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ABSTRACT

Aims. We investigate the radio loudness (R) distribution in a large, homogeneous sample of radio galaxies.

Methods. The sample is composed of galaxies from the ROGUE I/II catalogue that belongs to the SDSS main galaxy sample and is
divided into optically inactive radio galaxies (OPIRGs), optically active ones (OPARGs), and 'radio Seyferts’. We used optical, mid-
infrared, and radio data to calculate the active galactic nucleus bolometric luminosities, accretion rate (1), black-hole mass (Mgn),
and R.

Results. Contrary to some previous studies based on restricted samples, using our complete sample of objects with redshifts z < 0.4,
we find no evidence of bimodality in R. The highest R values are associated with extended radio structures. We find that R is anti-
correlated with A, and spans ~2dex at fixed A. Radio Seyferts, OPARGs, and OPIRGs form a sequence of increasing Mgy with
substantial overlap. Radio Seyferts show no correlation R—Mpy, whereas OPARGs and OPIRGs show a weak positive trend. From
theoretical considerations, the observed ~2-dex spread in radio luminosity and R can be reproduced by only an approximately four-
fold variation in the dimensionless magnetic flux ¢ assuming realistic black-hole spins.

Conclusions. The smooth distribution of radio loudness supports a common evolutionary path for all radio sources, with black-hole
spin and magnetic field varying continuously. The radio loudness depends on black-hole mass and accretion rate, while moderate
variations in ¢ may account for the observed scatter in this relation.
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1. Introduction

Active galactic nuclei (AGNs) span a wide range of accretion
rates that are reflected in the large spread of optical emission
from their accretion flows and discs. They also show significant
differences in radio emission, which is associated with relativis-
tic jets and outflows launched by the central engine (see e.g.
Tadhunter 2016; Hardcastle & Croston 2020; Saikia 2022, for
a review). Notably, even among sources with comparable accre-
tion rates, the efficiency of radio production can differ by several
orders of magnitude.

To quantify this efficiency, Kellermann et al. (1989) intro-
duced the radio-loudness parameter, denoted here by Ry, which
is defined as the ratio of 5 GHz radio to optical B-band flux
density. This parameter has since been widely applied to dif-
ferent AGN classes (e.g. Sikora et al. 2007; Rafter et al. 2009;
Singh & Chand 2018; Rusinek et al. 2020) as a proxy for jet
production efficiency, under the assumption that radio emission
traces jets and that optical light is dominated by the accre-
tion disc. These assumptions are generally valid for luminous
quasars, but not always for lower-luminosity AGNs and quasars.
For example, in Seyfert galaxies, particularly those accreting at
sub-Eddington rates, the host galaxy can contribute significantly
to the observed optical flux, alongside the AGN emission (see
e.g. Ho & Peng 2001). Likewise, star formation processes may

* Corresponding author: awojtowicz@oa.uj.edu.pl

contribute to, or even dominate, the radio emission rather than
jets. Even in quasars with very low radio luminosities, star for-
mation may outshine jet-related radio output (Kellermann et al.
2016; Rankine et al. 2021). The original definition of the radio-
loudness parameter may thus not be directly applicable in all
cases and warrants careful consideration.

The distribution of radio loudness has been a subject
of debate for decades. Kellermann et al. (1989) argued for a
bimodal distribution in quasars, with radio-loud and radio-quiet
populations separated at Rx = 10. Later studies revisited this
claim with mixed results, some supporting a dichotomy (see
e.g. Ivezi¢ etal. 2002; Sikora et al. 2007; Rafter et al. 2009;
Rusinek et al. 2020) and others attributing the apparent bimodal-
ity to selection effects and flux limits (see e.g. Mahony et al.
2012; Singal et al. 2013; Macfarlane et al. 2021, and references
therein).

While the question of radio-loudness bimodality remains
unsettled for quasars, it is clear that their radio-loudness distribu-
tion is broad, spanning several orders of magnitude. The radio-
loudness parameter has been extensively studied in the litera-
ture for all types of AGNs (e.g. Miller et al. 1990; White et al.
2000, 2007; Sikora et al. 2007; Rafter et al. 2009; Singal et al.
2013; Rusinek et al. 2020), with entirely different conclusions
about its distribution. It was suggested that radio-loud and radio-
quiet sources may have different evolutionary paths or different
jet production mechanisms (Bicknell 2002).
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Much less is known about radio loudness in AGNs that
accrete below the Eddington limit, such as Seyfert galaxies
and low luminosity radio galaxies. Several works have pointed
out systematic differences: Seyferts, which are typically found
in spiral and lenticular hosts, never reach the high radio-
loudness values observed in radio galaxies, which are usually
associated with ellipticals (Xu et al. 1999; Sikora et al. 2007;
Koziet-Wierzbowska et al. 2017; Zheng et al. 2020). Moreover,
Seyferts and radio galaxies follow a similar overall anti-
correlation between Rx and the Eddington ratio A (i.e. the ratio
of total radiative output to the Eddington luminosity for the
accreting black hole), but the separation in the Rg—A plane
between them cannot be explained solely by selection effects.
If very radio-loud Seyferts with R > 10* existed, they should
be detectable, yet none are observed.

Progress therefore requires large and homogeneous samples
of non-quasar AGNs, with careful treatment of host-galaxy con-
tamination in both the radio and optical bands, to establish the
true shape of the radio-loudness distribution and its dependence
on the accretion rate and host properties. Unlike previous works,
we present a study of the radio loudness in galaxies in the
local Universe with low to moderate accretion rates. We selected
these galaxies from the catalog of Radio Sources Associated
with Optical Galaxies and Having Unresolved or Extended Mor-
phologies (ROGUE) I and II (Koziet-Wierzbowska et al. 2020;
in prep.) that belong to the main galaxy sample of the Sloan Dig-
ital Sky Survey (SDSS; York et al. 2000). Our sample is homo-
geneously selected with both optical and radio flux limits well
defined, and contains Seyfert galaxies as well as optically active
radio galaxies (OPARGS) and optically inactive radio galaxies
(OPIRGS), whose redshifts (z) are in the 0.002 < z < 0.4 range.
The sample and its selection effects are described in Sect. 2.
The construction of this catalogue results in the exclusion of
broad line radio galaxies. Such a sample allows us to study
the radio-loudness distribution and its implications for the evo-
lution of extragalactic radio sources in the current epoch (see
Sect. 3). Throughout this work, we adopt a cosmology with
Hy =70kms™! Mpc_l, Qu = 0.30, and Qp = 0.70.

2. Data
2.1. Sample selection
2.1.1. Datasets and parent sample

We briefly summarize the optical, mid-infrared (MIR), and radio
datasets used in this work, as well as our parent sample, which is
the same as the one by Stasiniska et al. (2025). We selected galax-
ies from the main galaxy sample (MGS; Strauss et al. 2002)! of
the SDSS Data Release 7 (DR7; Abazajian et al. 2009). We only
retained galaxies whose redshifts (z) are in the 0.002 < z < 0.4
range, to avoid luminosity distances being dominated by peculiar
motions (Ekholm et al. 2001) and to ensure that the Ha emission
line falls into the SDSS spectral range. The He line is essential
for the classification of radio galaxies into OPARGs or OPIRGs,
as explained by Stasiniska et al. (2025). We also only selected
galaxies with a signal-to-noise ratio> 10 in the continuum at
4020 A, to be able to safely derive their properties from their
spectra.

Optical spectral data were taken from the STARLIGHT
database (Cid Fernandes et al. 2005). Black-hole masses (Mgy)
were derived from stellar velocity dispersions measured by

! Note that the MGS does not contain type I AGNs, which are in the
quasar sample of the SDSS.
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STARLIGHT using the Tremaine et al. (2002) relation. Stellar
masses (M,) were obtained via STARLIGHT’s inverse popula-
tion synthesis applied to restframed SDSS fibre spectra, then
corrected to total galaxy values using z-band photometry. Star
formation rates (SFR) over the past 100 Myr were estimated by
summing the stellar masses of populations younger than this
age and dividing by the time span, following Asari et al. (2007,
Eq. (10)). We excluded a small fraction (<0.3%) of galaxies with
M, < 107 Mg or non-positive values of ‘petroR50’, which are
the 50 percent Petrosian light radii in the r band as available from
the SDSS DR7 database. Our MGS parent sample after the red-
shift and quality cuts is comprised of 616 069 objects.

Mid-infrared data were obtained by matching sources in the
Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010)
and SDSS DR7 galaxies within 1 arcsecond. The 12 um lumi-
nosities (W3) were calculated assuming a constant power-law
spectra (i.e. F,, ~ v0 = constant) as in Koziet-Wierzbowska et al.
(2021, Sect. 2.3).

Radio data for our targets were taken from the ROGUE 1
and II catalogues (Koziet-Wierzbowska et al. 2020; in prep.),
which are based on SDSS DR7 galaxies with the contin-
uum signal-to-noise ratio cut of 10. Radio counterparts were
looked for in the First Images of the Radio Sky at Twenty
cm (FIRST; White et al. 1997) and the National Radio Astron-
omy Observatory Very Large Array (NRAO VLA Sky Survey
(NVSS; Condon et al. 1998) radio catalogues. ROGUE I con-
tains those targets for which FIRST detects a compact core,
while ROGUE II includes systems whose radio counterparts
do not possess a core-like structure. Both catalogues provide
1.4 GHz radio fluxes and visual classifications of radio and opti-
cal morphologies. Total monochromatic 1.4 GHz radio lumi-
nosities (Ltl‘fzal) were calculated assuming a spectral index of
0.75, as in Koziel-Wierzbowska et al. (2021, Eq. (1)). Sources
whose radio morphology from ROGUE I & II is classified as B
(‘blended’) or ND (‘not detected’) were excluded. Our ROGUE I
& I SDSS MGS parent sample is comprised of 31 851 galaxies.

2.1.2. Subsamples

Following Stasinska et al. (2025), we defined subsamples of
2468 OPARGs and 14082 OPIRGs based on a 3 A threshold
in Ha equivalent width, W(Hea). Both types are located on the
‘radio-AGN’ side in the D, (4000) versus L‘l‘ﬁa' /M, (DLM) dia-
gram (Koziet-Wierzbowska et al. 2021), where D, (4000) is the
4000 A break from synthetic spectra (e.g., Stasifiska et al. 2006)
and LP®/M, is the quotient between the total luminosity at
1.4GHz and the stellar mass obtained by STARLIGHT. Addi-
tionally, OPARGs must lie to the right of the Stasiriska et al.
(2006) division in the [N11]16584/Ha versus [OmI1]A5007/HB
(BPT; Baldwin et al. 1981) diagram?, i.e. they must be classi-
fied as galaxies that host an optical AGN. For OPIRG:s, if they
show emission lines, the W(Ha) < 3 A criterion indicates that
the emission is not due to an AGN, but to ionization by hot
low-mass evolved stars (HOLMES) present in the galaxy (see
Stasiniska et al. 2008, 2025).

We also considered a third subsample of 10311 dubbed
‘radio Seyfert galaxies’ constituted by sources in the ROGUE
I and II catalogues lying in the star-forming region of the DLM
diagram, but are located to the right of the Stasiriska et al. (2006)
line on the BPT, and with W(Ha) > 3 A. The flowchart in Fig. 1
shows the criteria used to define our subsamples, while Fig. 2

2 Throughout this work, all emission lines are given in restframe air
wavelengths.
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Fig. 1. Flowchart detailing our sample selection. Retired galaxies are galaxies that have stopped forming stars and are ionized by their populations
of HOLMES (see: Stasiriska et al. 2008). Similarly to the star-forming galaxies, they are not relevant for the present study. The parent ‘ROGUE I
& I1 SDSS MGS’ sample already incorporates redshift range limits, optical spectral quality cuts, and removal of sources whose radio morphology
is blended or non-detected. The number of sources in each subsample is given in the panels. Numbers in brackets show number counts before
applying limits to the S /N of [O 111] or W3 luminosities, to emission line detection, and to the star-formation-corrected radio luminosity values.
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Fig. 2. Diagrams showing the loci of our radio Seyfert (green), OPARG (blue), and OPIRG (red) subsamples in relation to our parent samples:
ROGUE I & II SDSS MGS (‘ROGUE-MGS’) for panel (a), SDSS MGS (‘MGS’) for panels (b) and (c) (grey points). (a) D,(4000) versus
L, 4/M, (DLM) plane. The dashed line by Koziet-Wierzbowska et al. (2021) separates radio emission dominated (top) or not (bottom) by AGN.
(b) [O111]A5007/HB versus [N 11]16584/Her (BPT) plane. The dashed line by Stasifiska et al. (2006) separates galaxies ionized by star formation
alone (left) from those ionized by a hard ionizing radiation field (right). OPIRGs are not shown since they have not been selected based on this
diagram. (¢) W(He) versus [N 11]16584/Ha (WHAN) plane. The dashed line shows the W(Ha) = 3 A criterion by Cid Fernandes et al. (2011) to
separate ionization by HOLMES (bottom) from ionization by other sources (top). OPIRGs that lack [N 11] detection are not shown on this plane.

shows our subsamples on the DLM, BPT, and W(Ha) versus
[N1]/Ha (WHAN) planes.

2.1.3. Derived data

In the following we describe the calculated quantities used in this
work. We fitted an empirical linear relation between log Ltff] and
log SFR for star-forming (SF) galaxies (i.e. those classified as SF
in both the DLM and BPT diagrams) following Murphy et al.
(2011). This was used to subtract the contribution of star forma-

tion to the radio emission, and yielded star-formation-corrected

L, 4 values for all sources. The fractional star formation contri-
bution f to L is only substantial for radio Seyferts, with a
median value of f = 0.36 and interquartile range of 0.18-0.59.
This allows us to analyse radio Seyferts alongside radio galaxies
where L1 is dominated by AGNs. The correction is roughly
on the order of 1% for OPARGs and OPIRGs. Hereafter, L 4 is
used to represent the star-formation-corrected values.

For OPARGS and radio Seyfert galaxies, bolometric lumi-
nosities (Lypo;) were derived from [O1II] luminosities using the
Stasiriska et al. (2025, Eq. (2)) relation. This relation results
from a series of photoionization models whose ionizing sources
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have spectral energy distributions (SEDs) based on the observed
continua of unobscured Type I AGNs in the optical and X-rays
(Jin et al. 2012, 2018). In addition, we require a S/N > 3 in
[O 1] fluxes.

For OPIRGs, we used the type 2 AGN relation between
the nuclear 12w luminosity and Ly, by Spinoglio et al. (2024,
Table 5). Since the nuclear 12 p luminosity is not available for
most of our objects, we used the WISE W3 luminosity as a surro-
gate and kept in mind that the WISE measurements are affected
by the contribution of the underlying galaxy. The latter, however,
is expected to be small since OPIRGs experience little — if any —
star formation. Only objects with S/N > 3 in W3 were kept.

Eddington ratios are computed as A = Ly /Lgqq, With Lgqq =
1.3 x 103" (Mgy /M) W. In this paper, radio loudness is defined
as the ratio of the radio 1.4 GHz monochromatic luminosity to
the bolometric AGN disc luminosity, R = vy4L14/Lso. The
Kellermann et al. (1989) definition of radio loudness is therefore
approximately Rx =~ 10°R, assuming that the average spectral
index of the radio continua is @ = 0.8, and that the B-band lumi-
nosity constitutes roughly 10% of the bolometric luminosity of
the AGN disc. Hence the radio-loud threshold of R¥ = 10 trans-
lates to log R = —5 in our convention.

For clarity, when we use Ly estimated from [O 1I1], which
applies to the OPARG and radio Seyfert subsamples, we use the
canonical symbols A and R. When we mix Ly, estimated from
either [O 1II] or W3 (for OPIRGS), we denote those parameters
L}’J ol A’, and R’ to indicate they are based on a heterogeneous
set of observational parameters. We compare Ly, for OPARGS
using both [O 111] and W3 and find a good agreement, so the val-
ues are internally consistent.

In the rest of the paper, we only show objects for which
Li > ', and R’ can be calculated after the S/N cuts in either
[O1m] or W3 luminosities. We exclude sources for which the
star-formation-corrected radio-luminosities values are below the
lowest L' value in the ‘ROGUE-MGS’ sample, i.e. those

with L;4 < 10 WHz !, Radio Seyferts and OPARGs are
also required to have all BPT emission lines ([O 111]15007, Hg,
[N11]26584, Ha) detected. Our final subsamples are thus com-
prised of 5974 radio Seyferts, 4825 OPIRGs, and 1958 OPARG:s,
as shown in Figs. 1 and 2a.

2.2. Impact of flux limits on subsamples

Our ROGUE-MGS parent sample is subject to both optical and
radio flux limits. The SDSS MGS consists of galaxies with r-
band Petrosian magnitudes <17.77 and r-band Petrosian half-
light surface brightnesses <24.5 magarcsec™2, with the latter
cut removing only 0.1% of the objects (Strauss et al. 2002).
Strauss et al. (2002) show that overall the MGS is ~95% com-
plete. Radio observations at 1.4 GHz have a flux limit of 1 mJy
for point sources (with synthesized beams of 5”/4 for FIRST and
45” for NVSS; see Koziel-Wierzbowska et al. 2020).

Figure 3 shows L‘f}fl, the absolute optical r-band magnitude
(M,) and the mid-infrared W3 luminosity (Lys3) versus redshift
for our parent samples and subsamples. Panels (a) to (d) of Fig. 3
make it evident that radio Seyfert galaxies are most significantly
affected by the radio flux limit, likely with some fraction of the
source population being undetected, as seen from the concentra-
tion of these sources near the lower edge of the ROGUE-MGS
points. The population of OPARGs and OPIRGs are much less
severely affected. We also note that the ROGUE-MGS parent
sample and all subsamples show the same lower envelope of
radio luminosity with redshift due to flux limits, indicating no
faint-end bias.
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Panels (e)—(h) of Fig. 3 show M, versus z. The lower enve-
lope for the parent sample is given by the SDSS optical flux limit,
while the extra M, cut in the subsamples is a consequence of the
radio flux limit. This effectively excludes r-band faint sources,
whose emission is more likely dominated by star formation
rather than AGN activity (Capetti et al. 2022; Wéjtowicz et al.
2023). We also see that OPIRGs are dominated by the brightest
galaxies in the sample at all redshifts; Seyfert galaxies are com-
prised of the faintest galaxies in the sample of radio-detected
MGS sources; and OPARGS are in between OPIRGs and Seyfert
sources. Optically faint galaxies (greater M, values) drop out at
higher redshifts due to the flux limit, while the brightest galax-
ies (M, ~ —24), though included, are intrinsically rare due to
the steep decline of the luminosity function at high luminosities
(Im et al. 1996; Ermash 2013). Panels (i) to (1) of Fig. 3 show
Lws as a function of z. Some radio Seyferts and OPARGs are
absent in those panels due to missing W3 data. However, W3
is only used to calculate Ly, for OPIRGs, which lie away from
both the lower envelope and the bright cloud of the parent MGS
distribution.

Although low radio-luminosity objects may be under-
represented, the radio-detected sources in our sample provide
good coverage at the high radio-luminosity end. This regime
matches the radio-loudness range investigated in previous stud-
ies and is most relevant for examining the radio-loudness dis-
tribution. The radio-luminosity function is expected to decline
at the faint end (logL;4 < 22 W Hz™!), which means that our
sample effectively captures the bulk of the population.

3. Discussion
3.1. No bimodality in the radio-loudness distribution

Figure 4 shows 2D histograms of logR versus log 4, together
with 1D histograms for radio loudness. Panel (a) shows the
radio loudness and the Eddington ratio for OPARG and radio
Seyfert objects only, for which bolometric luminosities are based
on photoionization models with AGN SEDs (see Sect. 2.1.3).
Panel (b) includes OPIRGS, for which bolometric luminosities
are inferred from W3 luminosities. The 2D histograms are pro-
portional to the logarithm of the number of objects in each bin.

We find no evidence of discontinuity in either the 2D or
the 1D histograms. Thus no bimodality is seen in the radio-
loudness distribution. Our subsamples cover the same radio-
loudness range at the regime where previous studies have
reported bimodality using a mixed sample of narrow- and broad-
line galaxies (logR ~ —6 to -2, corresponding to Rgx ~
1-10000), which indicates that this continuous distribution
reflects the intrinsic nature of the AGN population accreting at
lower to moderate accretion rates, in the local Universe rather
than selection effects.

3.2. Physical drivers of radio loudness in AGN

In Fig. 5 we present the distribution of the radio-loudness param-
eter as a function of the Eddington ratio for different subsam-
ples. On the right-hand side of each panel we also show the pro-
jected 1D histogram for log R for each subsample. The majority
of our sources accrete at a moderate-to-low rate (logd < -2),
within the range where radiatively inefficient accretion flows are
expected to form. However, it should be noted that radio Seyferts
and OPARGs extend up to logd < 0, i.e. into the regime that
allows for the formation of standard geometrically thin, optically
thick (Shakura—Sunyaev) accretion discs.
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Fig. 3. Total radio luminosity (a)—(d), absolute magnitude in the r band (e)—(h), and mid-infrared W3 luminosity (i)—(1) as a function of redshift.
Colours indicate the samples: radio Seyferts are in green, OPARGs in blue, and OPIRGs in red. The grey points indicate the parent samples:
ROGUE I & 11 SDSS MGS (‘ROGUE-MGS”) for the first row, SDSS MGS (‘MGS’) for the second and third rows. Numbers on the panel show
the count of objects. Subsamples are shown overplotted on the parent sample on the first three columns; parent samples plus all subsamples are

show together on the last column for comparison.

In Fig. 5a we see that the radio Seyferts and OPARG:, i.e.
the two subsamples with accretion-related luminosities robustly
derived from line emission, form a continuous distribution, char-
acterized by a general anti-correlation in the A—R plane, albeit
with a significant spread. Specifically, for a given value of the
Eddington ratio within the range —4 < logd < —1, the values
of R span about two orders of magnitude. Moreover, the radio
Seyfert and OPARG subsamples largely overlap, with the excep-
tion of a small number of OPARGs that reach the highest values
of radio loudness.

Figure 5b shows that extended sources are concentrated in
the high-R tail of the OPARG:s. In other words, radio-compact
galaxies (i.e. unresolved in NVSS and FIRST) are indistinguish-
able from radio Seyferts in the A—R plane, while only radio
galaxies with extended radio structures reach much higher val-
ues of R. Compact radio galaxies are generally excluded from
population studies, as their identification is non-trivial. Most
work therefore focuses on the ‘classical’ extended FR I and
FR 1I sources, which leads to an apparent bimodality in the
radio-loudness distribution: extended radio galaxies appear more
radio loud than radio Seyferts at a given Eddington ratio (see
e.g. Sikora et al. 2007). Our results show, however, that most
radio galaxies are compact with moderate R values, with only
a minority having extended structures and high radio loudness.

When these compact galaxies are taken into account, the appar-
ent bimodality between radio Seyferts and radio galaxies disap-
pears.

Figure 5c shows that OPIRGs, i.e. radio galaxies that lack
prominent optical signatures of central activity, have the low-
est accretion rates (logA < —3). The wider ~3 dex spread in R
for OPIRGs may arise from deriving Ly, from W3, as the AGN
power can be overestimated due the contribution from the stel-
lar populations of the galaxies to the W3 band. Considering all
three subsamples together, the Spearman correlation coefficient
between x = logR’ and y = log A’ is py, = —0.638, —0.499 for
radio Seyferts, —0.331 for OPARGs, and —0.128 for OPIRGs. To
account for the R and A shared dependence on Ly, we computed
the partial correlation coefficient p,,, controlling for z = log L; ,
(see e.g. Eq. (1) in Wild et al. 2025). For all subsamples taken
together, py,. = —0.636, —0.234 for radio Seyferts, —0.293 for
OPARGs, and —0.196 for OPIRGs. Thus the anti-correlation
between R and A remains even after accounting for the effect
of Lbol~

Figure 5d shows that, when host morphology is considered, a
stronger contrast between high- and low-R sources emerges. Spi-
ral and lenticular galaxies, predominantly hosting radio Seyferts
and some OPARGs, lie in the lower-right region (lower R, higher
A) and exhibit a clear A—R anti-correlation. Ellipticals, hosting
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Fig. 4. Two-dimensional histograms of radio loudness (R) versus Eddington ratio (1) for radio Seyfert and OPARG objects (a) and radio Seyfert,
OPARG, and OPIRG objects combined (b). Bin colours represent the logarithm of the number of objects, as indicated by the colour bars. Marginal
1D histograms of radio loudness are shown on the right-hand side of each panel. Values with and without a prime indicate Ly, derived solely from
[O11] or from a mix of [O 1] (for OPARG and Seyfert) and W3 (for OPIRG) luminosities, respectively. The number of objects is indicated in
each panel. The dashed line corresponds to the classical radio-loudness threshold of Kellermann et al. (1989), and the dotted line to the division
from Gupta et al. (2018); both are shown using our convention. No bimodality is seen in either the 1D or 2D histograms.
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Fig. 5. Scatter plots of radio loudness (R) versus Eddington ratio (1) for different subsamples: radio Seyfert and OPARG (a); radio Seyfert and
extended sources (b); radio Seyfert, OPARG, and OPIRG (c); and by optical morphology: spiral, lenticular, and elliptical (d). Extended sources are
those classified with radio morphologies FRI, FRII, FRI/IL, OI, OIL, Z, X, DD, WAT, NAT, or HT in the ROGUE catalogues. Subsample sizes are
indicated in each panel. Marginal 1D histograms of radio loudness for each subsample are shown on the right-hand side of each panel. Reference
lines and primed and unprimed quantities are as in Fig. 4.
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Fig. 6. (a) SF-corrected radio luminosity. (b) Radio loudness. (c) Bolometric luminosity versus black-hole mass. (d) Radio luminosity as a function
of bolometric luminosity. (e) Radio size (measured from FIRST) as a function of black-hole mass. All panels show radio Seyferts, OPARGs, and
OPIRGs (sample sizes in legends).

OPIRGs and most OPARGsS, instead form a broad, featureless
distribution at low A and mid-to-high R.

Figure 6 shows our subsamples in different Mpy ver-
sus luminosities or luminosity versus luminosity planes. In
panel (a) we see that Seyfert galaxies are found in sys-
tems with relatively low black-hole masses and low radio
luminosities. OPIRGs are associated with the most massive
black holes and represent the most radio-luminous objects in

our sample. OPARGs occupy an intermediate regime, typ-
ically hosting intermediate black-hole masses, while their
radio luminosities can extend up to the ranges observed in
OPIRGs.

In Fig. 6b we show R as a function of Mpy. A saturation
in radio loudness is clearly evident for Seyfert galaxies, with
OPIRGs again occupying the upper corner of the plot, char-
acterized by higher black-hole masses and higher radio lumi-
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nosities than Seyferts. However, no clear separation is observed:
OPARGs populate the intermediate region between OPIRGs and
Seyferts, which shows some indication of a correlation between
Mgy and radio loudness.

As shown in Fig. 6c¢, the bolometric accretion-related lumi-
nosities of our sources span a range of only about two orders of
magnitude. In contrast, Fig. 6d shows that for any given bolo-
metric luminosity, the corresponding radio luminosity extends
across nearly four to five orders of magnitude. The broad spread
in the data results from three distinct clouds of points corre-
sponding to radio Seyferts, OPARGs, and OPIRGs, with each
cloud concentrated at progressively higher radio luminosities.
The comparatively narrow range in bolometric output and the
wider dispersion in radio power highlight that the radio-loudness
parameter is primarily driven by variations in radio luminosity
rather than bolometric luminosity.

Here we note that the observed distributions presented in
Figs. 5 and 6 accurately reflect the actual distribution of sources
within the considered redshift range (z < 0.4), given that they
effectively captures the bulk of the studied populations, as noted
in Sect. 2.2. If the investigated sources undergo strong cosmolog-
ical evolution, these distributions may appear substantially dis-
tinct, however such evolution is not expected, as was reported in
Smolci¢ et al. (2009) and Padovani et al. (2015).

3.3. Understanding the observed scaling relations

The total power of a jet extracted via the Blandford—Znajek (BZ)
mechanism (Blandford & Znajek 1977), P, can be expressed as
a function of the dimensionless magnetic flux parameter 0 <
¢ < 1 (i.e. the magnetic flux threading the black-hole horizon,
normalized to its maximum value corresponding to the ‘magnet-
ically arrested disc’ regime), the dimensionless black-hole spin
0 < a < 1, and the mass accretion rate M. (Tchekhovskoy et al.
2011):

P; = Fa)¢* My, (D
where F(a) is a function of the black-hole spin. In Appendix A
we provide a simple derivation of this formula, along with the
explicit form of the function F(a).

Only a small fraction of this total jet power is radiated
away at radio frequencies. In the literature, various scaling
relations between P; and the observed radio luminosity L,
have been discussed (Willott et al. 1999; Cavagnolo et al. 2010;
O’Sullivan et al. 2011; Godfrey & Shabala 2016), typically con-
sistent with a simple parametrization
Pjocc Ly with 05<a<1.0, @
which we adopt in the discussion below.

Moreover, the mass accretion rate can be expressed in terms
of the Eddington parameter A. From general considerations of
accretion disc theory (Narayan et al. 1998), it follows that (see
Appendix B)

if A<,
if A2,

_ | i g
/l—{ A 3)

where iz is the mass accretion rate normalized to Eddington
units, i = Macc/MEdd with MEdd oc Mgy, and rii.; is the critical
dimensionless value separating the regime of radiatively ineffi-
cient accretion flows from standard Shakura—Sunyaev discs.

With the above considerations, the expected scaling between
the radio (jet related) and bolometric (accretion related) lumi-

nosity becomes
Va y1/2a 341/2
o RO L
[¢* Ra)]'/* Ly}

The radio-loudness parameter, R = L,/Lyo, on the other hand,
becomes

|

In Fig. 7 we show the radio luminosity as the function of BH
mass (panel a) and bolometric luminosity (panel b), and radio
loudness versus Eddington ratio (panel c). The functional form
by which the radio loudness depends on these parameters was
given by Egs. (4) and (5). In Fig. 7 we attempt to constrain the
a parameter by showing the lines corresponding to the scaling
witha = 0.5 and @ = 1.0.

The expected trends are indeed present in Figs. 7a and 7b,
with the scatter corresponding to the variation in [¢? F(a)]'/?.
However, a more robust interpretation is hampered by the fact
that our subsamples, Seyferts, OPARGs, and OPIRGs, differ in
their distributions of A and Mpy. As a result, a simple com-
parison of the observed luminosity—luminosity trends with the
expected L,—Lyo scaling alone should be considered with cau-
tion, especially as a positive luminosity—luminosity correlation
in a sample of cosmologically distant sources may not be intrin-
sic to the population but instead induced by flux limits.

In Fig. 7c we plot the radio-loudness versus Eddington ratio
for our sample. An overall anti-correlation trend is apparent,
which in fact is characteristic for the general AGN population
(also present in Sikora et al. 2007), and this favours a @ > 0.5
scaling (unless Mgy is substantially anti-correlated with A).
Indeed, a closer look at this figure favours @ ~ 1, which is
in good agreement with the @ =~ 0.9 obtained by Willott et al.
(1999), the dashed lines marking the relation expected for a = 1
and 7., = 1072, with three arbitrary normalizations differing
successively by a factor of 100. We note that the distribution of
radio loudness does not explicitly depend on black-hole mass,
given that both model parameters, the dimensionless magnetic
flux ¢ , and BH spin a are independent on Mpy. This shows that,
at fixed 4, the full observed spread in R can be explained solely
by variations in [¢?F(a)].

The implication of those relations is that, while at a higher
Eddington ratio (4 > r.,) the radio luminosity is a linear func-
tion of the bolometric luminosity, the radio loudness parameter
is expected to be flat, with the scatter resulting from the varia-
tion of the [<p2 F(a)] term. At a lower Eddington ratio (4 < r,),
this dependence becomes more complex, with radio luminosity
varying as L, « /Ly, Mgy and radio loudness being a simpler
function of Eddington ratio varying as R o 1/ VA, with the scat-
ter again resulting from the [¢? F(a)] term.

‘We now consider the expected scatter from this relation, and
whether it can account for the variations observed in our sam-
ple. Unlike the magnetic flux, the spin of a black hole can be
constrained through astrophysical observations. However, this
is only possible for a small number of objects, and the results
are subject to observational biases and strong dependence on the
method used. Current spin estimates for a limited sample tend
to favour high spin values (Soares & Nemmen 2020; Reynolds
2021), which are consistent with a unimodal spin distribution.

To infer spin information for a much larger population
of black holes, we must turn to cosmological simulations. In

for A<y,

A > gy

“

for

[90 F(a)]l/a /1(05 @)/a M(l -a)/a

[p? Fa)]V/@ Ao/ M(l Y )

for
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Fig. 7. (a) SF-corrected radio luminosity versus black-hole mass (as in Fig. 6a). Overplotted lines show L;4 o Mgy (dashed) and L, M];/I_?
(dotted line); see Eq. (4). (b) Radio luminosity as a function of bolometric luminosity (as in Fig. 6d). Overplotted lines show L4 o« Lﬁol (filled),

L1_4 oC Lbol (dashed), and L1_4 oC Lllx/)]z

(dotted line); see Eq. (4). (c) Radio loudness versus Eddington ratio (as in Fig. 5¢). Overplotted dashed lines

show, for three arbitrary normalizations, R o A7'/2 up to a critical Eddington ratio of 1 = 1072, above which R remains constant (see Eq. (5)). All
panels show radio Seyferts, OPARGs, and OPIRGs (sample sizes in legends). Lines are labelled with their respective scaling relation exponents.

HORIZON-AGN (Dubois et al. 2014), initially non-spinning
(Schwarzschild) black holes evolve through gas accretion and
mergers, which produce, by the present epoch, a continuous spin
distribution spanning a ~ 0.6—1.0 (Beckmann et al. 2024). More
recently, the NEWHORIZON simulation (Dubois et al. 2021)
investigated intermediate-mass and massive black holes, explic-
itly including spin-down from BZ feedback. Despite the simula-
tion’s limited volume, this feedback only slightly reduces spins,
leaving massive black holes mostly unaffected and preserving a
continuous overall distribution (Beckmann et al. 2025).

Taking into account both observational constraints and
numerical simulations, we conclude that spins in the range a ~
0.6—1.0 are likely to be typical for the massive black holes con-
sidered in this work. However, variations within this interval can
explain at most a factor of ~7 in the observed radio luminosi-
ties and radio loudness. The additional spread is more plausibly
attributed to differences in the magnetic flux.

To estimate the required variation in the dimensionless mag-
netic flux (¢), we note that a change in ¢ by a factor of ~4 across
a given galaxy population, combined with independent scatter in
black-hole spins within the range 0.6 < a < 1.0, would cause the
term [¢p2, F(a)] to vary by about ~2 dex. This level of variation
can account for the trends observed in the radio Seyfert sample
as well as in the bulk of the OPARG and compact-radio subsam-
ples. However, the OPARG/extended-radio and OPIRG sources
are considerably more radio loud, spanning over 4 dex in radio
loudness at a fixed A. Explaining this spread within our scaling
relations would therefore require a much larger variation in ¢
across these populations.

We further note that extended radio sources in the OPARG
and OPIRG categories are preferentially located on the upper
branch of the radio-loudness versus Eddington ratio diagram
(see Fig. 5). This suggests that long jet duty cycles characteris-
tic of these systems are necessary for galaxies to reach the most
extreme radio-loudness parameter values.

4. Conclusions

We analysed the radio-loudness distribution of a large, homoge-
neous sample of radio galaxies from the local Universe (z < 0.4)
that were selected from the SDSS MGS and present in the
ROGUE I and II catalogues. All sources, regardless of their radio
extent or luminosity, were included. By considering both com-
pact and extended systems and accounting for the contribution
of star formation to the radio emission, we inferred the relation
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between radio loudness, accretion rate, and host galaxy proper-
ties. Our subsamples of radio Seyferts, OPIRGs, and OPARGs
were primarily defined by their positions in the D, (4000) versus
Ly 4/M, plane, their Ha equivalent widths, and their positions in
the BPT diagram. Our conclusions are as follows.

— Since our sample includes compact radio sources, which
constitute the majority of radio galaxies, the distribution of
radio loudness appears smooth and definitely not bi-modal,
as found in some previous studies.

— The highest R values are almost exclusively reached by radio
galaxies with extended radio structures, such as FRI, FRII,
FRI/II, and others.

— The radio-loudness parameter R is anti-correlated with the
Eddington ratio A.

— We find a large spread in the radio-loudness parameter R val-
ues of two to three orders of magnitude at any given accretion
rate. The R scatter increases with decreasing A, especially
at the high-R tail of the distribution for both OPIRGs and
OPARGS.

— Spirals and lenticulars occupy the high-4, low-R region,
while ellipticals lie at lower A and higher R and exhibit a
larger scatter.

— Radio Seyferts, OPARGs, and OPIRGs form a sequence of
increasing Mpy with a large overlap among subsamples.
Radio Seyferts show no correlation between radio loudness
with Mgy, while OPARGs and OPIRGs show a weak trend
between Mgy and R.

— By applying theoretical models, we derived scaling relations
that relate radio luminosity and radio loudness to bolometric
(accretion-related) luminosity and black-hole mass.

— Within the framework of the derived scaling relations, the
observed spread of up to two orders of magnitude in both
radio luminosity and radio loudness can be attributed to vari-
ations in the dimensionless magnetic flux ¢ by only a factor
of ~4, under the assumption that black-hole spins are in the
range a = 0.6-1.0.
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Appendix A: Blandford-Znajek jet power

The total power of a Blandford-Znajek (BZ) jet, as formulated

in Tchekhovskoy et al. (2011), is
K ~

P~ EQZ o3, Q) (A.1)

where k =~ 0.05 is a numerical constant, the angular frequency

of the BH horizon is Q = ac/2 Ry, the dimensionless BH
spin parameter is a € [0, 1], the BH event horizon radius is
Ry = R,(1 + V1 -a?), the gravitational radius of the BH
with mass Mgy is R, = GMgy /c2, the magnetic flux thread-
ing the BH horizon is denoted by ®py, and finally the function
fQ) ~ 1+ 1.38(QR,/c)* —9.2(QAR,/c)*.

The saturation value of the magnetic flux correspond-
ing to the ‘magnetically arrested disc’ (MAD) regime
(Igumenshcheyv et al. 2003) is

Dpap = n \’MaccCRé s

where the numerical constant 17 =~ 50 and M, is the mass accre-
tion rate, one may define the dimensionless magnetic flux param-
eter

_ DsH
Dpiap

(A.2)

<1. (A.3)

From these definitions, one may re-write the BZ total jet power
as

P; ~ Fa) ¢" MuccC”, (A4)
where

K
Ra) = 2 2 f(x).

T
X = a and

20+ Vi—a?)’

f(x)=1+1.38x% —9.2x*. (A.5)

As shown in Fig. A.1, for moderate spin values, F(a = 0.5) =
0.2, increasing approximately as a®> by one order of magnitude
upto Fla=1) =2.

1F F(a) -
0.50f ~~~°- &
c -
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C L
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Fig. A.1. Spin dependence of the Blandford-Znajek jet.
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Appendix B: Accretion radiative efficiency
The radiative efficiency of accretion discs and flows is defined as
_  Lval

= — .

M. c?

(B.1)

where M, is the mass accretion rate and Ly, is the bolomet-
ric accretion disc luminosity. The consensus is that, while at
high accretion rates the disc radiative efficiency remains approx-
imately constant at a value ¢ of a few to a few tens of per-
cent (depending only weakly on the black hole spin), at lower
accretion rates, i.e. within the regime of ‘radiatively ineffi-
cient accretion flows’, the efficiency decreases approximately
linearly with the Eddington-normalized mass accretion rate
(see, e.g., Narayan et al. 1998; Sharma et al. 2007; Xie & Yuan
2012; Xie & Zdziarski 2019; Xie et al. 2023). We can therefore
parametrize

€= { Oy AL <, (B.2)
€ if > g,

where

. Macc

m= ——,

MEgaq
. L
MEddCZ = de . and
€
Lgag = 4nGMpumyc/ot . (B.3)

What remains most uncertain in this context is the exact value of
the critical accretion rate 7. In particular, while canonical gen-
eral considerations suggest 7., ~ 1072 (Narayan et al. 1998),
some numerical simulations (Sharma et al. 2007), as well as the
most recent calculations carried out in the MAD limit for the
nearby supermassive black holes M87 and Sgr A* (Xie et al.
2023), suggest that accretion discs may remain relatively effi-
cient at the few-percent level down to much lower critical mass
accretion rates than previously thought.

Note that, with the above scaling of the disc radiative effi-
ciency €, the accretion Eddington parameter is then expected to
scale as

_ Ly € {mz/mcr if A< g,

A= = . . . B.4
Leae & m it A= (B4
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