally described as low-excitation radio
galaxies (LERGs). Crucially, the Eddington ratios estimated for the
different classes do appear to show a division at the expected level
around 1 per cent Eddington (Best & Heckman 2012; Mingo et al.
2014; D24), although it is difficult to estimate these Eddington ratios
accurately in the absence in many cases of accurate black hole mass
and jet power estimates. Selection of RLAGN thus offers a view of
accretion on to black holes at low Eddington rates that cannot be
achieved in any other way, although at the cost of losing the ability
to infer easily what those accretion rates actually are, since jet power
does not necessarily relate closely to accretion rate (Mingo et al.
2014; Hardcastle & Croston 2020), is not easy to infer accurately
from radio data alone (Hardcastle et al. 2019) and is almost certainly
variable over the lifetime of a typical extended radio source.

If we choose to proceed in the face of these difficulties, it then
becomes vital to understand how to select RLAGN from large
extragalactic radio surveys. Such surveys are numerically dominated,
at the faint end, by star-forming galaxies whose radio emission is
largely due to cosmic rays accelerated in the intergalactic medium
by supernovae related to recent star formation. In principle, the gold
standard for selection of radiatively efficient AGN is spectral energy
distribution (SED) fitting, which allows the fraction of radiation due
to an AGN to be estimated from broad-band photometry (Calistro
Rivera et al. 2016; Boquien et al. 2019; Best et al. 2023; Das et al.
2024) and therefore is not in principle biased against, for example,
dust-obscured AGN. It could be argued that these codes will still not
select faint AGN in bright galaxies, but in fact the lower Eddington
limit for radiatively efficient AGN and the black hole mass/galaxy
mass relation require a minimum bolometric luminosity for an AGN
in a given galaxy' and so at least in principle with good enough
broad-band photometry all radiatively efficient AGN can be selected
in this way. Of course, in practice, and particularly for wide-area
surveys, the high-quality broad-band photometry needed for SED

"Very roughly, this fraction is simply given by the normalization of the
black hole mass/galaxy mass relation together with the specific bolometric
luminosity of a galaxy due directly or indirectly to stars, which is of order the
solar luminosity. For the values quoted by Reines & Volonteri (2015), with a
black hole mass of 0.025 per cent of the galaxy mass, the ratio between the
AGN and galaxy bolometric luminosity can thus range between about 0.1 and
10 for Eddington ratios between 0.01 and 1. Fainter radiative AGN relative
to their host galaxies can only exist in this model if their black hole masses
fall substantially below the typical value measured by Reines & Volonteri.
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fitting may not exist, and then it is necessary to resort to proxies of
AGN activity such as optical spectroscopy, X-ray emission or radio
or optical colours, which may not be reliable in all cases.

In some senses, the situation is far worse in the radio. Many,
probably most, radio AGNs are not radiatively efficient, and precisely
because the accretion rate is not limited, here the broad-band or
monochromatic radio luminosity can take almost any value, limited
only at the top end by the requirement that the accretion powering the
jets should not be super-Eddington (Mingo et al. 2014). Arbitrarily,
low accretion rates and thus jet powers appear to be able to exist.
In addition, the radio emission from jets is not necessarily spectrally
distinguishable from that due to star formation, and even when
it is, good-quality broad-band radio spectral information is rarely
available. The current most widely used method for selection of
radio AGN is the ‘radio excess’ method, where the star formation
rate of the host galaxy is estimated, directly or indirectly via some
well-calibrated proxy, to allow an inference of the expected radio
luminosity due to star formation; then the radio emission from an
object that is significantly more luminous than this can be assigned
to AGN activity (e.g. Yun, Reddy & Condon 2001; Kauffmann,
Heckman & Best 2008; Hardcastle et al. 2016; Giirkan et al. 2018;
Drake et al. 2024). This, however, clearly excludes AGN activity that
produces emission that is similarly luminous to or less luminous than
what is generated by star formation. These non-excess radio AGN
can in general only be distinguished from star formation spatially, or
on a statistical basis within a given population (e.g. Yue et al. 2024),
and in many cases spatial decomposition would require observations
of much higher resolution than are generally available in surveys
(although see Morabito et al. 2022, 2025). Moreover, the radio-
excess method requires a good star formation rate estimator from
SED fitting or spectroscopy and, as with radiatively efficient AGN,
these are not always available from wide-area surveys (see Smith
et al. 2016).

As we have argued above, though, a census of accretion in the
Universe is severely incomplete without including RLAGN, despite
the fact that we currently cannot even in principle find all of them.
RLAGN selection is not only important in itself, but permits a large
amount of other studies of, among other things, AGN feedback and
life cycles. The current best wide and deep radio surveys are those
generated by the LOFAR Two-metre Sky Survey (LoTSS: Shimwell
et al. 2017), which has released observations both of individual deep
fields and of wide areas of the northern sky. This paper focuses on
RLAGN selection in LoTSS.

1.2 RLAGN selection in the LoTSS wide-area survey

The current most sensitive LoTSS radio images are the first data
release of the deep fields, covering the ELAIS-N1, Lockman Hole,
and Bootes areas (Sabater et al. 2021; Tasse et al. 2021) and the
second data release, DR2, of the wide-area survey (Shimwell et al.
2022). The deep fields benefit from excellent multiwavelength data
and almost complete (95 per cent) optical identification (Kondapally
et al. 2021) which has permitted SED fitting methods to be used to
identify radio-excess RLAGN (Best et al. 2023; Das et al. 2024). The
wide-area DR2 contains many more radio sources (over 4.4 million)
but the optical data for this survey, where the WISE surveys and the
DESI Legacy Survey are the deepest available in the mid- to near-IR
and optical bands, respectively, are much shallower. Only 85 per cent
of sources have any kind of optical identification, with the redshift
fraction being even smaller (Hardcastle et al. 2023), while the far-IR
data needed for high-quality SED fitting are completely lacking over
most of the DR2 area. The key advantage of the wide-area survey is

MNRAS 539, 1856-1878 (2025)

G20z Iudy Gg uo 3sanb Aq €629 18/9581/2/6€G/2I01HE/Selu/wod dno-dlwapese//:sdyy woly papeojumod



1858 M. J. Hardcastle et al.

that it has much better statistics, particularly for the rare luminous
radio AGN, and so gives us a much more accurate overall view of
the radio AGN population, at least in the local universe in which host
galaxies and optical identifications can be found given our ancillary
data. The wide-area LOFAR survey also benefits from synergies with
other wide-area surveys, notably including the Very Large Array Sky
Survey (VLASS; Lacy et al. 2020), which is less sensitive to steep-
spectrum emission or extended sources but provides high sensitivity
to flat-spectrum cores and higher angular resolution over all of the
LoTSS coverage. The largest wide-area catalogue of RLAGN in
general to date was provided by Hardcastle et al. (2019), based on the
much smaller LoTSS DRI1 release which contained only ~ 325 000
sources in total.

In this paper, we aim to carry out radio AGN selection for the DR2
optical catalogue based on the data currently available. Our optical
identifications are taken from Hardcastle et al. (2023, hereafter H23),
who obtained optical/near-IR (hereafter simply ‘optical’) counter-
parts by a mixture of likelihood-ratio cross-matching for compact
sources, more sophisticated algorithms for extended sources, and
visual inspection. A minority of spectroscopic redshifts come from
the Sloan Digital Sky Survey (SDSS), the Dark Energy Spectroscopic
Instrument (DESI), and the Hobby-Eberley Telescope Dark Energy
eXperiment (HETDEX), with the bulk of the redshifts being the
photometric ones derived by Duncan (2022). Drake et al. (2024,
hereafter D24) have recently cross-matched the optical identifica-
tions to sources from the SDSS spectroscopic sample, which allows
spectroscopic classifications of that subset of our objects to be made.
We begin by defining a radio sample and developing methods to
separate RLAGN and SFG in our data set in the absence of complete
spectroscopic data, using the D24 classifications as a starting point
(Section 2). We then go on to check the consistency of the sources in
this catalogue with expectations and with previous work in Section 3,
before demonstrating its application to a number of science questions
in Section 4. A summary and prospects for future work are given in
Section 5.

Throughout the paper, we use a concordance cosmology in which
Hy =70 km s~! Mpc™!, Q4 = 0.3, and , = 0.7. Spectral index
« is defined in the sense S o« v™* and for calculation of luminosities
we take o = 0.7 unless otherwise stated.

2 SAMPLE DEFINITION AND SELECTION

The process for RLAGN selection in LoTSS DR2 has steps in
common with the DR1 AGN catalogue created by Hardcastle et al.
(2019, hereafter H19), but is based on the DR2 optical ID catalogue
from H23. A step-by-step description is given in this section of the

paper.

2.1 Completeness and ID cuts

Initially we selected all sources with total flux density, after any
source association, greater than 1.1 mJy and with an optical identifi-
cation and redshift (corresponding to the FCOZ sub-sample in H19).
The 1.1 mJy flux limit was taken from the 95 per cent completeness
level given by Shimwell et al. (2022) and should ensure that we
miss almost no point sources at this flux level that have optical IDs
provided by H23. By chance, this total flux cut is almost exactly 10*
times lower than that used by the widely used 3CRR survey (Laing,
Riley & Longair 1983). It is important to note, of course, that there
is also a strong surface brightness selection for this data set and that
the completeness threshold only applies to point sources: we may
well be missing significant numbers of extended sources that should
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have been selected above our flux limit. We return to a discussion of
this below (Section 3.4).

The DR2 catalogue of H23 lists 1776977 sources with To-
tal_flux greater than or equal to 1.1 mly, of which 966 323 (54.4
per cent) have an optical ID and a redshift estimate either from
spectroscopy or from a good photometric redshift® (i.e. the z_best
column is not blank). We further impose a redshift cut z > 0.01,
which ensures that host galaxies are not completely resolved by
the WISE photometry that we will use in subsequent analysis, and
exclude objects that do not have any WISE information (including
upper limits) in the WISE 1, 2, or 3 bands. WISE magnitudes
in band 3 in our catalogue come from NeoWISE by way of the
DESI Legacy Survey catalogue (Duncan 2022) and so both this and
the requirement of a photometric redshift means that we require
a Legacy survey detection for a source to be selected. Hereafter
this flux-complete catalogue of 963 764 radio sources with redshift
information, corresponding to the ‘FCOZ’ sample of H19, is referred
to as the ‘parent catalogue’ or ‘parent sample’. We take the sky area
covered by this the catalogue to be 5200 deg?, based on the area of the
full-band Legacy Survey coverage which is needed for photometric
redshifts.

2.2 Merger with emission-line catalogue

The parent catalogue is then merged with the emission-line catalogue
from D24, with duplicate columns stripped out. D24’s catalogue
is based on the H23 catalogue and so can be matched exactly
by LoTSS source identifier. This gives probabilistic emission-line
classifications for 154 044 sources, of which 110 638 are in the parent
catalogue; the remainder are below the flux density or redshift limits
that we use here.

D24 provide probabilistic classifications for all objects. In par-
ticular, they give an estimate of the probability that an object is a
star-forming galaxy or a radio-excess AGN based on its position in
a Baldwin—Philips—Terlevich (BPT) diagram (Baldwin, Phillips &
Terlevich 1981), and its measured Ho and radio luminosities. In
what follows we use a 0.95 threshold on this probability calculated
by D24 to select high-confidence radio-excess and star-forming
galaxies (hereafter RXG and SFG) to help us to define selection
regions for these classes of objects where spectroscopic data are
lacking. The intersection of the D24 catalogue with the parent
catalogue lists 28065 RXG and 27127 SFG at this confidence
level.

2.3 Merger with the SDSS DR16 quasar catalogue

We finally merge the parent catalogue with the SDSS DR16 (‘quasar-
only’) quasar catalogue (Lyke et al. 2020) with a simple optical
positional cross-match with offset < 1 arcsec. Objects that have
a match in the DR16 catalogue are very likely to be quasars;
however, the converse is not true since not all quasars will have
been observed spectroscopically, and in addition there is a part
of the DR2 sky area that is not covered by SDSS. Moreover, the
eBOSS survey, which adds significantly to the total number of high-
z quasars, does not uniformly cover the SDSS footprint (Dawson

2As described by H23, photometric redshifts are said to be good if the
flag_qual column of Duncan (2022) is set to 1, i.e. the photometry is
free from blending and artefacts, the object is not star-like in optical images,
ando;/(1 +z) <0.2.
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Figure 1. The observational WISE colour—colour diagram for the DR2
sample. Overlaid on the grey density plot showing the full parent sample
with detections in all three WISE bands are the locations of D24 RXGs, D24
SFGs, DR16 quasars and luminous radio sources. To allow visualization of the
areas occupied by each population, these are plotted as contours from the KDE
estimate of the source density for the different classes, with colour contours
representing intervals in source density on a square root scale. Overplotted
are a small number of representative points from each subsample to give a
sense of the scatter: the total number of points in the subsamples is indicated
in the legend. Lines indicate the locus populated by SFG and avoided by
many RLAGN discussed in the text.

et al. 2016). There are 26567 matches to DR16 quasars in the
table.

2.4 The WISE colour—colour plot

The selections from these two catalogues can then be overplotted on
the WISE colour—colour plot from H23 (Fig. 1). This shows clearly
that the D24 classifications correspond, like those of Sabater et al.
(2019), to largely distinct regions in colour—colour space, as expected
(although the D24 analysis made no use of the WISE colours). The
approximate (hand-drawn) locus that could be used to exclude objects
with SFG colours in the manner described by H19 is shown as a solid
line on this plot. Also shown are the luminous (L 44 > 10%° W Hz™!)
sources, which are likely to be AGN in all circumstances, since this
value exceeds any plausible level of emission from star formation: as
in H19, luminous sources occupy largely distinct locations in colour
space, with many lying in the region where we expect to find quasars,
and the addition of the DR16 quasars confirms this.

An important point here is that we exclude from the plot objects
that are not detected in any of the WISE bands. In practice, this mostly
excludes objects without a detection in WISE band 3 (i.e. the error
magerr_w3 in the catalogue is not listed). Only 555 200 objects in
the parent catalogue have a WISE 3 detection. For the others, the
WISE magnitude is a lower limit. This has the useful feature that
selection in colour space would be conservative — if we excluded
from our RLAGN sample objects that lay in the SFG colour locus,
we might also exclude some true RLAGN which should actually lie

Radio AGN selection in LoTSS DR2 1859

to the left of their position in the plot, but we would not expect to
be contaminated by objects with SFG colours. The problem is that
this cut would be likely to exclude a number of true RLAGN with
colours in the SFG locus as well (Giirkan, Hardcastle & Jarvis 2014),
and this is clearly seen in the figure, where a number of objects with
Ly > 10% W Hz™! would lie in the exclusion region. Although
this was the approach of H19, we prefer to take a different approach
here to avoid excluding radio-excess AGN with colours in the star-
forming locus. Accordingly, colour selection for SFG/AGN selection
is not used in the rest of the paper.

2.5 The mid-IR/radio relation

Another way of visualizing the relationship between radio power
and galaxy properties is to look at the relationship between radio
luminosity and IR luminosity or absolute magnitude, as noted by
e.g. Mingo et al. (2016) and H23. WISE magnitudes are particularly
interesting here as they trace different combinations of SF-heated
dust and old stellar population. We form the WISE absolute magni-
tude here by converting WISE magnitudes to flux density,’ computing
a power-law spectral index between the flux density values, and then
K -correcting the magnitudes based on this power-law extrapolation
(e.g. for the WISE band 2 mag the spectral index between bands 1 and
2 is used). This naive approach has the advantage that it can be used
without relying on templates, as the tabulated absolute magnitude
values in the catalogue do; however, it clearly breaks down even in
principle for z > 0.35 for bands 1 and 2 and z > 1.6 for bands 2 and
3, after which we would be extrapolating rather than interpolating
between the two values. In addition, only about half the sample has
a secure detection in band 3.

Nevertheless, it is instructive to look at the positions of the D24
SFG and RXG samples on this plot (Fig. 2), as they show strikingly
different behaviour in the two WISE bands. In W2, we see that
the SFGs trace a linear correlation which merges seamlessly into
a vertical stripe for the RXGs. This is because W2 is simply a
proxy of mass for these objects (which can be verified by plotting
it against the stellar mass estimates provided by H23) and we
are seeing the well-known effect that RLAGN appear in large
numbers above some stellar mass threshold, corresponding to around
log,o(M./Mg) ~ 10.7. However, in the W3 plot there is an almost
complete separation between the D24 RXG and SFG. Here, it is
important to bear in mind that the fact that the RXGs are mostly
non-detections in W3 would only increase the real separation. The
W3 band (observer-frame broad-band 7-17 pum) is dominated by
hot dust from star formation and so the strong correlation between
W3 luminosity and Ha emission means that the D24 RXG and
SFG, which are by construction well separated on a plot of L(H )
versus Lj44, are well separated here as well. Moreover, the main-
sequence line defined by the SFGs clearly continues beyond the
low-luminosity SFGs from D24 (which run out around 10?* W Hz™!
or star formation rates ~ 100 Mg yr~!). We conclude that we can
conservatively separate RXGs and SFGs in the W3/L44 plot with
a simple linear dividing line which, unlike the approach of H19,
does not exclude objects that have SFG colours but a strong radio
excess over what is expected from star formation. This approach
mirrors that of Mingo et al. (2016), but we have the advantage
of being able to calibrate the line independently using the D24
spectroscopic classifications. Our chosen line could exclude true
RXG that have weak radio emission but strong radiative AGN-related

3Seehttps://wise2.ipac.caltech.edu/docs/release/allsky/expsup/sec4_4h.html.
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Figure 2. The absolute magnitude/radio luminosity relation for the parent sample and the two emission-line classified samples from D24. Left panel shows W2
magnitude and right panel W3 magnitude. Note that in the right-hand panel a significant number of upper limits (407 657/963 754) are plotted as though they
were detections. The solid line in the right-hand panel (log;((L144 /WHz™1) = 14 — My3/2.5) indicates a possible dividing line below which objects can be
rejected as being SFG, while the dashed ellipse shows the location of the ‘blob’ of objects at high WISE luminosities and L 44 ~ 102 W Hz~!. Colour contours

are as in Fig. 1.

(torus) emission in the WISE band, but if such objects exist, they are
not present in any significant numbers in the D24 sample.

2.6 Quasars

The appearance of Fig. 2 is complicated by the existence of a quasar
population which gives rise to W2 absolute magnitudes brighter
than —24 and also to bright W3 magnitudes, though in this case not
necessarily brighter than the maximal W3 magnitude for a starburst
galaxy, which might be —29 or so for a radio luminosity of 10 W
Hz~!. This population will consist of both traditional type 1 quasars
and also radio-loud type 2 quasars, or narrow-line radio galaxies
(NLRG), since both can have excess emission over the expectation
from starlight at W2 and W3 (see e.g. Hickox et al. 2017). W3
excess is likely to be more reliable as an indicator of RE AGN
activity in general if SFG are excluded, since W2 is more affected
by obscuration. By construction, all these objects are radio-detected,
and they have radio luminosities significantly larger than the typical
SFG, but they would be traditionally described either as ‘radio-quiet’
(RQQ) or ‘radio-loud’ (RLQ) based on the ratio of their radio to
optical or IR luminosity.

In H19, we excluded on a similar plot (based on the K's band
at 2.2 um) a branch of what we took to be radio-quiet quasars,
which can be seen in both panels of Fig. 2 extending to the right
at L4 values of a few x10% W Hz~!. The naive star-formation
exclusion line in Fig. 2, right panel, goes straight through the bulk
of this population, and in particular bisects a ‘blob’ of objects with
Ly ~ 105 W Hz™! and —25 < W3 < —27. A similar group of
objects is at —24 < W2 < —26.

The nature of the radio emission from RQQ is not well understood
but it remains possible that some or all of it is from strong star
formation (Giirkan et al. 2019): in that case one approach would
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just be to apply the naive line to the quasar population as well.
However, that neglects the fact that the quasar must contribute to
the emission in W3, and it now seems plausible that, although some
quasars may be radio-silent (Radcliffe et al. 2021), the radio emission
in radio-detected quasars is at least partly AGN-related (Calistro
Rivera et al. 2024; Yue et al. 2024; Njeri et al. 2025). If we wished
to reproduce the H19 analysis, we could cut out the ‘quasar branch’
seen in the plots more completely by modifying the selection line to
exclude the branch and the ‘blob’ at its base at the cost of introducing
significant (and physically unmotivated) structure into the luminosity
distribution of the sample.

However, SDSS (type 1) quasars do not seem to be the dominant
population of objects in the ‘blob’. In Fig. 3, we show the positions
on the WISE/LOFAR luminosity plot of D24 LERGs and HERGs
together with the positions of objects identified as SDSS quasars.
The SDSS quasars turn out to avoid the ‘blob’ region; many of
these objects seem actually to be galaxies or non-SDSS quasars in
the 1 < z < 2 redshift range with W3 non-detections. Some may
of course be quasars or extreme star-forming objects (e.g. ultra-
luminous infra-red galaxies or ULIRGs at high z), but in general
this part of parameter space cannot be excluded. DR16Q objects are
almost all detected in W3.

2.7 Selection of RLAGN

From the preceding two subsections, conservatively we can cut out
clear SFGs, and thus restrict the sample to objects where the radio
emission is presumptively due to RLAGN activity, by taking objects
that

(i) are detected in W 3;
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(ii) lie below and to the right of the SF exclusion line on the
right-hand panel of Fig. 3;

(iii) have logo(L 144 /WHZ_I) < 24.8 (above which the SFG pop-
ulation merges into the ‘blob’ discussed above and then the RQQs).

This cut removes 331221 objects whose radio emission is plau-
sibly due to star formation from the parent sample, leaving only
objects where the radio emission is above the SF exclusion line. We
cannot exclude the possibility that we are excluding some objects
in this way which should be included in the AGN selection (e.g.
objects where the radio emission is faint but on scales much larger
than the host galaxy and so cannot be due to star formation), but
this is unavoidable in a simple radio excess selection and in general
we lack the resolution to investigate this distinction for our parent
sample.

If we wish to remove the apparent ‘RQQ’ branch, we can make
further cuts to remove sources that

(i) are detected in W3;

(ii) lie below and to the right of the RQQ exclusion line on the
right-hand panel of Fig. 3;

(iii) have W3 brighter than —27.

This would exclude a further 66 718 objects. Whether this is the
correct thing to do depends partly on the science case of interest, and
partly on the nature of radio emission from the ‘RQQ’ population
(e.g. Panessa et al. 2019). In what follows, we exclude these objects
for consistency with H19, and because they are generally treated
separately in other analyses (e.g Mingo et al. 2016); see further
discussion in Section 4.2.

This approach errs on the side of inclusivity for the RLAGN sample
that remains after these cuts are made since we consider only objects
detected in W3, which, as discussed above, is only a fraction of
our sample, though most known SFGs from the D24 analysis and
most DR16Q are detected in W3. We could err in the direction of
having a cleaner (though less complete) RLAGN-only sample by
also excluding objects that meet these criteria with an upper limit

Table 1. Results of inclusive and exclusive RLAGN selection as described

in the text.

Name Inclusive Exclusive
Original sample 963 764 -
Star formation exclusion 331225 357424
RQQ exclusion 66718 130844
Remaining AGN 565821 475496

in W3. A comparison of the two approaches is shown in Table 1.
In what follows we use the inclusive sample of 565 821 objects for
further analysis.

Our sample selection leads to a sky surface density of candidate
RLAGN (above our completeness flux density limit) of ~ 110 deg ™2,
exceeding the sky densities often estimated for IR selection (e.g.
Stern et al. 2012) and notably around twice the sky density of the DR1
sample from H19. Given that we require an optical ID and a redshift,
it seems very likely that this sky density is a very conservative lower
limit even for sources that would meet our selection criteria. We
comment further on this in Section 4.1.

2.8 Selection of radiatively efficient and inefficient objects

In the absence of emission-line classification, which will be provided
for many of these objects by the WEAVE-LOFAR survey (Smith
et al. 2016), detailed broad-band SED fitting is expected to be the
best way of establishing the presence or absence of an energetically
significant radiatively efficient (RE) AGN (e.g. Best et al. 2023; Das
et al. 2024). Our data are not good enough to do this: in particular,
they lack far-IR measurements that help to tie down the contribution
of star formation to dust heating.

There are some alternative routes to an approximate classification,
however. In the W2/radio luminosity relation of Fig. 3, the quasars lie
generally to the luminous side of W2 & —24, while there is very little
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G20z 1dy Gz uo 1sanB Aq €629 18/9G81/2/6€SG/2I01E/SEIUW/WO0d"dNODIWLSPED.//:SA)Y WO} PIPEOjUMOQ



1862 M. J. Hardcastle et al.

All sources
10* [ D24 LERG

D24 HERG
[ DRI16QRL

103

102

Number of sources

10!

10°

—24
Absolute W2 magnitude

—26 —28

Number of sources

10% All sources
[ D24 LERG
D24 HERG
[ DRI16QRL
[ 1 RE
10°

107

10!

10°

—24
Absolute W3 magnitude

—26 —28

Figure 4. WISE magnitude distribution for RLAGN detected in W3 together with the distributions of emission-line classified sources. Left: W2 distribution.
Right: W3 distribution, with combined D24 HERGs and DR16 quasars indicated with the RE line.

difference between D24 HERGs and LERGs* in this quantity (which
for normal galaxies is just driven by the old stellar population);
HERG:s lie at typically higher radio luminosities than LERGs, with
a good deal of scatter, as is well known. But in the relation with W3
there is a clear offset between the typical LERG and HERG locations
in the WISE magnitude, with both D24 HERGs and DR16 quasars
being to the luminous side of the distribution. Histograms of the
WISE absolute magnitudes for the RLAGN sample of the previous
section confirm this basic picture (Fig. 4). We could attempt to use
cuts in W2 and W3 (requiring detections in both bands) to select and
classify radiative AGN, corresponding to the suggestion of Giirkan
etal. (2014), but there remains significant overlap between the HERG
and LERG populations in these plots.

Alternatively, we can look at colour—colour plots (Fig. 5). Once
SFG are removed, D24 LERGs (non-quasar) HERGs and DR16
quasars do sit in reasonably distinct locations on these plots, as has
been seen in earlier studies (Giirkan et al. 2014; Prescott et al. 2018).
Again, the problem is that there is no sharp boundary between the
LERG and HERG populations in W2-W 3, and that a W3 detection
is needed for the use of any line in that colour space. Selecting a
cut around W2 — W3 > 2 would minimize the cross-contamination
between RE and RI objects for our sample but it would clearly
still exist. We can also note that there is a reasonably sharp cut-
off for W1 — W2 > 0.4 above which few LERGs exist. Taking
cuts in colour space where RE objects have W1 — W2 > 0.4 or
W2 — W3 > 2 (requiring a W3 detection for the latter) and quasars
have W1 — W2 > (.75 (corresponding to standard ‘AGN’ selection
criteria, e.g. Stern et al. 2012) leads to classifying 305 078 objects

4D24 required the emission lines needed for a BPT diagram to classify an
object spectroscopically, and so were only able to classify LERGs that had
these emission lines, while many absorption-line-only systems would also
normally be classified as LERGs. For simplicity we refer to the ‘LINELERG’
class of D24 as LERGs, while noting that there will be other objects in the
population studied by D24 that would typically be classified in that way.
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as RE (of which 108 580 would be quasars and 196498 would be
non-quasar RE objects, i.e. NLRG), 57232 as RI and 203511 as
unclassifiable (because they have W1 — W2 < 0.4 and an upper
limit on W2 — W3 which does not allow them to be placed on
either side of the W2 — W3 = 2 boundary line). It is important
to note that there will be substantial cross-contamination with this
method across the boundaries of the RE/RI sample (12 per cent
of D24 LERGs are classified as RE by this method, for example)
and also the calibration we use is best at low z, whereas we know
that the positions of particular types of source on these plots are
likely to evolve with z (Assef et al. 2013). Reliable and complete
classification of the sample will have to await more spectroscopic
information from WEAVE-LOFAR and DESI and/or better broad-
band optical SEDs from Euclid. We will, however, use these colour-
colour classifications later in the paper, while bearing in mind the
substantial caveats on their application.

3 PROPERTIES OF THE CATALOGUED
SOURCES

In the preceding section, we described the process of generating a
RLAGN catalogue. The catalogue is released with this paper® and a
description of the columns it contains is given in Appendix A. In this
section, we carry out some checks on the properties of the catalogued
objects to establish their consistency with expectations from earlier
work.

3.1 Comparison with H19

The H19 catalogue made from LoTSS DR1 data cannot be compared
directly with the current one because H19 used a lower (and
somewhat optimistic) completeness threshold of 0.5 mlJy because

Shttps://lofar-surveys.org/dr2 _release.html
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of the position of their sources at the location of best sensitivity for
LOFAR on the sky. However, if we cut the H19 RLAGN catalogue
of 23244 objects at our current completeness threshold of 1.1 mlJy,
we get 14 379 objects, of which 12 114 (84 per cent) have a matching
ID position in the new parent catalogue — a match rate comparable
to what we reported for the catalogues as a whole in H23. Of these
12114, 10979 (91 per cent) would also be classed as RLAGN in
the new catalogue, with almost all the remainder being excluded as
SFG: these would be objects whose location on the WISE colour—
colour plot used by H19 is not consistent with star formation, but
which lie close to the W3—L 44 relation we use here. On the other
hand, 1461 (10 per cent) of the objects excluded by H19 as SFG on
the basis of their WISE colours would be classed by us as RLAGN,
which is as expected given the discussion of colour selection above.
We can conclude that the H19 selection is broadly picking out the
same classes of object as we do here, with some scatter across the
AGN/SFG boundary as expected.

3.2 Source counts

Extragalactic radio source counts are expected to be dominated at the
bright end by RLAGN and at the faint end by star-forming galaxies
and RQQ, and as a sanity check we present the source counts broken
down by classification in Fig. 6. No completeness correction is
carried out, since we believe that the lower flux cut of our parent
sample ensures good completeness. The expected picture is seen,
with SFG dominating the numbers of sources only at the very lowest
flux density levels. RQQ do not dominate at any flux density in these
classifications but are most important at flux densities of a few mlJy.
These results are very consistent with those of, e.g. Hardcastle et al.
(2016) or Siewert et al. (2020), with the only clear difference being
the significantly better statistics in the present work, and qualitatively
in agreement with models such as those of Wilman et al. (2008),
although there are differences in detail (see Siewert et al. 2020 or

Mandal et al. 2021 for a more detailed discussion). We note that we
may be incomplete to SFGs at the bright end of the number counts
because of the lower redshift cut imposed as part of our selection, and
of course we are still only able to classify the 58 per cent of the sample
that have optical IDs and redshift information. Source counts for the
LoTSS deep fields DR1 field ELAIS-N1 (Sabater et al. 2021) are also
plotted, broken down according to the SED-fitting classifications of
Best et al. (2023), and these show encouragingly consistent results
with our much simpler classification scheme, with the exception that
almost all the unclassified sources in DR2 (those that do not meet
our ID and redshift selection criteria) are classified as AGN in the
deep fields. We return to this point in Section 4.1.

3.3 Distributions of key quantities

Fig. 7 shows the distribution of luminosity, size, redshift, and stellar
mass for the RLAGN, SFG, and RQQ samples. These show the
expected separation between the two sets of quantities, although a
small number of SFG with physical size > 100 kpc is unexpected and
may indicate from contamination of the SFG sample by RLAGN, or,
perhaps more likely, poorly measured physical sizes for SFG which
may be represented by large Gaussians in PyBDSF fitting. Of note
is the steep decline of RLAGN above z ~ 1.2 — massive galaxies are
no longer detected by the Legacy survey above this redshift. SFG
cannot have log; (L4 /WHZ_I) > 24.8 in our separation scheme
and so a sharp feature appears in their luminosity distribution as
well, but otherwise the luminosity and redshift distributions are not
too different to those of our earlier work with different AGN/SF
separation methods (Hardcastle et al. 2016; H19): the main difference
is that we are sensitive to sources at higher redshifts and so have more
RLAGN overall and in particular more luminous RLAGN than in the
previous work. The stellar mass distribution shows strong overlap
between the SFG and RLAGN hosts, as expected from e.g. Fig. 2,
but a clear tendency for RLAGN hosts to be more massive overall.

MNRAS 539, 18561878 (2025)
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Figure 6. Left: Conventional Euclidean-normalized differential source counts as a function of flux density for the overall LoTSS catalogue (after component
association through visual inspection) above the flux density limit, the full parent catalogue, and the sources classified as RLAGN, SFGs and RQQ, together
with the ELAIS-N1 source counts classified by Best et al. (2023) which are shown as dashed lines. Error bars are Poissonian. The ELAIS-N1 counts are not
corrected for incompleteness at the faint end. Right: The fraction of the parent catalogue classified as RLAGN, SFG, or RQQ as a function of flux density, with

Jeffreys interval binomial uncertainties plotted as the shaded area.

‘We miss low-mass SFGs in general because they will not be detected
in the radio other than at very low redshift, thus biasing the SFG
mass distribution high. As noted by H23, not all galaxies in the
sample have reliable mass estimates, and of course no quasars do:
overall 73 per cent of RLAGN and 80 per cent of SFG are plotted
here.

3.4 Power-linear size diagram

Fig. 8 shows the power-linear size (P—D) diagram for the RLAGN
sample. Relative to the similar figure shown by H19, this plot contains
far more sources and probes deeper into the low-surface-brightness
regime to the right hand side of the plot due to the improved sensitivity
of LoTSS DR2. Individual sources’ evolution causes them to describe
tracks in this plane: representing the whole population on such a plot
gives us a sense of the range of properties that objects in the sample
have, particularly when combined with theoretical models. As the
plot shows, if we (unsafely) ignore the wide range of environments
and redshifts that are represented within the sample, the objects
that we select span seven orders of magnitude in kinetic power and
have maximum ages ranging from 107 yr to several Gyr. Due to
the size of the sample and the sensitivity of LoTSS DR2, we select
an unprecedentedly large number of physically very large sources,
as reported by Mostert et al. (2024), and we can see that these
must probe the extreme high-age end of the visible source lifetime
distribution.

What is also apparent from this figure is two key limitations of our
selection that will affect future analysis using the sample. The first is
the large number of unresolved sources. Only 118 498 objects in the
sample (21 per cent) have reliable size measurements. As shown by
Sweijen et al. (submitted), a much larger fraction of sources have size
measurements when 6-arcsec images made using the Dutch LOFAR

MNRAS 539, 1856-1878 (2025)

baselines are combined with the full 0.3 arcsec available using the
International LOFAR Telescope, but we are still some way away
from having these high-resolution images for wide sky areas like
those of LoTSS DR2. Size information for a sample provides key
information about the age distribution, as discussed by H19, and
in particular could help us to determine the distribution of lengths
of accretion event that drive jet activity (the lifetime function). A
multimodal lifetime function would be implied, for example, by the
idea that a substantial fraction of young radio sources selected as
Compact Symmetric Objects (CSOs) are actually triggered by tidal
disruption events (TDEs) as proposed by Readhead et al. (2024).
Accurate size measurements of a large sample like the present one,
selected in as unbiased a way as possible directly from low-frequency
surveys, are crucial to making these inferences across the population.
These will be available in the future through processing of the long-
baseline LoTSS data and through the proposed ILoTSS project.®
Since the constraints on the lifetime function from the existing data
have an influence on the inference of radio AGN feedback effects,
we will discuss them in more detail in a future paper (Pierce et al. in
preparation).

The second limitation of our selection is the surface brightness
limit, which manifests itself as a sharp cut-off in the sampling of
P-D space below and to the right of the diagonal line in Fig. 8.
Physically large sources can be detected but only if they are also
luminous: we have no way of knowing whether there are, say, Mpc-
scale RLAGN with L4 = 10> W Hz™!, since they are simply
undetected in our sample. More subtly, some large objects will
be detected in the LoTSS images but will not be included in our
selection because it has not been possible to identify them optically;

Ohttps://lofar-surveys.org/ilotss.html
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for example, remnant sources with no compact structure may be
particularly difficult to associate with a particular host galaxy (e.g.
Brienza et al. 2017). Oei et al. (2023) and Mostert et al. (2024)
have shown that dedicated methods of searching for diffuse sources
and/or of their optical identifications can increase the numbers of
detections, but these methods only somewhat shift the boundaries
of the area of the P—D plane that we are not sensitive to rather
than removing it altogether. Analysis of the size (and therefore, as
discussed, age/lifetime) distribution of RLAGN, or of the populations
of special types of RLAGN such as remnant sources, needs to take
account of this effect since even next-generation surveys will not

fully remove the bias for the faintest objects. We estimate that
in the current sample only the most luminous sources (> 10?° W
Hz™') are unaffected by surface brightness limits, and even here the
completeness is likely to be reduced by the challenges of optically
identifying all of these physically large sources.

With these caveats, the population of the P—D plot and the com-
parison with models still gives some insights into RLAGN physics.
For example, there is a region in the top right of the plot (powerful,
physically large sources with nominal jet powers 10*° < Q < 10%
W) which is almost completely unpopulated, although these objects
would be easily detected if they existed. This tells us that the most

MNRAS 539, 1856-1878 (2025)
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with time.

powerful jets, whose powers are of the order of the Eddington
luminosity for a 10° solar mass black hole, almost never live beyond
~ 100 Myr. Less powerful sources, with 103 < Q < 10%, clearly
can persist for much longer and (because of the surface brightness
selection effect) most of our extreme giant sources are in this category
(cf. Oei et al. 2024).

MNRAS 539, 1856-1878 (2025)

3.5 Colour—colour classification compared with other methods

Since our colour—colour classification of RLAGN will be used later
in the paper we here compare its results briefly with that from other
work. Fig. 9(a) shows a comparison with the 3CRR catalogue (Laing
et al. 1983) which has complete spectroscopic classifications for
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Figure 9. A comparison of the WISE colour—colour plot classifications with those from other work. All panels show the proportion of objects with particular
classifications as a function of the total RLAGN at a given L 44 with z < 1.2. From left to right, we compare our classifications with (a) the 3CRR catalogue, (b)
D24, and (c) Best et al. (2023). Shaded regions show the binomial credible intervals. For clarity, luminosity bins where there would be fewer than four sources

in total are not plotted.

luminous sources. The agreement here is remarkably good, including
with the proportion of quasars, if we assume that almost all our
unclassified objects are Rl at L44 > 10?° W Hz~!. The proportion of
RE objects that we obtain is much higher at the lowest luminosities,
though. Panel (b) compares with D24 and we see that again the
agreement is reasonably good at high luminosities, particularly as
some of D24’s unclassified objects will certainly be RE. However, at
low luminosities, we obtain many more RE objects and we suggest
that this is likely due to contamination of our sample by lower mass
galaxies that are intrinsically RI but have star-forming colours, or
of course by some objects that should have been excluded as SFGs
but are not removed by our selection criterion. This is particularly
clear around 10 W Hz™! as there is a localized peak in RE
objects that must be related to the SFG maximum luminosity at
logo(L1a4 /WHz™!) = 24.8. Finally, the comparison with Best et al.
(2023, hereafter B23) shows strong disagreement at all luminosities,
with B23 having a much higher proportion of RI objects throughout;
however, this means that B23 also strongly disagree at moderate
to high luminosity with the spectroscopic classifications of 3CRR
and D24, which is surprising. If we ignore the discrepancy with
B23, we can conclude that our classification should give consistent
results with previous spectroscopic classification at L4 > 10% W
Hz~!, with the unclassified objects at high luminosity plausibly being
mostly RI.

4 DISCUSSION

4.1 How many radio AGNs are there?

We noted above (Section 2.7) that our RLAGN selection gives a sky
density of ~ 100 deg=2. We know on the basis of the source counts
(Section 3.2) that there must be a large number of additional RLAGN
in the parent sample not identified as such by us: at a minimum, all
of the sources with flux density larger than a few mly that do not
have an optical counterpart and a secure redshift seem likely to be

RLAGN with a high-z host galaxy. Given that the redshift fraction
in the sample stands at 58 per cent at the moment, it is plausible
that the true sky density of RLAGN with flux density > 1.1 mly
is a factor 1/0.58 = 1.7 times larger than our estimate. Indeed, the
catalogues and SED-based classification of Best et al. (2023), using
the LoTSS deep fields where the optical identifications are almost
complete, give a sky density of 160 deg~> RLAGN above our flux
cut in the ELAIS-N1 field, consistent with this estimate, and this can
be seen in the source counts plot of Fig. 6, where the RLAGN line
for ELAIS-NI1 lies consistently above ours in the range where they
overlap. While the detailed classification of sources through SED
fitting and spectroscopy may change, the number count arguments
imply that this conclusion is likely to be robust.

We can also see from the number counts that a substantial number
of radio-excess RLAGN are likely to exist at flux densities below our
cut of 1.1 mJy. As noted above, the optical data become insensitive
to massive galaxies above z & 1.2, at which point, by chance, an
a = 0.7 radio source with Sj44 = 1.1 mJy has a luminosity almost
exactly at our adopted cut-off for star formation, around 7 x 10**
W Hz~!. Thus, not only are we insensitive to high-z AGN because
of our optical data, but also as we move to high z our flux density
cut prevents us from including in our sample objects that would
be unambiguously AGN by our selection criteria even if their host
galaxies were detected (see further discussion of this in the following
subsection). Again, the Best et al. (2023) catalogue can be used to get
a sense of the order of magnitude of this effect: in ELAIS-N1 there
are 670 deg 2 objects classed as radio-excess AGN in total, so that the
objects that are below our completeness flux cut actually dominate
numerically over these that are above it. As the deep-fields catalogue
samples down to the point where SFG start to dominate the number
counts of radio sources, a number of the order of 1000 deg~? is likely
to be an upper limit on the sky density of true radio-excess AGN
(taking account also of the effects imposed by surface brightness
limits as discussed in Section 3.4). Hence, we can conclude that we
have found around a tenth of all of the RLAGN by this definition
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in the DR2 sky area. Even so, the sky densities of RLAGN even
in our current wide-area survey are already comparable with those
of optically selected AGN expected from next-generation wide-area
surveys such as Euclid (Euclid Collaboration et al. 2025), consistent
with the result of Sabater et al. (2019) that all massive galaxies have
AGN-related radio emission at some level. Deeper wide-area radio
sky surveys such as the proposed ILoTSS survey, which will cover a
similar sky area to LoTSS DR2 but at twice the depth and 0.3 arcsec
resolution, or deep and wide surveys with the forthcoming SKA,
should be expected to select all the radio-excess AGN in their sky
coverage.

We finally return to a point made in Section 1.1: even if it can
be done with complete accuracy, radio-excess selection does not in
practice capture all sources that have non-negligible radio emission
due to AGN activity. Many star-forming galaxies, including arguably
the Milky Way, show radio emission that is the result of past or
present activity of the central supermassive black hole but that does
not currently dominate over the radio emission due to star formation.
A complete census of the black-hole activity in the Universe would
need to account for these low-level but potentially very numerous
sources with both star-formation and AGN-related radio emission,
and doing so would almost certainly give a significantly larger radio
AGN sky density (Morabito et al. 2025).

4.2 The nature of the RLAGN population

As noted in Section 1.1, there are in principle a number of different
mechanisms that can produce AGN-related radio emission, not
limited to the powerful jets that dominate the high-luminosity radio
AGN population (Hardcastle & Croston 2020). Since we select as an
RLAGN any source whose radio emission exceeds the prediction
from the mid-IR/radio relation (Section 2.5) we are potentially
including different physical types of object in our sample. Panessa
et al. (2019) list some of the different mechanisms for generation of
radio emission from what they describe as ‘radio-quiet’ AGN, but it
is important to understand that an object that is ‘radio-quiet’ by their
definition — which can only consistently be applied to radiatively
efficient classical AGN, since it relies on optical or X-ray emission
from the accretion disc — could also be ‘radio-luminous’ by ours.
Thus, our sample could be ‘contaminated’ by objects whose radio
emission in excess of star formation is generated by e.g. disc winds
or coronal emission rather than by a jet. If the RQQ are removed as
discussed above (Section 2.7), then such objects in our sample would
be limited to objects that do not lie in the RQQ exclusion region
(Fig. 3), perhaps including some of the ‘blob’ population discussed
in Section 2.6. We expect this population to be most important at
low radio luminosities, and there is considerable evidence for a
group of low-luminosity compact RLAGN in the LOFAR population
(H19) including some that are clearly radiatively efficient AGN
(Chilufya et al. 2024). At present there is no way of separating these
objects out of our sample (or any other) in the absence of detailed
information about the radiative AGN contribution to our sample from
spectroscopy, and so their presence in the sample should be borne in
mind in what follows.

4.3 The evolution of the RLAGN luminosity function

The wide-area LOFAR observations give us an unrivalled view of
the rare, luminous RLAGN in the universe out to the point where
we start to run out of optical identifications at z &~ 1. One way of
parametrizing this population and its cosmological evolution is to
construct the radio luminosity function as a function of redshift (e.g.
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Figure 10. The luminosity function of LOFAR sources (left) in the range
0.01 < z < 0.3, with both RLAGN and SFGs shown and the results of MS07
plotted for comparison.

Condon 1984; Dunlop & Peacock 1990; Willott et al. 2001; Mauch &
Sadler 2007; Prescott et al. 2016; Smolcic et al. 2017; Novak et al.
2018; Williams et al. 2018; Kondapally et al. 2022; Wang et al. 2024)
and in this section we use our RLAGN/SFG separation to investigate
the cosmological evolution of the overall RLAGN population. The
very large number of objects in the sample means that we can get a
much more precise view of the evolution of the luminosity function,
particularly at the high-luminosity end, than has previously been
possible.

Luminosity functions are constructed following the standard p =
Zi 1/V; method (as described by Schmidt 1968; Condon 1989),
where V; = Vijax — Viin 18 the volume within which a given radio
galaxy could have been observed with the available observations and
sample criteria (following Williams et al. 2018). Vi, is the volume
enclosed within the observed sky area out to the minimum distance at
which a target could have been observed, derived from the minimum
redshift limit in the given bin. V},, is the volume enclosed out to the
maximum available distance for the target, considering the imposed
WISE Band 1 flux limit (W1 < 21.2 mag) and the upper redshift limit
for the bin: we discuss the details of the optical V.« calculation in
Appendix B. Error bars are Poissonian.

Fig. 10 shows the overall luminosity function for the RLAGN in
the sample for z < 0.3, along with the local luminosity function of
Mauch & Sadler (2007, hereafter MS07), for comparison, converted
to 144 MHz assuming o = 0.7. Unsurprisingly, our LF is in reason-
able agreement with that of MSO7, but we have significantly fewer
objects at the lowest luminosities, which we attribute to missing
optical IDs differentially at the low-flux end (H23). We know from
the work of e.g. Kondapally et al. (2022) that the local LF from the
LoTSS deep fields, with essentially complete optical IDs, is more
in line with the MSO7 results — our results are more in line with
the wide-field work of Sabater et al. (2019). The lowest-luminosity
bins are populated by relatively low numbers of objects, so small
changes in the optical ID fraction can make a large difference. We
may also be classifying slightly more objects as SFG than MS07 did
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Figure 11. The luminosity function of LOFAR RLAGN as a function of redshift. Colours show different redshift bins: points with error bars are the measured
values. Left: The lines show samples from the MCMC inference of the parameters of a dual power-law model. Right: The lines show the predictions of the
models of Willott et al. (2001) converted to the cosmology and luminosity units of this paper.

in the luminosity range 10?* to 10** W Hz ™!, but a direct comparison
is hard given that the SFG population shows strong cosmological
evolution.

More interesting is the redshift evolution of the whole RLAGN
population, seen in Fig. 11. As we have such large numbers of
sources, we can construct precise luminosity functions in very small
redshift bins compared to previous studies, and hence can carry out
a much more model-independent analysis of the cosmic evolution
of the population than is generally the case in earlier studies. We
binned the RLAGN sample in redshift out to z = 1.2 in steps of
Az =0.1 out to z=0.8 and Az = 0.2 thereafter, reflecting the
increased uncertainties on the photometric redshifts at the high-z
end. We then fitted each luminosity function with the dual power-
law model used by Dunlop & Peacock (1990) and MS07,

C
(L/L.)* +(L/L)P’

p(L) = 1
where C gives the normalization of the luminosity function at
L~L,, L, is the characteristic break luminosity and o and B
are the power-law indices at low and high luminosity, respectively.
We used the EMCEE sampler (Foreman-Mackey et al. 2013) to
carry out a Markov chain Monte Carlo (MCMC) fit to the data
above Ly =3 x 1022 W Hz™' for each redshift bin with a x?
likelihood function, leaving all four parameters free: C and L,
have uninformative uniform priors in log space, while we require
0 <o <1land1 < B<2.5 to ensure that the power-law parameters
are not degenerate. Credible intervals on the fitted parameters, and
their best value estimates, were then derived from the (16, 50,
84)th percentiles of samples on the marginalized distribution for
each parameter. 100 random samples from the emcee run (after
the burn-in samples where the MCMC code has not yet converged
are discarded) are overplotted on the data in Fig. 11, where it can
clearly be seen that the higher redshift bins have systematically higher
luminosity cut-offs and higher normalization.

The evolution of the population is made quantitative in Fig. 12
where we plot the parameters of the fit as a function of redshift: as
L, and C are correlated, we illustrate the evolution of normalization
by plotting ps5, the comoving source density at a fixed luminosity
of 10 W Hz™!, inferred from the model fits. It can be seen that
the inferred L, increases by nearly three orders of magnitude over
the redshift range sampled here. It is hard to see how redshift/optical
ID incompleteness could bias this evolution of L, in this positive
direction, and, viewed as pure luminosity evolution, it is very strong
(log(L s max/Lsmin)/10g(1 + zZmax) = 8 out to z = 1). Although it is
possible that there is contamination from luminous SFGs that are
not excluded from our RLAGN selection because they fall above the
luminosity limit, we do not expect them or contaminating ‘radio-
quiet AGN’ to be important at the very high break luminosities seen
at high z. pys also evolves positively with redshift.

A useful comparison is with the models of Willott et al. (2001),
who use a two-population model for low-luminosity and high-
luminosity RLAGN (intended to represent RI and RE objects in
our terminology, respectively). Taking their model C and converting
to our cosmology, we find reasonable agreement with the data at low
z, as shown in Fig. 11, but relative to us they overpredict the density
evolution of low-luminosity objects at low z and underpredict it at
the highest z, while coming close to the observed evolution of high-
luminosity objects.” This is perhaps not surprising as low-luminosity
objects at high z would have been poorly constrained by the data
they used, which had a much higher flux density limit.

More recent work (Smolci€ et al. 2017; Wang et al. 2024) has used
deep fields to study cosmological evolution of the low-luminosity
population out to high redshift. Relative to our work, these studies
generally have smaller numbers of AGN sources and do not probe

"The slight kink in the predicted LF at high luminosity and redshift is a
consequence of the two-population model used by Willott et al. (2001) and
is present in the original paper.
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Figure 12. Evolution of the fitted parameters of a dual power-law model as a function of redshift. Top left: p5, the normalization of the luminosity function
at 10 W Hz~!, with overlaid curve of (1 4 z)*>*® as expected from the models of Willott et al. (2001), together with the fitted pure density evolution model
of Wang et al. (2024), both normalized to align with the data. Top right: the characteristic turnover luminosity of the dual power-law luminosity function, L,
with overlaid curve of (1 4 z)® to show the strong redshift dependence of this parameter. Bottom left and right: the parameters of the two power laws o and
respectively, where the dotted lines show the MS07 values of these parameters. The x-axes show redshift and lookback time (light travel time). Colours of the
points are as in Fig. 11. Error bars show the one-dimensional 68 per cent confidence credible intervals on the derived parameters, and thus do not account for

correlations between parameters.

the most luminous objects. There is therefore a degeneracy between
density and luminosity evolution in these samples that is not present
in our work, where the wide area ensures that we have a wide range
of radio luminosities for every redshift bin. On the other hand, the
deeper optical and radio data available for deep fields means that
they can probe to considerably higher redshift than is possible for us.
To limit the numbers of degrees of freedom, deep field studies have
tended to fix the parameters of equation (1) to those determined
in the local universe, e.g. by MSO07, giving a local luminosity
function py(L), and then fit for luminosity or density evolution of the
form:

L
=(1 ) [ 2
p(z, L) = (14+2)"po ((1 z)“") ; (@)

where ap and «; parametrize the density and luminosity evolution,
respectively, and can be constants or functions of z. A key difference
between these analyses and ours is that our fits are strongly inconsis-
tent with constant values for the parameters « and 8 in equation 1,
while they agree with MS07 at z = 0. Indeed, the evolution of
our break luminosity (Fig. 12) is largely driven by the apparent
steepening in « with redshift, though there is some positive evolution
even if we fix « to its local value. The evolution of number density at
fixed luminosity is relatively independent of these choices, though,
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and as seen in Fig. 12, we are in reasonable agreement with the
parametrization of Wang et al. (2024) out to z ~ 0.8, but then infer
stronger evolution of the AGN number density than they do, more in
line with that of Willott et al. (2001). This difference is even stronger
if we force the parameters L., o and § to have their local values.
Given the relatively coarse redshift binning necessarily used in the
deep-field work, it seems possible that the discrepancy may indicate
a more complex evolution of the RLAGN population, with a less
smooth dependence on cosmic time, than is visible in small-sample
studies.

We can also compare with the work of Kondapally et al. (2022)
using the LoTSS deep fields, who find only modest positive lumi-
nosity evolution and negative density evolution in what they class as
the LERG population in bins of 0.5 <z<1.0and 1.0 <z < 1.5
— at the highest redshifts it seems possible that the discrepancy
between this and our results is due to the higher fraction in our
sample of rare but luminous HERGs, which have been found to
evolve strongly in earlier studies (Best et al. 2014; Pracy et al.
2016). Again, detailed comparison with earlier work that looks at
the HERG/LERG difference will need to await spectroscopic source
classifications. With deeper optical/IR data for identifications and
more spectroscopic or photometric redshifts, as will be provided
by Euclid among other facilities, it should be possible to push an
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Figure 13. Host galaxy stellar mass estimates as a function of radio luminosity (left) and source linear size (right). Only sources with flag_-mass= = True

are plotted in both figures, and a redshift cut z < 1.2 is imposed. Both panels show binned median (logarithmic) masses together with their 1o bootstrap
uncertainty (line and error bars) together with the 5-95 percentile range of the mass estimates to give a sense of the breadth of the distribution (shaded area).
Both panels also present a breakdown of the population into redshift bins (coloured lines: error bars not shown for clarity). The left-hand figure shows all 405 729
RLAGN that meet our selection criteria. In the right-hand figure only the 49 961 resolved sources with L144 > 10> W Hz~! are shown. Note the different scales

on the y-axes of the two plots.

analysis of this type in the wide fields, with excellent statistics, out to
the point where the space density of RLAGN starts to decline again.

4.4 Host galaxy masses and radio luminosity dependence

Host galaxy stellar mass estimates® are available for around 73 per
cent of the RLAGN sample, excluding any quasars; for the sample
with z < 1.2 81 per cent of sources have mass estimates that we
treat as reliable, following H23. The mass estimate success rate is
nearly 100 per cent for z < 0.7 and falls off with redshift above that,
as expected as the signal to noise of the optical data deteriorates.
While a more complete set of mass estimates would be ideal, the
data allow us to explore the relationship between radio properties,
source classification, and galaxy mass.

The left panel of Fig. 13 shows the mean mass of host galaxies
as a function of radio luminosity. Our large sample gives excellent
statistics, with the median being very accurately measured in spite of
the large dispersion in masses for any given radio luminosity. We see
that there is a very strong dependence of mean mass on luminosity
for low luminosities, below L4 &~ 1023 W Hz™! — it is possible
that this is an effect of incompleteness at the low luminosity end,
since only objects above 7 x 10%* W Hz~! can be seen over the full
redshift range shown here. Alternatively, it may be an effect of the
presence of non-jetted radio AGN in the population at low radio

8Stellar mass estimates are as described by H23 and Duncan (2022), and
are based on the optical and WISE band 1 and 2 photometry, making use of
SED fitting of a set of parametric star-formation histories derived using the
Bruzual & Charlot (2003) stellar population synthesis models and a Chabrier
(2003) initial mass function.

luminosity as discussed in Section 4.2. However, the characteristic
mass flattens out above this radio luminosity, and thereafter the mean
mass is between 1 and 2 x 10'! Mg, over 4-5 orders of magnitude
in radio luminosity, with the scatter being broad but consistent over
this range. This of course is another view of the well-known K-z
relation for radio galaxies (e.g. Lilly & Longair 1984; Willott et al.
2003; Rocca-Volmerange et al. 2004) but here seen in physical terms.
The trend in the median, in the sense that galaxies with L 44 = 10%
W Hz~! are around a factor 2 more massive on average than galaxies
with L4y = 10** W Hz™!, is shallow but clearly significant, and is
not a redshift effect since it is seen over a broad range in redshift. Host
galaxies are also typically more massive, for a given luminosity, at
lower redshift, but the difference here is less than a factor 2 across the
entire redshift range we can sample (i.e. about half of cosmic time).
It is interesting that the highest masses are seen at 0.2<z < 0.4 and
not z < 0.2, but this may be a selection effect in the sense that the
most massive galaxies are simply rarer in the lowest-redshift bins.
The differences that we see are in line with the differences in K -band
absolute magnitude seen by Willott et al. (2003), assuming that the
magnitude simply scales with stellar mass, and with the results of
Williams & Rottgering (2015). Considering these typical host galaxy
masses to correspond to black hole masses as in the relationship
derived for nearby ellipticals (Kormendy & Ho 2013) then we can
say from the range of jet powers in our sample (Section 3.4) that
the radio galaxy hosts in the region where the mass is independent
of radio luminosity span a broad range of Eddington ratios, between
~ 1073 and ~ 1. We will return to this point in a future paper when
individual per-source jet power estimates are available.

The right-hand panel of Fig. 13 also shows that for resolved
sources there is essentially no dependence of host galaxy mass on
size. Sources that have a well-measured length > 100 kpc tend to
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be a little more massive (a factor ~ 1.5) than the population above
L4y = 10 W Hz ™! as a whole, but there is no evidence that the host
galaxies of the extreme Mpc-scale giants are in any way different
from their smaller counterparts. This is also not a redshift effect.
Similar conclusions were reached on the basis of the K-band absolute
magnitude distribution by H19, but our sample is much larger.

4.5 Flat-spectrum cores in extended sources

In the study of compact or flat-spectrum features of RLAGN,
the VLASS survey offers important complementary information to
LoTSS. To give an example of how it can be used we selected a sub-
sample of the RLAGN with L4 > 10%® W Hz~! and with largest
angular size > 60 arcsec in order to look for emission from the
compact radio source coincident with the optical host galaxy, known
as the radio ‘core’. The luminosity cut ensures that we will mostly be
looking at FRII-type objects (Fanaroff & Riley 1974) and the angular
size cut leverages the fact that VLASS spatially filters structures with
scale 2 30 arcsec, helping to reduce contamination from extended
emission. The luminosity cut also puts us in the range where WISE
colour—colour classifications appear to be most consistent with earlier
spectroscopic work (Section 3.5). These two selections applied to the
inclusive RLAGN sample give us 8862 objects in total.

We selected all VLASS quick-look observations available in June
2024 and initially stacked all of them around the position of the radio
source to give the deepest image. The flux density of the core is then
taken to be the flux density of the brightest pixel within 2 arcsec
of the optical ID position, so long as it is detected at > So. This
gives a total of 5206 detections at 3 GHz (58percnt): the detection
threshold is dependent on the field and on the number of VLASS
images available, but the mean rms noise in the VLASS images is 76
uly beam™!, so that we are sensitive to core flux densities typically
2400 pwJy at 3 GHz. We further cross-matched the positions of
the optical IDs to the LoTSS Gaussian catalogue and the FIRST
catalogue, requiring a compact component (deconvolved size <6
arcsec) within 2 arcsec of the position of the optical ID. This gives
respectively 2462 and 1641 core candidate detections at 144 and
1400 MHz (28 and 18 per cent). Core prominence for our sample
can be defined by taking the ratio of the core flux density at a given
frequency to the total flux density at 144 MHz, with the caveat that
the absolute values of prominence will depend on the frequencies
used. Spectral indices can be calculated for cores detected at more
than one frequency, bearing in mind that of course we do not have
simultaneous observations at the three frequencies so that the spectral
indices will be affected by variability.

Finally, the fact that we have multiple images for essentially all of
the VLASS sources (5198) allows us to compute a variability index,
defined as the reduced y 2 for a fit of the mean flux to all the individual
flux measurements:

1 (S — w)?
2
v =N Z o?

i

where 1 = S; and we take o; = 0.1S; to take account of the fact
that the dominant uncertainty in these images is likely to be absolute
flux calibration which it is reasonable to set at the 10 per cent level.
Apparently, significant variability at 3 GHz is detected in a non-
negligible fraction of the sources, with sz,v ; > 3 for 387 sources.
Some of these are likely to be spurious due to such factors as incorrect
source identification or poor fidelity in the VLASS images: we
discuss the possible contamination fraction and show some images
in Appendix C. However, we believe that in general we are seeing
real variability in the VLASS data.
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Distributions of the core prominence, variability index and spectral
index are plotted in Fig. 14. There is no strong dependence of core
variability or spectral properties on source luminosity or physical
size, though a downward trend of core prominence with 144-MHz
luminosity is observed (Fig. 15). The most striking results of this
analysis come from combining it with the RLAGN classification of
Section 2.8. 70 per cent of the sources with VLASS-detected cores
have a classification from the WISE colour selection described in that
section. Key points to note are as follows:

(1) Quasars have significantly more prominent, more variable and
flatter-spectrum cores than the sample as a whole or than NLRG
(non-quasar RE objects).

(i) Quasar selection with the WISE colour—colour diagram
(specifically W1 — W2 > 0.75) selects objects that are generally less
extreme than, but similarly positioned to, the SDSS DR16 quasars.
This gives some confidence that the colour-based quasar selection is
working as expected, although there may be some contamination.

(iii) Radiatively inefficient objects (LERGs) have systematically
low core prominence in this sample but behave similarly to NLRG
in the other plots.

The absolute values on the spectral index distribution plots should
be treated with caution since there are many non-detections and,
as VLASS is the most sensitive of the surveys to flat-spectrum
cores, the spectral indices measured here will be strongly biased
towards relatively steep-spectrum cores which can be detected both
by VLASS and by one of the other two surveys. Similarly, too
much should not be read into the differences in spectral indices
for quasars and other sources since, in the absence of a complete
sample, we do not know for certain whether this is simply an effect
of quasars having more prominent cores, which permits the detection
of flatter-spectrum counterparts at other frequencies.’ But the overall
results for quasars and NLRG are qualitatively very consistent
with the expectations from unified models, in which quasars’ cores
are more strongly Doppler-boosted and hence would be expected
to be more prominent (Orr & Browne 1982), more variable and
(assuming a downward-curved intrinsic spectrum) flatter-spectrum.
Similar differences between the core prominence distributions of
quasars and NLRG have of course been seen before in complete
samples such as 3CRR (Hardcastle et al. 1998; Mullin et al. 2008;
Marin & Antonucci 2016) but this is by far the largest sample, albeit
an incomplete one, in which such an analysis has been possible. The
variability effect has not previously been detected to our knowledge,
although it is a straightforward expectation from the unified model,
and this illustrates the value of the time-domain information provided
by VLASS. Quantitative tests of unified models, and measurements
of key parameters such as the effective beaming Lorentz factor as in
Mullin et al. (2008), would require us to define a complete sample,
ideally with spectroscopic AGN classification and also without the
angular size limits imposed by our use of the VLASS data, and we
hope to be in a position to carry out such a study in the coming years.

The core prominences we find are quantitatively systematically
high with respect to 3CRR samples (we show the relationship
between our sample and the core prominence data from Mullin et al.

°In order to get a sense of whether this is so for the spectral index and
variability plots, we carried out the same analysis with VLASS core flux
densities restricted to a narrow range between 5 and 20 mJy. The results were
qualitatively very similar and a significant excess of flat-spectrum, variable
quasars over NLRG was detected, which suggests that this bias is not solely
responsible for the observed effect.
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Figure 14. Cumulative distribution functions of core-related quantities separated by classification. Each line shows a CDF for a quantity (in some cases restricted
to the region of interest) and colours indicate different subsamples classified from the WISE colour—colour diagram as described in Section 2.8. Subsamples are
indicated by the abbreviations RE (radiatively efficient) and RI (radiatively inefficient, i.e. LERGs): the RE subsample is further divided using the WISE colour
into narrow-line radio galaxies (N) and quasars (Q). SDSS DR16 quasars are also plotted; almost all of these are also in Q. For each line a region of statistical
uncertainty is indicated by a shaded area indicating the 1o range of the CDF derived from 100 bootstrapped samples from the same data set. The plots show:
top left, base 10 logarithm of the core prominence, defined as the VLASS 3-GHz flux density divided by LoTSS total flux density; top right, variability index
as described in the text; bottom left, core spectral index between VLASS and LoTSS; bottom right, core spectral index between VLASS and FIRST.

(2008) in Fig. 15) but this is easily understood in terms of the lumi-
nosity dependence of core prominence observed in the data, together
with the fact that 3CRR objects generally have deeper observations
available which can probe down to lower core prominences than we
can detect for our targets. The systematically low core prominence for
RI objects (LERGs) is perhaps surprising given that studies of low-z
3CRR sources have typically found similar core prominences to those
of NLRG and quasars/BLRG (Hardcastle et al. 1998). In a complete

sample, and with all other things being equal, we would expect RI
objects to be observed to lie at all angles to the line of sight and
hence to have a similar distribution to the combined RE population.
Several possible explanations can be advanced. First, we can note that
highly beamed LERGs will appear as blazars, and these will almost
certainly be under-represented in our sample, since firstly they are
unlikely to have a redshift either from spectroscopic or photometric
methods, and secondly they will be impossible to classify using
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Figure 15. VLASS core prominence as a function of luminosity for the
sample of large, luminous objects described in the text. 5o upper limits are
denoted with arrows. Overplotted are the core prominences (mostly at 8 GHz)
tabulated for z < 1.0 3CRR FRII sources by Mullin, Riley & Hardcastle
(2008). A general downward trend in core prominence with luminosity is
seen, with the 3CRR objects lying in a location consistent with the trend.

the colour—colour methods. By contrast, highly beamed RE objects
(quasars) will if anything be over-represented in our sample with
respect to their unbeamed counterparts. This, however, should only
really affect a small fraction of the overall RI population. A more
subtle effect is that the angular size selection we apply in order to
obtain a clean core prominence estimate places constraints on source
age (larger sources are in general older) and so it is possible that if
LERGS in the sample have overall lower jet power, they are typically
older at the point where they meet our luminosity and angular size
selection criteria, and hence have lower core prominence. Testing
this hypothesis would require sensitive high-resolution (sub-arcsec)
radio imaging which is capable of detecting cores even in compact
sources, in order to allow as complete as possible a sample to be used
in these tests. We do note however that Whittam et al. (2016, 2022)
found RE objects (HERGS) to have a higher rate of core detection,
and therefore presumably prominence, than RI objects, albeit with a
different HERG/LERG separation method than in the present paper.

Chilufya et al. (2025) present a detailed study of the properties of
extended sources in the D24 catalogue, including the distribution of
VLASS/LOFAR core prominences in objects classified spectroscop-
ically as LERGs and HERGs.

5 SUMMARY AND FUTURE WORK

Using selection methods based on the optical ID catalogue for LoTSS
DR2 (H23), the spectroscopic classifications of D24, and the WISE
magnitudes for optically identified sources, we have carried out
RLAGN/star formation separation and generated by far the largest
catalogue of candidate radio AGN to date, with close to 600000
objects even if the likely radio-quiet quasars are excluded. The
selection is consistent with, but we believe more robust than, our
earlier work on selection of RLAGN in LoTSS DR1 (H19), while
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providing a sample ~ 25 times larger thanks to our deeper optical
data and more robust SF/AGN selection.

We are still some way from having a complete sample in which
all radio sources above some flux threshold have optical IDs and
redshifts, and we discuss in the paper some of the limitations of the
LOFAR data, including the limited number of size measurements
and the surface brightness limits that prevent us finding large, low-
luminosity sources that presumably exist at some level.

Based on our catalogues and the work on the LoTSS deep fields,
we have presented an empirical estimate of the total sky density of
radio-excess AGN (Section 4.1). Despite the sensitivity of our survey
and the high sky density of RLAGN, we estimate that we are only
identifying around 10 per cent of all the radio-excess AGN in the
sky with surveys at this depth (principally missing faint and/or high-
redshift objects). The large number of objects in the sample allows
us to model the evolution of the luminosity function in narrow bins,
and we have shown that there appears to be strong positive density
and luminosity evolution of the radio-excess AGN population over
the cosmological time to which we are sensitive (Section 4.3). Our
results are different in detail from some widely used modelling based
on smaller samples (e.g. Willott et al. 2001) as well as the latest
results from deep fields (e.g. Kondapally et al. 2022; Wang et al.
2024), emphasizing the value of large samples in constraining this
evolution.

Bearing in mind the clear caveats about completeness of the
sample, we have been able to demonstrate the value of combining
the data with ancillary data either present in our existing source
catalogues (e.g. the host galaxy mass estimates) or available over the
same sky area (e.g. the VLASS cores), obtaining results that would
be much harder to find in a smaller sample. Interesting outcomes
include the identification of a weak but significant relation between
radio luminosity and mean mass for luminous RLAGN, in the sense
that the most powerful radio galaxies are also on average the most
massive (Section 4.4), and the detection for the first time of spectral
index and variability properties of the cores of resolved sources that
are consistent with the prediction of unified models (Section 4.5).

LoTSS Data Release 3 (DR3), which will be the final LoTSS
wide-area data release and will cover almost all of the northern
extragalactic sky, is expected in 2025 and will have the potential to
generate even larger samples for detailed statistical analysis, with
a factor ~ 3 more sources. The proposed ILoTSS extension of the
survey'? will go significantly deeper than either DR2 or DR3 and have
greatly improved capabilities for RLAGN/SF separation thanks to the
long international baselines of LOFAR. The limiting factor is now,
and will continue to be, the lack of wide-area optical photometric
and spectroscopic data deep enough to identify all the radio sources,
estimate their redshifts and carry out RLAGN/star formation sepa-
ration. Additional spectroscopic redshifts and spectroscopic source
classifications, coming in future from WEAVE-LOFAR and DESI,
and/or the availability of deeper optical data over a wide area, such
as will be provided by the Euclid wide-area surveys, will allow all
of these conclusions to be made more robust and allow us to start to
probe the full range of cosmic time over which RLAGN are active. It
is our intention to release further versions of the catalogue covering
the DR2 area as new data become available.

One of our key aims in generating this catalogue was to enable
a statistical investigation of RLAGN feedback out to z &~ 1 as a
function of environment and cosmic time, and this will be presented
in a followup paper (Pierce et al. in preparation).

10https://lofar-surveys.org/ilotss.html
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APPENDIX A: DESCRIPTION OF THE
CATALOGUE

We release the full catalogue of 963 764 classified sources with flux
density > 1.1 mJy and known redshift with this paper. It can be
downloaded from https://lofar-surveys.org/dr2_release.html.

The catalogue consists of the following entries for each source:

(1) All entries from the optical ID catalogue of H23.

(i) All entries from the catalogue of D24, including optical
emission-line fluxes and probabilistic classifications, for those
sources for which SDSS data is available. A Boolean column ELC
indicates objects which have these entries.
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(iii) All entries from the SDSS DR16 quasar catalogue, for those
sources whose optical position matches a DR16 quasar. A Boolean
column DR16Q indicates objects that have these entries.

(iv) Flux densities in Jy and spectral indices to allow the
WISE absolute magnitude to be calculated (flux_wl, flux w2,
flux w3, alpha_wl_w2, mu (distance modulus), alpha w2 _w3,
and abs_w3.

(v) Boolean flags SF_EXCLUDE_BROAD, SF_EXCLUDE,
RQQ_EXCLUDE_BROAD, RQQ_EXCLUDE, AGN_NARROW and
AGN_BROAD which correspond to the classifications summarized in
Table 1, with the ‘broad’ exclusion classifications corresponding to
the ‘exclusive’ classifications in that table.

The RLAGN catalogue used for the analysis in Section 4 can be
generated from this catalogue by taking AGN_.BROAD= = True.

Code used to create these catalogues and make the plots in this
paper is available on GITHUB at https://github.com/mhardcastle/agn-s
election. The data described in this paper constitute version 1.0 of the
catalogue, but we plan to update both the DR2 optical ID catalogue
and the WISE-classified RLAGN/SFG catalogue as further redshifts
(and hence, in some cases, additional members of the sample) become
available from DESI and WEAVE in the coming years.

APPENDIX B: DEALING WITH OPTICAL
LIMITS ON THE LUMINOSITY FUNCTION

Construction of the luminosity functions required the calculation of
both radio and optical volumes, Vj,.x, within which a source could
be observed. For the majority of the sources, the optical/near-IR
detection limit provided the most constraining factor for the source
volume determination, and the considerations involved in this process
are discussed here.

Prior to construction of the luminosity functions, a W/ISE Band
1 mag detection limit of W1 < 21.2 mag was imposed on the
sample to ensure completeness, with the corresponding flux density
determining the detection limit for a RLAGN host galaxy. For a given
source, this set the maximum redshift out to which it would still be
observable (zma.x) and the corresponding maximum volume of the
observed sky area enclosed (Viax), as required for the luminosity
function calculations.

In addition to the reduction of flux density expected with increasing
source distance, determination of z,.x required the redshift depen-
dence of the portion of the SED observed in the W1 bandpass to
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be considered. This latter factor is important, since the cosmological
K-correction in the W1 spectral region of a typical galaxy is negative
for the range of redshifts covered by our sample, meaning that
higher flux-density spectral regions would be observed at higher
redshifts.

To account for this redshift dependence, we first used the
KCORRECT code (Blanton & Roweis; 2007; available on GITHUB
at https://github.com/blanton144/kcorrect) to obtain rest-frame SED
templates for the RLAGN based on their observed DESI Legacy
Survey g, r and z optical magnitudes and their W/ SE Band 1 mag-
nitudes; WISE Band 2 and 3 mag were also used, when available,
to constrain the template fit. Using these templates, the integrated
fluxes in the spectral region covered by the W1 bandpass were then
calculated at increasing redshifts from the target redshift outward.
The ratios of these integrated fluxes relative to the target redshift
values were then used as correction factors when calculating the
predicted higher redshift source flux densities. After also accounting
for the increasing cosmological distance, zyax and Vi, values were
then determined via comparison of these flux densities with the
imposed W1 detection limit.

APPENDIX C: EXAMPLE IMAGES OF ‘HIGHLY
VARIABLE’ SOURCES

To investigate the extreme end of the variability of the VLASS
counterparts of optical IDs discussed in Section 4.5, we made cutouts
of sources with the highest variability indices for visual inspection.
Examples of these are shown in Fig. C1. Because these are chosen
to be extreme, we would expect some of them to be spurious, and
indeed we see one example of a clearly incorrect ID in the catalogue
(ILTJ103731.40 + 351839.4, where the alleged optical ID position
lies outside the source and in the sidelobes of a bright hotspot), one
with a surprising though possibly correct ID position and no clear
VLASS core (ILTJ181845.00 + 354243.0) and one where the core
position, though correct, is contaminated by a sidelobe of a bright
hotspot (ILTJ073509.41 + 344642.4). However, all the others seem
to have a clear VLASS detection at the optical ID position and no
reason to doubt the genuineness of the variability detection. The
majority are morphologically normal FRIIs but it is interesting that
two winged sources and one restarting object are among them. 7/12
of these objects, and 7/9 of the ones where we can be confident of
the variability detection, are classified as quasars on the basis of their
WISE colours.
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Figure C1. The 12 sources with the largest variability indices as described in Section 4.5. LOFAR contours (increasing logarithmically in steps of 2 from 5o
or peak flux/1000, whichever is the larger) are overlaid on a stacked VLASS colour scale. The red cross indicates the optical ID position. Variability indices
(VI) are stated in the title for each image.
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