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ABSTRACT

We characterize the co-evolution of radio-loud active galactic nuclei (AGN) and their galaxies by mapping the dependence of
radio-loud AGN activity on stellar mass and star formation rate (SFR) across cosmic time (out to z ~ 1.5). Deep LOFAR radio
observations are combined with large galaxy samples to study the incidence of radio-loud AGN across the galaxy population;
the AGN are further split into low-excitation radio galaxies (LERGs) and high-excitation radio galaxies (HERGs). We find that
LERG activity occurs over a wide range of SFRs, whereas HERGs are typically found in galaxies with ongoing star formation.
The LERGs are then split based on their SFRs relative to the main sequence, across redshift. Within quiescent galaxies, LERG
activity shows a steep stellar mass dependence with the same normalization across the past ~10 Gyr; this indicates that hot gas
fuels LERGs in quiescent galaxies across cosmic time. In massive galaxies [log,,(M/Mg) 2 11], the incidence of LERGs is
roughly constant across the galaxy population, suggesting that LERGs in massive galaxies may be fuelled by hot gas regardless
of the star formation activity. At lower masses, however, LERG activity is significantly more enhanced (by a factor of up to 10)
in star-forming galaxies compared to quiescent galaxies; this suggests that an additional fuelling mechanism, likely associated
with cold gas, may fuel the LERGs in galaxies with higher SFRs. We find that HERGs typically accrete above 1 per cent of the
Eddington-scaled accretion rate, and the LERGs typically accrete below this level.

Key words: galaxies: active — galaxies: evolution — galaxies: jets —radio continuum: galaxies.

1 INTRODUCTION

It is now widely believed that supermassive black holes (SMBHs)
and their host galaxies co-evolve across cosmic time, with evidence
for a link between the build-up of stars and the growth of the SMBHs
(e.g. Kormendy & Ho 2013), and a tight correlation between the
mass of the SMBH and that of the galaxy bulge component (e.g.
Ferrarese & Merritt 2000; Merritt & Ferrarese 2001). SMBHs can
undergo an active phase, powered by accretion of matter on to the
black hole, during which they are referred to as active galactic

* E-mail: rohitkondapally @ gmail.com

nuclei (AGN). These AGN can emit vast amounts of energy across
the electromagnetic spectrum in the form of ionizing outflows or
relativistic jets, which can suppress or regulate subsequent star
formation within the host galaxys; this is referred to as AGN feedback
(e.g. Bestetal. 2005b; Cattaneo et al. 2009; Fabian 2012; Heckman &
Best 2014; Hardcastle & Croston 2020). AGN feedback is often
invoked in cosmological simulations to suppress the growth of
the most massive haloes and reproduce the observed local galaxy
luminosity functions (e.g. Bower et al. 2006; Croton et al. 2006;
Somerville & Davé 2015).

Of particular importance in the lifecycle of massive galaxies and
clusters are radio-loud AGN (hereafter; radio-AGN), which emit
powerful bipolar jets of relativistic ionized material that radiate syn-
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chrotron emission, which is visible at radio wavelengths. The energy
deposited by these radio-jets into the host galaxy and surrounding
environment can balance the radiative cooling losses and regulate
star formation in massive galaxies, with recurrent radio-AGN heating
required to ‘maintain’ galaxies as ‘red and dead’ once quenched, in
the nearby Universe (see Best et al. 2006, 2007; McNamara & Nulsen
2007; Heckman & Best 2014; Hardcastle & Croston 2020).

Radio-AGN are typically classified into two modes, based on the
nature of the emission lines in their optical spectra, as low-excitation
radio galaxies (LERGs) and high-excitation radio galaxies (HERGs).
This classification is understood to be linked to the nature of the
accretion flow on to the SMBH (see Best et al. 2005a; Allen et al.
2006; Hardcastle, Evans & Croston 2007; Hardcastle 2018), where
HERGS are associated with radiatively efficient accretion, typically
from cold gas, which leads to the formation of a geometrically thin,
optically thick accretion disc, and a dusty torus (e.g. Shakura &
Sunyaev 1973); as a result, they display high-excitation emission
lines due to photoionization of gas from accretion disc photons. In
contrast, LERGs are associated with a radiatively inefficient accretion
flow (e.g. Narayan & Yi 1994, 1995; Yuan & Narayan 2014), often
modelled as arising from cooling hot gas, and as a result, do not
display signs of a typical AGN such as an optically thick accretion
disc or a torus, and therefore lack high-excitation emission lines in
their optical spectra. In this scenario, the HERGs have been argued
to typically accrete at 21 per cent of the Eddington-scaled accretion
rate, whereas the LERGs accrete at much lower rates of <1 per
cent of the Eddington-scaled accretion rate (Best & Heckman 2012;
Mingo et al. 2014).

Studies of LERGs and HERGs in the nearby Universe have also
shown differences in host galaxy properties between the two classes.
LERGs are typically found to be hosted in massive, quiescent, red
galaxies with massive black holes, and are often found in rich
group or cluster environments, whereas HERGs tend to be found
in less-massive galaxies, with recent or on-going star formation,
and in poorer environments (e.g. Tasse et al. 2008; Smolci¢ et al.
2009; Best & Heckman 2012; Gendre et al. 2013; Sabater, Best &
Argudo-Fernandez 2013; Mingo et al. 2014; Williams & Rottgering
2015; Ching et al. 2017; Williams et al. 2018; Croston et al. 2019;
Magliocchetti 2022). Although both LERGs and HERGs are found
across a wide range of luminosities, the characteristic break in the
luminosity function for HERGs occurs at higher luminosities, and
they are found to also show a stronger space density evolution
with redshift (e.g. Best & Heckman 2012; Best et al. 2014; Pracy
et al. 2016; Butler et al. 2019; Kondapally et al. 2022). These
observed properties of the host galaxies of LERGs and HERGs can
be understood in terms of the different accretion properties of these
AGN. The cooling of hot gas within massive, quiescent galaxies is
expected to lead to low-accretion rates resulting in the formation of
a LERG, whereas the plentiful supply of cold gas present in lower
mass, star-forming systems may also lead to higher accretion rates,
resulting in a HERG.

Using deep observations from the Low Frequency ARray (LO-
FAR) Two-metre Sky Survey Deep Fields Data Release 1 (LoTSS-
Deep DRI1; Duncan et al. 2021; Kondapally et al. 2021; Sabater
et al. 2021; Tasse et al. 2021; Best et al. 2023), Kondapally et al.
(2022) studied the cosmic evolution of LERGs, finding thatatz > 1,
most of the LERGs are hosted by star-forming galaxies (SFGs),
in contrast to studies at lower redshifts where LERGs are pre-
dominantly found in quiescent galaxies (e.g. Best & Heckman 2012).
These results suggest that there may be differences in the host galaxy
properties of AGN in the early Universe and at lower luminosities,
with some overlap with the host galaxy properties of HERGs (see
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also Whittam et al. 2018, 2022). Moreover, the significant population
of LERGs hosted in a different galaxy type (star-forming as opposed
to quiescent) at early times can have interesting implications for
both the fuelling mechanisms (see also Delvecchio et al. 2022) and
our current understanding of AGN feedback processes and its effect
on the galaxy population (e.g. Cattaneo et al. 2009; Smol¢i¢ et al.
2017b; Butler et al. 2019; Hardcastle & Croston 2020; Kondapally
et al. 2023; Heckman et al. 2024).

It is well known that in the local Universe, the fraction of galaxies
hosting a radio-AGN (which provides a measure of the duty cycle)
strongly increases with stellar mass as fradio—aGN X Mf‘S (Best et al.
2005a; Smolci¢ et al. 2009), with recent work by Sabater et al.
(2019) finding that at low luminosities almost all massive galaxies
host a radio-AGN. Janssen et al. (2012) studied the dependence
of radio-AGN activity on galaxy properties at z < 0.3 using the
radio-AGN sample of Best & Heckman (2012). Using this sample,
Janssen et al. (2012) measured the incidence of LERGs and HERGs,
separately, as a function of stellar mass at z < 0.3, finding that LERG
activity increases steeply with stellar mass, consistent with M2,
whereas the HERGs showed a much shallower dependence of o<
M. Moreover, they found that compared to red galaxies, HERG
activity was significantly more enhanced in blue galaxies at fixed
stellar mass. These results are consistent with the notion of LERGs
undergoing accretion from cooling of hot gas within massive haloes,
with the HERGs being fuelled by the abundant cold gas present in
their lower mass (bluer), star-forming host galaxies (e.g. Best et al.
2005a).

Early and recent works that extended this analysis out to higher
redshifts have found a similarly steep stellar mass dependence for the
entire radio-AGN population (e.g. Tasse et al. 2008; Smolci¢ et al.
2009; Simpson et al. 2013; Williams & Réttgering 2015; Williams
et al. 2018; Igo et al. 2024; Wang et al. 2024). Since the radio-AGN
population consists of both the LERGs and HERGs, Kondapally et al.
(2022) used data from one of the LoTSS Deep Fields to study how the
incidence of LERGs, alone, depends on stellar mass within quiescent
and SFGs, separately, to z ~ 1.5. They found that LERGs hosted
by quiescent galaxies showed a redshift-invariant steep stellar mass
dependence, highly consistent with observations in the local Universe
of fuelling occurring from cooling hot gas (see also Williams et al.
2018). On the other hand, the LERGs hosted by SFGs showed a
much shallower dependence on stellar mass, suggesting that LERGs
in more star-forming systems may be fuelled in a manner different
from those in quiescent galaxies.

In this paper, we aim to extend these analyses to understand how
radio-AGN are triggered across the galaxy population by measuring
the incidence of these radio-AGN as a function of each of stellar
mass, star formation rate (SFR), and redshift; using the full LoTSS
Deep Fields data set allows us to split our sample across these
parameters simultaneously. This paper is structured as follows.
Section 2 describes the radio and multiwavelength data set, along
with the selection of radio-AGN and the parent sample used for
comparison. Section 3 presents the results on the incidence of LERGs
and HERGS as a function of mass and SFR. In Section 4, we present
the results on the dependence of LERG activity as a function of
SFR relative to the main sequence of star formation. In Section 5,
we present the Eddington-scaled accretion rate properties of the
LERGs and HERGs. In Section 6, we present the interpretation
and discussion of our results. Section 7 presents the conclusions
of our study. Throughout this work, we use a flat ACDM cosmology
with Qv = 0.3, Q4 = 0.7 and Hy = 70 km s~' Mpc~!, and a radio
spectral index « = —0.7 (where S, o< v%).
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2 DATA

2.1 Radio and other multiwavelength data

The radio data set used in this analysis comes from LoTSS-Deep DR1
(Sabater et al. 2021; Tasse et al. 2021), based on LOFAR High Band
Antenna (HBA) observations ranging from ~113 to 177 MHz.! The
LoTSS-Deep DR1 consists of repeated observations of the ELAIS-
N1, Lockman Hole, and Bodtes fields, totalling 168, 112, and 80 h,
and reaching an rms sensitivity of 20, 22, and 32 uJy beam™! near
the centre of each field, respectively. Radio source catalogues were
extracted out to the 30 per cent power point of the primary beam in
each field using Python Blob Detector and Source Finder (PYBDSF;
Mohan & Rafferty 2015) as detailed by Tasse et al. (2021) and Sabater
et al. (2021).

The three fields benefit from extensive deep, wide-area mul-
tiwavelength imaging, including photometry from the ultraviolet,
optical, near and mid-infrared, and far-infrared wavelengths provided
by a suite of ground and space-based imaging surveys over the
past two decades; the full details of the available multiwavelength
imaging data set are described by Kondapally et al. (2021). Using
this multiwavelength data set, multiband forced, matched-aperture
photometry catalogues were generated in ELAIS-N1 and Lockman
Hole (Kondapally et al. 2021). In the Bodtes field, an adapted version
of the point spread function matched catalogues from Brown et al.
(2007, 2008) were used. Photometric redshifts for the multiband
catalogues were determined by Duncan et al. (2021) using a hybrid
method which combined standard template-fitting methods with
machine-learning methods (see Duncan et al. 2018a, b). For a
small fraction of sources in each field, spectroscopic redshifts were
available (~5, 5, and 20 per cent in ELAIS-N1, Lockman Hole, and
Bodtes, respectively) and were used instead.

The host galaxy identification process was then carried out for
the LOFAR detected sources using these multiband catalogues as
detailed by Kondapally et al. (2021). In summary, host galaxy
counterparts were identified using the likelihood ratio (LR) method
(de Ruiter, Willis & Arp 1977; Sutherland & Saunders 1992)
for suitable sources (typically compact sources with well-defined
positions), or otherwise using a visual classification scheme where
identifications and radio-source associations were performed using
consensus decisions from members of the LOFAR collaboration
(see also Williams et al. 2019). This source-association and cross-
matching process resulted in a catalogue of 81 951 radio sources with
host galaxies identified for >97 per cent of these. Overall, the LR
method was used to identify counterparts for ~83 per cent of the
sources, with a reliability and completeness of over 99 per cent, with
the remaining 14 per cent of sources being classified visually (see
Kondapally et al. 2021 for further details). In this paper, we restrict
our analysis to sources within the redshift range 0.3 < z < 1.5. We
exclude sources with z < 0.3 as the aperture-corrected photometry,
and hence the derived photometric redshifts, may not be as robust due
to the extended nature of sources, while sources above z = 1.5 are
excluded as the photometric redshifts for galaxy-dominated sources
become less reliable beyond this redshift (see Duncan et al. 2021).

2.2 Identification of AGN

Spectral energy distribution (SED) fitting can be used not only to
derive galaxy properties (such as stellar masses, SFRs, etc.) but also

'We refer to the central frequency throughout this paper as 150 MHz, for
simplicity.
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to identify and characterize AGN activity (e.g. Calistro Rivera et al.
2016; Leja et al. 2017; Boquien et al. 2019; Das et al. 2024). Best
et al. (2023) performed SED fitting for the radio-detected sources
in LoTSS-Deep DR1 to broadly classify them into SFGs and the
different types of AGN. Deep radio continuum surveys are expected
to detect a variety of source populations; a combination of different
SED fitting codes that can model AGN emission and those that
allow a better sampling of normal galaxies (i.e. those without an
AGN component) were used by Best et al. (2023) to optimize the
classification process. In summary, for each radio source, using the
best-estimate redshift (photometric or spectroscopic if available),
SED fitting was performed using each of AGNFITTER (Calistro Rivera
et al. 2016), BAGPIPES (Carnall et al. 2018), CIGALE (Burgarella,
Buat & Iglesias-Pdramo 2005; Noll et al. 2009; Boquien et al. 2019),
and MAHPHYS (da Cunha, Charlot & Elbaz 2008). Both AGNFITTER
and CIGALE, unlike the other two codes, employ models for fitting the
emission from the AGN accretion disc and torus which can result in
more robust fits of physical properties for galaxies hosting an AGN,
while also allowing the identification of AGN.

Best et al. (2023) began by identifying radiative-mode AGN using
the outputs from the four SED fitting codes. First, using the results
from AGNFITTER and CIGALE, they defined a parameter fagn,16 (from
each code) which represents the 16th percentile of the fraction of
the total mid-infrared luminosity arising from AGN components.
Then, the reduced x? values from AGNFITTER and CIGALE, which
model AGN emission, were compared to the reduced 2 values from
BAGPIPES and MAGPHYS; for sources with infrared AGN emission,
the former two codes should find a better SED fit. The combination
of these two criteria were primarily used to identify the radiative-
mode AGN (see Best et al. 2023 for the exact criteria employed).
In addition to the above, for ELAIS-N1 and Lockman Hole, bright
X-ray detected AGN were identified using the Second ROSAT All-
Sky Survey (2RXS; Boller et al. 2016) and the XMM-Newton Slew
Survey (XMMSL2).? In Boétes, deep, wide-area observations from
the X-Bodtes survey (Kenter et al. 2005) were used to identify AGN
(see Duncan et al. 2021). In addition, for a small fraction of the
sources, optical spectroscopy indicated the presence of an AGN,
which were also classified as radiative-mode AGN. The final list of
radiative-mode AGN were comprised of those classified from the
Best et al. SED fitting, plus a small fraction of additional X-ray
or spectroscopically selected AGN that were not already identified
from the SED fits. For sources classified as radiative-mode AGN, the
‘consensus’ SFRs and stellar masses were primarily derived using
the CIGALE output (as BAGPIPES and MAGPHYS may be unreliable as
they did not model the AGN component and AGNFITTER was found
to result in larger uncertainties in general). For sources not classified
as radiative-mode AGN, consensus SFRs and stellar masses were
estimated using the mean of the values from BAGPIPES and MAGPHYS
(provided an acceptable fit was found in each case) as these are
expected to be most reliable in the absence of AGN activity due
to their sampling of galaxy parameters. Throughout the analysis in
this paper, we use these consensus SFRs and stellar masses for our
radio-AGN sample.

A tight-correlation is observed between radio-luminosity and
SFR for SFGs (e.g. Calistro Rivera et al. 2016; Giirkan et al.
2018; Smith et al. 2021; Das et al. 2024), which can be used to
identify radio-loud AGN as sources that show a significant radio-
luminosity excess (also known as ‘radio-excess’ AGN) relative to
this relation (e.g. Delvecchio et al. 2017; Smolci¢ et al. 2017a;

Zhttps://www.cosmos.esa.int/web/xmm-newton/xmmsI2-ug
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Williams et al. 2018; Whittam et al. 2022). Following this, Best
et al. (2023) used a ‘ridgeline’ approach, which is well-fitted
by log,o(Lisomuz/W Hz ') = 22.24 + 1.08 log,,(SFR/M;, yr™1), to
select radio-excess AGN as sources that showed a radio-excess of
> (0.7dex (& 30) compared to that expected from star formation
alone.

In this study, HERGs are identified as the radiative-mode AGN
that also display a radio-excess AGN. LERGs do not display signs
of typical AGN accretion disc or torus features and are identified
by the presence of radio-jets only; these sources are therefore
selected as sources that show a radio-excess AGN but are not
classified as radiative-mode AGN. In total, across the redshift range
0.3 < z < 1.5, there are 38915 radio-detected sources, of which
7530 are radio-excess AGN, which are further splitinto 6775 LERGs
and 755 HERGs.

2.3 Potential incompleteness of radio-excess AGN at high star
formation rates

The use of a radio-excess criterion in selecting radio-AGN may miss
low-luminosity AGN, which may potentially bias our subsequent
analysis. In particular, for sources with a given jet (AGN) luminosity,
it will be more difficult to identify AGN using their radio-excess
in more highly SFGs, leading to some incompleteness of radio-
excess AGN at high SFRs. This may introduce a bias to our results,
in conjunction with the application of a radio luminosity limit
(Lisomuz > 10%* WHz™!; see Section 3). The potential impact of
this selection effect on our results could be mitigated by imposing
a higher radio luminosity limit, however, this would result in poorer
statistics and limit our sample to only the most luminous radio-
AGN whose results may not be applicable to the broader radio-
AGN population. In this paper, we instead perform Monte Carlo
simulations to assess and correct for the impact of this selection
effect on our results; these are described in detail in Appendix A.
In summary, we simulate the total 150 MHz radio luminosity of
sources as arising from the sum of a star formation component and
an AGN (jet) component, while accounting for the radio-luminosity—
SFR relation and its scatter. The fraction of the simulated sources
that would satisfy the radio-excess criterion of Best et al. (2023)
was calculated to determine the completeness in narrow bins in
radio luminosity and SFR. For each SFR bin, the completeness was
weighted by the luminosity functions of various AGN types used in
this study, down to the luminosity limit of Lsomu, > 10* WHz ' to
compute the completeness corrections for the radio-excess selection.
The output of this analysis is a set of completeness corrections as
a function of SFR for different types of AGN (see Fig. A2). The
results of this simulation show that our sample is consistent with
100 per cent completeness at SFR < 10 M, yr~!, with this decreas-
ing steeply at higher SFRs. The completeness corrections derived
from these simulations are used for further analysis in Sections 3
and 4.

2.4 Mid-infrared flux-selected parent sample

To place the properties of the radio-AGN within the broader context
of the galaxy population, one must compare to a sample of under-
lying/parent galaxies. The parent sample used for this comparison
comes from the Spitzer InfraRed Array Camera (IRAC) 3.6 um flux
selected (F36.m > 10 uly) sample taken from the multiwavelength
catalogues of Kondapally et al. (2021); SED fitting for this sample
was performed using MAGPHYS by Smith et al. (2021) to derive stellar
masses and SFRs. Smith et al. (2021) presented these results only for
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the ELAIS-NT1 field (the deepest of the LoTSS Deep Fields), however
this process was subsequently repeated for both the Lockman Hole
and Bootes fields (Smith et al. private communication) using similar
input multiwavelength photometry catalogues from Kondapally et al.
(2021) which we use in this study. As noted by Duncan et al. (2021),
the photometric redshifts for galaxy-dominated (rather than AGN-
dominated) systems in the three LoTSS Deep Fields are found
to be most robust out to z ~ 1.5, and therefore the SED fitting
process for the IRAC-selected sample (and therefore for the LoTSS-
Deep sample), and further analysis in this paper is also limited to
z < 1.5. In total, across the redshift range 0.3 < z < 1.5, there are
540 279 sources in the parent IRAC-selected sample. Throughout this
analysis, this parent mid-infrared (MIR) flux selected sample (and
the resulting physical properties such as SFRs and stellar masses) is
used for comparison with the LoTSS-Deep radio-AGN sample. As
shown by Best et al. (2023), the stellar masses and SFRs derived
for the parent sample, although using a slightly different method
compared to the LoTSS Deep sources, are consistent.

Throughout the analysis in this paper, we compare the properties
of the radio-AGN as a function of their stellar mass. For this analysis,
it is important to account for mass incompleteness in our sample to
avoid any biases in the interpretation of our results. We use the stellar
mass completeness limits determined by Duncan et al. (2021) for
the underlying multiwavelength data set which was used to identify
the host galaxies of the radio sources and forms the basis of the
mid-infrared parent sample. Duncan et al. (2021) determined the 90
per cent stellar mass completeness limits as a function of redshift
by accounting for a maximally old stellar population, ensuring a
complete sample of quiescent galaxies for each of the three LoTSS
Deep fields, separately. Using these completeness limits, in the
analysis throughout the rest of this paper, we estimate the mass above
which a source would be detected over an entire chosen redshift range
and remove sources (from both the radio-AGN and the mid-infrared
parent sample) below this mass limit from the analysis.

3 THE INCIDENCE OF RADIO-AGN ACTIVITY
ON STELLAR MASS AND SFR

In Fig. 1, we present the cosmic evolution of the fraction of all
galaxies that host a LERG (left) or a HERG (right) as a function of
stellar mass for a radio luminosity limit of L;sompu, > 10 WHz .
The results are calculated across five redshift bins (0.3 < z < 0.5,
05<2<07,07<z=<10,10<z=<1.2,and 1.2 <z <1.5),
shown by the different colours. The error bars are calculated
following binomial statistics. The chosen radio luminosity limit of
Lisomuz > 10 W Hz™! corresponds to a So detection limit (based
on the depth of the deepest field) for a source out to z ~ 1.5;
moreover, this 150 MHz radio luminosity limit is also comparable
to the 1.4 GHz radio luminosity limit of 102 W Hz™! often used in
the literature for similar studies (e.g. Best et al. 2005a; Janssen et al.
2012), given the typical radio spectral index (assuming o ~ —0.7).
There are 3525 LERGs and 412 HERG:s that satisfy the above radio
luminosity limit across the chosen redshift range for our analysis. In
the left panel for the LERGs, the black dashed line represents the
fraction of galaxies hosting a LERG at a given stellar mass, figrc,
found in the local Universe, given as figrg = 0.01 (M* /10" M@)z'5
(Best et al. 2005a; Janssen et al. 2012); this relation has been roughly
normalized based on these low-redshift results but we note that the
precise normalization depends on the radio luminosity limit and
hence on the assumed spectral index. In the right panel, the black dot-
ted line corresponds to the shallower stellar mass dependence found
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Figure 1. The fraction of all galaxies that host a LERG (leff) or a HERG (right) as a function of stellar mass across 0.3 < z < 1.5 for a radio-luminosity limit
of Lisommz > 102* WHz . The numbers of LERGs and HERGs satisfying the radio-luminosity limit over this redshift range are also listed in each panel.

The solid and dotted lines show the fractions obtained with and without the radio-luminosity—SFR completeness corrections, respectively (see the text and
Appendix A); these corrections have a small effect for the overall populations. The black dashed line in the left panel represents the steep stellar mass relation
(x Mf's, normalized to 0.01 at M = 10! M) found for LERGs in the local Universe (Best et al. 2005a; Janssen et al. 2012). The black dotted line in the
right panel corresponds to the shallow mass dependence (o« M, normalized to 0.001 at M = 10'! M), similar to that found for HERGs in the local Universe
(Janssen et al. 2012). The LERGs show the same steep relation as observed in the local Universe all the way out to z ~ 1.5. The HERG fraction at low masses
follow a shallower relation at M < 10'! M, but show a steeper than expected relation (based on higher frequency local Universe studies) at higher masses.

for HERGs in the local Universe (ocx M!3; Janssen et al. 2012), which

has been scaled to correspond to fyprg = 0.001 (M*/IO11 Mo) "

As noted in Section 2.3, we have derived completeness corrections
to account for radio-excess selection effects, which are detailed
in Appendix A; this analysis indicates that we achieve a lower
completeness of radio-excess AGN at higher SFRs. For each stellar
mass bin, we apply the corrections (for the LERGs and HERGs,
separately) shown in Fig. A2. For each redshift bin in Fig. 1,
the solid and dotted lines show the fractions with and without
these completeness corrections applied, respectively. Applying this
correction increases the fraction of galaxies hosting a LERG or a
HERG, which is noticeable as we tend toward high-stellar masses
and high redshifts, where the average SFRs increase. For the LERGs,
these corrections only significantly affect the most massive systems
within the highest redshift bin in Fig. 1, however the data points with
and without the corrections are consistent within their uncertainties.
For the HERGs, small differences are seen across a wider range
of stellar masses and redshifts. This suggests that the completeness
corrections have a small effect on the stellar mass dependencies,
particularly at high masses and redshifts.

The results from Fig. 1 for the LERGs show that the incidence
of LERGs has a steep stellar mass dependence out to z ~ 1.5. The
dependence on stellar mass appears to slightly flatten with increasing
redshift, as previously shown by Kondapally et al. (2022) for the
LERGs and by Williams & Réttgering (2015) for the total radio-
AGN population. We note that the requirement of high black hole
masses (Mg > 1073 Mg) to launch powerful radio jets found by
Whittam et al. (2022) is consistent with the high prevalence of LERG
activity in the most massive galaxies observed in this study. Broadly
the results for the LERG population are consistent with studies in the
local Universe (e.g. Best et al. 2005a; Tasse et al. 2008; Janssen et al.
2012; Sabater et al. 2019), with some evidence of flattening at lower
masses and higher redshifts, which we investigate further in Section
4. The dependence of HERG activity on stellar mass shows different
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trends compared to local Universe studies. At log,,(M,./Mp) < 11,
the HERGs trace the slope of the black dotted line well, which
corresponds to the shallow o« M- dependence observed in the local
Universe, albeit with a higher normalization by a factor of ~ 2-3
at a given stellar mass. Janssen et al. (2012) also studied the HERG
fractions when split by those hosted by blue galaxies alone; their
normalization of the HERG fractions within blue galaxies agrees
well with our results for the total HERG population shown here. At
higher masses, and also with increasing redshift, our results indicate
a steeper mass dependence, with a higher prevalence of HERGs in
massive galaxies than expectations from low redshift studies.

The HERG population is known to exhibit strong evolution with
redshift (e.g. Best et al. 2014; Pracy et al. 2016; Williams et al. 2018;
Kondapally et al. 2022); some of the observed differences with our
study could be due to cosmic evolution, since even the lowest redshift
bin in this study probes earlier epochs than the typical redshift of
the Janssen et al. (2012) sample of zpeq ~ 0.15. Another source
of differences could arise from the different source classification
methods used to identify LERGs and HERGs. Janssen et al. (2012)
used spectroscopic classifications by Best & Heckman (2012) based
on emission line ratio diagnostics to identify LERGs and HERGs;
this is typically considered to be the ‘gold standard’ method of
classifying radiatively efficient versus inefficient accretion. In this
paper, we do not have spectroscopic information available for the
vast majority of the radio sources, therefore SED fitting is used for
the classification instead (see Section 2.2). It is possible that a small
fraction of LERGs mis-classified as HERGs could cause an increase
in the AGN fraction of HERGs, particularly at high masses where the
LERG fraction is ~10 per cent. We discuss the potential uncertainties
in our source classification method in Section 5.1 and further validate
the robustness of this in Appendix B.

We investigate the dependence of radio-AGN activity on star
formation activity in Fig. 2, which shows the fraction of galaxies
that host a LERG (lower left) or a HERG (lower right) as a
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Figure 2. The fraction of galaxies that host a LERG (lower left) or a HERG (lower right) with Lisomuz > 102 WHz ! as a function of sSFR across

0.3 < z < 1.5. To reduce any mass selection effects, we calculate the fractions for a constant stellar mass range of 10.8 < log;o(M./Mg) < 11.5 (see the text)
across the redshift bins. The solid and dotted lines show the results with and without the radio-luminosity—SFR completeness correction (see Section 2.3). The
corresponding top panels on the left and right show the distribution of the sSFRs for the LERGs and HERGs, respectively. The LERGs show a broad sSFR
distribution, whereas the HERGs tend to be preferentially hosted in SFGs. For the LERGs, the radio-AGN fraction remains mostly flat across many orders of

magnitude in sSFR, only increasing above log,(sSFR/yr~!) > —10.

function of their specific SFR (sSFR = SFR/M,) for AGN with
Lisomuz > 102 WHz!. The analysis is performed out to z ~ 1.5
over the same redshift bins as in Fig. 1. To ensure the results are
not biased by selection effects across different redshift bins, we
restrict this analysis to sources with 10.8 < log,,(M./Mg) < 11.5;
the lower limit is chosen to roughly corresponds to the 90 per cent
stellar mass completeness limit at z = 1.5. As in Fig. 1, the solid
and dotted lines show the results with and without the radio-excess
completeness corrections applied, respectively (see Appendix A).
The uncertainties are calculated following binomial statistics. The
top panels show the corresponding distributions of the sSFRs for the
LERGs and HERGs.

The fraction of galaxies hosting a LERGs reaches 210 per cent
in the most quiescent galaxies (i.e. at the lowest sSFRs), before
declining to a few per cent level across —12 < log,,(sSFR/yr!) <
—10. At higher sSFRs, for the most star-forming systems, the LERG
fraction shows a strong increase; this trend is seen across redshift
out to z ~ 1.5. We note the dip in the fraction at intermediate sSFRs
at 7 < 0.5 is only at a &~ 20 level with a small number of sources.
Our results for the LERGs show that their hosts span a broad range
of star formation activities and that the prevalence remains broadly
constant across a wide range of sSFRs; we investigate the trends with
star formation activity in more detail in Section 4. The HERGs show
a much lower prevalence than the LERGs at all sSFRs, similar to the
stellar mass dependence results shown in Fig. 1. The results in Fig. 2
show that HERGs are more likely to be found in star-forming systems
compared to quiescent systems, albeit with relatively small numbers
of HERGs in each bin resulting in large statistical uncertainties.
These findings for the HERGs are in good agreement with previous
studies (e.g. Best & Heckman 2012; Best et al. 2014; Mingo et al.
2014; Pracy et al. 2016).

4 DEPENDENCE OF RADIO-AGN ACTIVITY ON
SFR RELATIVE TO THE MAIN SEQUENCE

In this section, we explore the properties of the LERGs in more
detail by studying the incidence of LERGs as a function of
their position relative to the star-forming main sequence. As the
HERGs are typically found to be hosted in star-forming systems
and given the relatively small numbers of HERGs observed, per-
forming detailed statistical analyses for the HERGs as a func-
tion of SFR and stellar mass, simultaneously, is not feasible; we
therefore focus our further analysis in this section on the LERGs
alone.

We divide our AGN and galaxy samples into three sub-groups
based on their SFR relative to the star-forming main sequence:
quiescent, intermediate, and star-forming. For this, we use the best-
fitting relation for the star-forming main sequence from Speagle et al.
(2014), which was found to provide a good fit to the observed SFRs
outto z ~ 5, given as

log,o(SFRys(1)) = (0.84 — 0.026 x 1)log,o(M,) — 6.51 +0.11 x 1,
()

where SFRys is the main-sequence SFR (in Mg, yr~! units) and ¢

is the age of the Universe at z. Using this, we split our sample into
three regions along the SFR — M, plane as follows:

(1) ‘Star-forming galaxies’, as in galaxies that are on or above the
main sequence with log (SFR/SFRys(t)) > —0.4.

(i) ‘Intermediate galaxies’, as in galaxies that are below the main
sequence but with SFRs above that of a quiescent galaxy with —1.3 <
log (SFR/SFRys(t)) < —0.4.

(iii) ‘Quiescent galaxies’ with log (SFR/SFRys(t)) < —1.3.
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Figure 3. The location of LERGs on the SFR-M, plane in five redshift bins across 0.3 < z < 1.5. The LERG sample has been split into the subset that are
hosted by quiescent (red), intermediate (green), and star-forming (blue) galaxies, defined based on the evolving main sequence (see Section 4). The diagonal
dashed lines show the division lines used to select the three populations. The shaded contours show the distribution of the underlying MIR flux-selected parent

sample along the SFR-M, plane.

The typical scatter in the star-forming—main sequence relation
derived by Speagle et al. (2014) is ~0.2 dex. Following this, our
selection of SFGs corresponds to sources within ~ 20 or above
the main sequence, with quiescent galaxies defined as sources that
are at least ~ 6.50 below the main sequence, and ‘intermediate’
galaxies lying in between these two populations. By defining our
sample based on SFRs relative to the main sequence across different
redshift bins, we account for the evolution of the galaxy population
when comparing results across redshift bins as galaxies typically
have higher SFRs at higher redshifts. Moreover, this analysis is also
less affected by any systematic uncertainties on SFR estimates from
photometry, although this is expected to be small (see Best et al.
2023).

In Fig. 3, we show the SFR—M, distribution of the LERGs hosted
by SFGs (blue), intermediate galaxies (green), and quiescent galaxies
(red) across 0.3 < z < 1.5 over five redshift bins, as in Fig. 1. The
two diagonal dashed lines in each redshift bin denote the criteria used
to separate the sources into the above three galaxy types relative to
the main sequence. The grey shaded region in each redshift bin
corresponds to the distribution of the mid-infrared flux-selected
parent sample in the SFR—M, plane (as described in Section 2.4)
which was used for calculating the incidence of AGN in this section.

In Fig. 4, we compute the fraction of quiescent (left), interme-
diate (middle), and star-forming (right) galaxies that host a LERG
with Lisommz = 10%* WHz ™! as a function of stellar mass across
0.3 < z < 1.5. The uncertainties are calculated following binomial
statistics. In each panel, the black dashed line shows the local
Universe relationship figrg = 0.011og,(M, /10" My)*3 for the
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LERGs (Janssen et al. 2012). The results shown in this figure extend
beyond the analysis performed by Kondapally et al. (2022