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ABSTRACT

Aims. We use the ROGUE I and II catalogues of radio sources associated with optical galaxies to revisit the characterization of radio
active galactic nuclei (AGNs) in terms of radio luminosities and properties derived from the analyses of the optical spectra of their
associated galaxies.

Methods. We propose a physically based classification of radio galaxies into ‘optically inactive’ and ‘optically active’ (OPARGs and
OPIRGS). In our sample, there are 14082 OPIRGs and 2721 OPARGs. After correcting for the Malmquist bias, we compared the
global properties of our two classes of radio galaxies and put them in the context of the global population of galaxies. To compare the
Eddington ratios of OPARGs with those of Seyferts, we devised a method to obtain the bolometric luminosities of these objects, taking
into account the contribution of young stars to the observed line emission. We provide formulae to derive bolometric luminosities from
the [O m] luminosity.

Results. We find that the distributions of radio luminosities of OPARGs and OPIRGs are undistinguishable. On average, the black
hole masses and stellar masses in OPIRGs are larger than in OPARGs. OPARGs show signs of some recent star formation. Plotting the
OPARG:S in the BPT diagram and comparing their distribution with that of the remaining galaxies, we find that there is a sub-family
of very high excitation OPARGs at the top of the AGN wing. This group is slightly displaced towards the left of the rest of the AGN
galaxies, suggesting a stronger ionizing radiation field with respect to the gas pressure.

Conclusions. Only very-high excitation radio galaxies (VHERGSs) have Eddington ratios higher than 1072, which are canonically
considered as the lower limit for the occurrence of radiative efficient accretion. If our estimates of the bolometric luminosities are
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- 1. Introduction

1

1 The first systematic studies of radio galaxies focussed on the di-
versity of radio morphologies. Fanaroff & Riley| (1974) defined
('_\! two morphological classes of extended radio galaxies. Class I
= (FR ) consisted of objects where the low-brightness regions are
-~ located further away from the galaxy, and Class II (FR II) in
which it is the high-brightness regions that are located farther
from the galaxy. Later, systematic spectroscopic studies of ra-
dio galaxies found that the spectra can also be divided into two
classes (Hine & Longair|1979), class A showing strong emission
lines such as Seyfert galaxies and class B without strong emis-
sion lines. There is no one-to-one relation between these mor-
phological and spectroscopic classes. While most FR II objects
show strong high-ionization emission lines, both FR I and FR 11
objects are found among objects without strong emission lines.

Further studies suggested that the spectra of radio galaxies
hold potential information on the accretion mode on the central
black hole. In contrast to objects with strong emission lines, later
dubbed high-excitation radio galaxies (HERGs) (Laing et al.

correct, this means than only a small proportion of mainstream HERGs are indeed radiatively efficient.

Key words. Surveys — Galaxies: active — Radio continuum: galaxies

1994; (Chiaberge et al.|[2002; |[Hardcastle et al.|[2007), objects
without strong lines — low-excitation radio galaxies (LERGs)
— are considered to have a low accretion efficiency, leading to
the entire accretion energy being channeled into jets.|[Hardcastle
et al.[(2007)) suggested that LERGs are powered by accretion of
the hot phase of the intergalactic medium, while HERGs, experi-
menting a radiative efficient accretion, require fueling from cold
gas found in the vicinity of accretion disks, a view adopted by
Kauffmann et al.|(2008) and Heckman & Bestl (2014)), for exam-
ple. However, |[Hardcastle| (2018)) argued that radiative efficiency
in radio galaxies is governed by the accretion rate on to the mas-
sive black hole and not by the type of accreted matter (i.e. hot or
cold).

While there is a consensus on the existence of two modes
(the radiative mode or quasar mode which is believed to occur in
HERGs as opposed to the jet mode or radio mode which is be-
lieved to occur in LERGs), the practical distinction between the
two categories has changed over the years. [Laing et al.| (1994)
defined HERGs as objects with [Om]/He > 0.2 and W[O m] >
3 10\, where W[Omi] is the equivalent width of the [O m]4A5007
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emission line. [Jackson & Rawlings| (1997) defined LERGs as
objects with a W[Om] smaller than 10 A or [On]/[Om] > 1
(or both). [Chiaberge et al.| (2002) defined HERGs as objects
with a W[Om] larger than 10 A and [O m]/[O m] > 0.1. Based
on the spectroscopy of 113 CR sources with redshifts smaller
than 0.3, Buttiglione et al.|(2010) constructed an excitation index
(ET) defined as log[Om]/HB—1/3(log[Nu]/Ha +log[S ] /Ha +
log[O1]/Ha). They found this parameter to be bimodal and
placed the limit for LERGs at EI < 0.95. [Best & Heckman
(2012) classified their 7302 radio active galactic nuclei (AGNs)
from the Sloan Digital Sky Survey (SDSS) main galaxy sam-
ple (Strauss et al.|[2002) in the redshift range 0.01 < z < 0.3.
Since the Buttiglione index could not be computed for many of
these objects, they applied a complex approach to distinguish
HERGs and LERGs based on a combination of available line ra-
tios. |Pracy et al.| (2016) came back to a simpler classification,
considering as HERGs those galaxies with a signal-to-noise ra-
tio (S/N) at 5007 A larger than 3 and W[O ] > 5 A, a view also
adopted by Prescott et al.|(2016) and |Ching et al.|(2017).

As a matter of fact, none of these definitions were based on a
physical criterion. Except for the definition by Buttiglione et al.|
which unfortunately is not usable for all objects, they are not
even justified by an observational dichotomy. In this paper, we
propose a simple and physical criterion to separate radio galaxies
into two groups: optically active radio galaxies (OPARGs) and
optically inactive radio galaxies (OPIRGs).

Our sample of radio galaxies is based on the ROGUE I
and ROGUE II catalogues (Koziet-Wierzbowska et al.|2020| and
2024 in preparation), which are the largest human-made cata-
logues of radio sources associated with optical galaxies. The
galaxies are from SDSS (York et al.|[2000), which allowed us
to obtain redshifts and investigate such properties as radio lumi-
nosities and morphologies, galaxy masses and ages, emission-
line properties, among others.

The paper is organized as follows. In Sect. [2] we present the
radio and optical data that were used for this study. In Sect. [3]
we explain how we separated our sample into two populations
and why. In Sect.[d] in a way similar to what has been done for
HERGS versus LERGs, we compare the populations of OPARGs
and OPIRGs. In Sect. [5 we consider the OPARGs and OPIRGs
in the general context of SDSS galaxies. In Sect. [6|we placed the
OPARG:S in the Baldwin et al.| (1981, BPT) diagram and discuss
how their positions differ from those of the bulk of SDSS galax-
ies with AGN. In Sect. [7] we estimate the radiative efficiencies
of the OPARGs and in Sect. [§] we discuss the Eddington-scaled
accretion rates of OPARGs and OPIRGS. In Sect. 0] based on
these observationally derived parameters, we investigate the ac-
cretion properties and jet launching mechanisms in the different
families of AGN-containing galaxies. Sect. [I0] presents a sum-
mary of our main findings. In an appendix we propose a method
to derive the AGN bolometric luminosities, taking into account
the contribution of star formation to the emission lines observed
in AGN galaxies. These bolometric luminosities were used to
derive the Eddington ratios.

2. Data
2.1. The original sample of radio sources in the ROGUE
catalogues

The parent samples of galaxies in the ROGUE catalogues are
the main galaxy sample (MGS, |Strauss et al.[2002) and the Red
Galaxy Sample (RGS, [Eisenstein et al.|2001) of the SDSS DR7
(York et al.|2000; |Abazajian et al.2009). Only those galaxies
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whose optical spectra are good enough (S/N in the continuum
at 4020 A of at least 10) to allow the study of stellar population
and emission line properties were retained, resulting in a sample
of 673,807 galaxies. For each of these galaxies, radio counter-
parts were searched in the FIRST (White et al.[1997)) and NVSS
(Condon et al.|[1998) radio catalogues. ROGUE I contains those
radio sources for which FIRST data present a core and counts
32,616 objects, while ROGUE II contains coreless radio sources
and counts 7,694 objects. The ROGUE catalogues contain infor-
mation on radio fluxes, radio morphologies as well as the mor-
phologies of the parent galaxies.

In this paper, we retained only those sources present in the
Main Galaxy Sample, which is a complete sample of galaxies
(excluding Type I AGNs) down to r-band Petrosian magnitudes
of 17.77. Throughout this work we consider a cosmology with
Hy=70km s~ Mpc™', Q = 0.30, and Q, = 0.70.

2.2. SDSS products

Each SDSS spectrum has been processed with the inverse stellar
population synthesis code sTarRLIGHT (Cid Fernandes et al.[2005)).
This code recovers the stellar population of a galaxy by fitting
a pixel-by-pixel model to the observed spectrum (excluding nar-
row windows where emission lines are expected). The model is a
linear combination of 150 ‘simple stellar populations’ templates
of 25 ages between 1 Myr and 18 Gyr and 6 metallicities be-
tween 0.005 and 2.5 Z; using Bruzual & Charlot (2003) evo-
lutionary stellar population models. The stellar dust attenuation
Ay is obtained adopting a (Cardelli et al.| (1989) extinction law
with Ry = 3.1 by requiring that the reddened modelled spectrum
matches the observed one. The intensities of the emission lines
were measured by Gaussian fitting after subtracting the mod-
elled stellar spectrum from the observed one. More details can
be found in |Cid Fernandes et al.| (2005). The total stellar masses
of the galaxies, M,, were obtained as in (Cid Fernandes et al.
(2005)), assuming that the mass-to-light ratios are the same out-
side and inside the fibre and scaling the stellar masses encom-
passed by the fibre by the ratio between total (from the photo-
metric database) and fibre z-band luminosities. We also make use
of some parameters related to the star-formation histories and
stellar mass growth extracted from the sTarLIGHT database (Cid
Fernandes et al.|[2009). The black-hole mass, Mgy, is estimated
from the stellar velocity dispersion determined by STARLIGHT, 0™,
using the relation by Tremaine et al.[{(2002). The mean stellar age
weighted by luminosity (z,) is obtained as explained in |Cid Fer-
nandes et al. (2005).

2.3. Radio galaxies from ROGUE | and ROGUE Il

The ROGUE catalogues do not give any clue on the origin of the
radio emission of their sources. To distinguish sources where the
radio emission is due to a radio AGN from those where it is pow-
ered by processes linked to star formation we use the D, (4000)
versus L 4/ M, (DLM) diagram, where D,(4000) is the discon-
tinuity at 4000 A taken from the synthetic spectra as explained
in |Stasinska et al.| (2006) and L; 4/ M, is the ratio between the
total luminosity at 1.4 GHz and the stellar mass obtained by
STARLIGHT. As shown by [Koziet-Wierzbowska et al.| (2021)) the
DLM digram is a very efficient stand-alone diagram to distin-
guish these two families of radio sources. We note that this di-
agram has been used by many authors in the past (e.g. ?Best
& Heckman|2012; ?), but always in conjunction with other dia-
grams. As argued by Koziet-Wierzbowska et al.[(2021), we pre-
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Fig. 1. DLM diagram for ROGUE radio sources from the MGSz sample.
Blue points are pure SF galaxies as defined by |Stasinska et al.| (2006)
on the [N m]16584/Ha versus [O m]A5007/HB plane. Red points are the
secure FR I and FR II radio sources from our sample.

fer using just one criterion, providing a simpler classification and
an easier discussion of selection effects.

Figure [I] shows the DLM diagram for the ROGUE objects
with redshifts between 0.002 and 0.4 in the MGS sample. The
lower redshift limit makes sure that luminosity distances are not
dominated by peculiar motions (e.g. Ekholm et al.[2001)), while
the upper redshift limit ensures that the He line lies in the ob-
servable wavelength range. In the following, MGSz will refer to
the MGS sample with these redshift cuts and the quality cuts de-
fined in Sect. and MGSz’ the MGSz sample excluding AGN
radio galaxies according to the DLM. Red symbols are FR I and
FR 11 radio sources, classified by visual inspection of radio maps
in the ROGUE I and II catalogues (Koziet-Wierzbowska et al.
2020), that is to say objects which are undoubtedly radio AGNss.
Blue symbols are objects whose position in the BPT diagram
([O m]/HB versus [N n]/Ha with a minimum S/N of 3 in each
line; see diagrams in Sect. [6)) indicate that they are pure star-
forming (SF) galaxies according to the |Stasinska et al.| (2006)
criterion.

Grey points are the remaining objects of our sample. The
black line is the dividing line proposed by Koziet-Wierzbowska
et al.| (2021) to separate radio-AGNs from other radio sources.
The total number of galaxies on each side of the dividing line
is indicated in grey. The numbers of pure SF galaxies on each
side of the dividing line are in blue. The numbers of FR I or FR
II galaxies on each side of the dividing line are in red. Among
1034 FR I or FR II galaxies, we can see that only 4 are misclassi-
fied as being star-forming. In total, our sample of radio-galaxies
consists of 16 803 objects.

3. Defining two spectral families of radio galaxies
3.1. Searching for dichotomies

One obvious first step is to search whether there is a clear
dichotomy in some properties of the objects to classify. Fig-
ure |2 shows histograms of the values of parameters that come
to mind: the total radio luminosities L, 4, the excitation index of
Buttiglione et al.| (2010), the equivalent width of [O mi], W[O m],
the equivalent width of Ha, W(Ha), the [O ni]/Hp ratio and the

[O m)/[O 1] ratio. For the histograms involving line ratios, a S/N
cut of 3 was adopted for each line. In each histogram we indi-
cate the number of objects that has a value for the corresponding
parameter within the range shown in the plots. The total number
of objects in our sample that can be classified using W[O m] or
W(Ha) is of course equal to 16 803, and not to the values indi-
cated on the corresponding panels, which only refer to positive
equivalent widths.

The histogram of radio luminosities is very smooth with a
conspicuous maximum and does not reveal any dichotomy at
all. The clearer cases of a dichotomy are those of the Buttiglione
et al.|(2010) index and of [O nr]/HB. However, only a small pro-
portion of objects can be classified in this way, due to S/N issues.
The [O m]/[O ] diagram shows a tail at log [O m]/[O u] larger
than about 0.2. However, this parameter also cannot be computed
for all the objects. As regards W[O m] and W(Hea), the observed
values are reliable only when they are larger than 1 A, smaller
values are equivalent to zero (and they represent the majority of
the objects). However, W[Omi] as well as W(Ha) can be used
as classifiers, since all the objects can be assigned a value, ei-
ther zero or positive. The most commonly adopted classification
of radio galaxies uses a value of W[Om] = 5 Ato distinguish
between HERGs and LERGs. However we do not see any di-
chotomy so 5 A seems an arbitrary value. We do see an extended
tail at log W[Om] larger than 1, and the objects it concerns are
likely the same as the ones with high values of [O m]/HB and
[O m]/[O n]. These objects deserve more attention (see Sect. [6).
The W(He) histogram is similar to the W[Om] histogram, but
with a less pronounced tail at log W(Ha) > 1.3. Here again no
dichotomy is seen, but we will argue in the next section why
W(Ha) is a good parameter to classify radio galaxies.

3.2. Our proposition

We want to use a simple criterion that can be equally applied to
all the objects of the sample. This is indeed the trend adopted
by most recent studies, which use W[O 1] as the main criterion.
This justifies the nomenclature HERGs and LERGs for high-and
low-excitation radio galaxies, since the definition of an object
‘excitation’ is linked to the strength of lines from highly ionized
elements (here O**).

However, it is not clear why it was the [O mi] line which
was first adopted to make the distinction between two classes
of galaxies. May be because it was the most prominent emis-
sion line in optical spectra. In later studies, the two families
of radio galaxies were interpreted in terms of Eddington ratio
(Kauffmann & Heckman!| 2009 Best & Heckman|2012)) which
was computed using the luminosity of the [O m] line. However,
as already pointed out in |[Netzer| (2009)), |[Koziet-Wierzbowska &
Stasinskal (2011) and |Sikora et al.| (2013)), the bolometric lumi-
nosity of AGNs should a priori be more directly linked to Ly,
than to Ljou, even if Ha is not the strongest optical line in the
spectrum. There are two reasons for this. First, from recombi-
nation theory the intensity of Ha is directly proportional to that
of the hydrogen Lyman « line, which is 8 times stronger and is
generally the most intense line emitted by a photoionized object.
This argues for Ha being a good indicator of the total energy
emitted in the lines. Second, Ha measures exactly the total num-
ber of ionizing photons absorbed by the gas, irrespective of the
nebula excitation (see however Sec. [7.1])]

! For type IT AGNs in SDSS, the He and [N n]116548, 6584 lines may
overlap, but their peaks are typically well separated. The deblending is
handled by fitting simple Gaussian profiles to the Ha and [N 1] lines.
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Fig. 2. Histograms of several properties of ROGUE AGN radio sources: L4, the excitation index as defined by |Buttiglione et al.| (2010),
log W[O ], log W(Ha), log [Om]/HB, and log [O m]/[Ou]. The number of objects for which these properties can be defined is indicated at

the top right (see text).
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Fig. 3. Relation between log W[Om] and log W(Ha). Objets with
W(Ha) smaller than 3 A are in red, those with W[Om] larger than 5
A are in dark blue.

Another, completely different reason to use Ha, is that the
presence of hot low-mass evolved stars (HOLMES) in retired
galaxies (galaxies which have stopped forming stars; |Stasinska
et al.|2008) can also produce weak emission lines not at all re-
lated to the AGN phenomenon. From a stellar population analy-
sis of SDSS galaxies, |Cid Fernandes et al.| (201 1)) showed that in
galaxies having emission lines with W(Ha) < 3 A the ionization
is produced by HOLMES and not by weak AGNs (previously
called LINERs for low-ionization nuclear emission-line regions,
Heckman|[1980). In Appendix [A] we use integrated field unit ob-
servations from the Mapping Nearby Galaxies at Apache Point
Observatory (MaNGA) project (Bundy et al.|2015) to estimate
the proportion of galaxies with W(Ha) < 3 A that host a very
weak AGN. We find that it is very small.

Therefore, we decided to divide our sample of radio galax-
ies in two classes as follows: ‘optically inactive radio galax-
ies” (OPIRGs)’| where either no emission lines are seen at all
or where W(Ha) < 3 A, and ‘optically active radio galaxies’
(OPARGS) where W(Ha) > 3 A. While this division reminds of
the LERG/HERG classification, it has nothing to do a priori with
excitation.

Figure [3|shows W(Ha) versus W[O mi] for our sample of ra-
dio galaxies. OPIRGs are represented by red points. Objects with
W[Om] > 5 A are represented by dark blue points. In our sam-
ple, there are 14082 OPIRGs and 2721 OPARGs. Note that the
number of HERGs by the condition W[O ] > 5 A (the points
in dark blue) would have been only of 804 in our sample.

2 Our OPIRGs remind XBONGs (X-ray bright, optically normal
galaxies) or ‘optically dull AGNs’ discovered from X-ray surveys (e.g.
Trump et al.|2009; Smith et al.[2014; |Agostino et al.[2023).
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Fig. 4. Excitation ratio [O m]/[O 1] as a function of W(Hea) (left) and
W[O m] (right). Only objects with a S/N of at least of 3 have been plot-
ted. Dark blue is for OPARGs. Cyan is for ‘active’ galaxies from the
MGSz sample according to the |Stasinska et al.|(2006) line (see text).

3.3. Relation with excitation

Figure E| shows the values of [O m]/[O u], which is a proper
measure of excitation, as a function of W(Ha) (left) and W[O 1]
(right). The dark blue points are our OPARGs. The points in
cyan represent optically active galaxies from the MGSz sam-
ple according to the |Stasinska et al.| (2006) dividing line in the
[O m]/HB versus [N n]/Ha plane (with a minimum S/N of 3 in
those emission lines). From the right panel, we see that, not sur-
prisingly, W[O mi] is strongly correlated with [O mr]/[O 1], so that
W[Om] is indeed linked to excitation. On the other hand, the
[O m]/[O u] versus W(Ha) diagram shows two branches, one of
higher excitation, the other of lower excitation. The proportion
of high-excitation radio galaxies at a given W(Ha) is larger than
that of active galaxies that do not emit in radio. We also note
that the radio galaxies reach higher equivalent widths than ac-
tive galaxies that do not emit in radio. We will come back to this
later.

4. The populations of OPARGs and OPIRGs

It is customary to compare the main characteristics of HERGs
and LERGs (e.g.Heckman & Best|2014)). Here we will compare
the properties of OPARGs and OPIRGs. For a meaningful com-
parison, one has first to take into account the fact that the limiting
magnitudes of the MGS are 14.5 < m, < 17.77 (Strauss et al.
2002) and the radio flux limit is 1 mJy (Koziet-Wierzbowskal
et al.|2020). If the two populations differ in luminosities the com-
parison results may be biased. Therefore, it is first necessary to
apply a completeness correction.
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Fig. 5. Histograms of the distributions of various parameters in the OPARG and OPIRG samples: the radio luminosity L 4, the total stellar mass
M, the black hole mass Mgy, the galaxy concentration index CI, the galaxy flatness parameter b/a, the stellar extinction Ay, and the mean stellar
age, t;.. OPARGs are shown in blue and OPIRGs in red; darker lines represent density histograms with the completeness correction, and lighter
lines represent density histograms without it. The segments at the top of each panel show the 16 to 84 percentiles of each distribution, with the dot

marking the median.
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Fig. 6. Median, 16, and 84 percentiles of the distributions (corrected for completeness) of OPARGs and OPIRGs, for the same parameters as in

Fig. @ OPARGS are in blue, and OPIRGs are in red.
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Fig. 7. Median, 16, and 84 percentiles of the distributions (corrected for completeness) of HERGs and LERGs, for the same parameters as in
Fig. @ HERG:ES are in purple, and LERGs are in orange.

optical magnitude limit. Physical properties are thus compared
in terms of their volume densities, that is, weighted by 1/Vpx
(Schmidt/[1968}; |Condon|[1989)).

4.1. Completeness correction

For each galaxy we define the comoving volume Vi« (m,, F1.4)
in which a galaxy can be observed in both the optical and radio
catalogues as Vinax = Vout — Vin. Vour 1s the outermost volume
in which a galaxy may be observed given both the optical mag-
nitude and the radio flux limits, whereas Vi, is the innermost
volume in which a galaxy may be observed due to the brightest
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4.2. Comparing the two populations

Figure[5|shows the histograms of the distributions of various pa-
rameters of interest. In the first row we have L, 4, M, and Mgy.
In the second row we have parameters linked to the optical prop-
erties of our galaxies: The absolute magnitude in the » band, M,,
the galaxy concentration index, C1, and the major-to-minor axis
ratio, b/a, being equal to 1 for a spherical object. The third row
shows the values of the 4000-A break D, (4000), the dust atten-
uation Ay and the log of the mean stellar age 7,. All the pa-
rameters except the radio luminosity have been derived from the
STARLIGHT analysis of the galaxy spectra. OPARGs are shown in
blue and OPIRGs in red; darker and lighter lines represent den-
sity histograms with and without the completeness correction re-
spectively. The horizontal segments at the top show the 25 to 75
percentile range of each distribution, with the dot marking the
median.

Figure [6] represents the results of Fig. [5 with the complete-
ness correction in a compact form. It compares properties of
OPARGs and OPIRGs by plotting their 16, 50 and 84 per-
centiles. OPARGs are represented in blue, OPIRGs in red. The
properties that are reported are the same as in Fig. [5] Figure
is the same as Fig. [ but for HERGs and LERGs using the
W[Om] =5 A criterion.

The absolute magnitudes M, indicate that, on average,
OPIRGs have higher optical luminosities than OPARGs, which
justifies the use of Vi« to compare the two populations.

Surprisingly, the radio luminosity distributions of OPARGs
and OPIRGs are very similar. Actually, the same happens be-
tween HERGs and LERGs using the definitions of [Laing et al.
(1994) and Pracy et al.| (2016). This is at odds with the view of
Heckman & Best (2014) who state in their Fig. 4 that high ex-
citation radio galaxies have high radio luminosities while low-
excitation radio galaxies have moderate radio luminosities.

On the other hand, the stellar masses and black hole masses
are larger for OPIRGs than for OPARGsS, and larger for LERGs
than for HERGs, in agreement with the common view.

Significant differences are also found for the spectral discon-
tinuity, D, (4000) (which decreases with increasing mean stellar
age) and for the mean stellar age: OPARGS contain young stel-
lar populations, while the mean stellar age of OPIRGs lies in a
narrow range between 10°7> and 10°°? yr. A large difference be-
tween OPARGs and OPIRGs (and between HERGs and LERGs)
is also seen in the stellar extinction, which is much larger in
OPARG:S, indicating the presence of dust (and gas). Thus, while
OPIRGs are galaxies without any sign of recent star formation,
OPARGs may be presently forming stars, or at least star for-
mation has stopped recently. This is well in agreement with the
finding of other groups (Janssen et al.|[2012; Best & Heckman
2012) using different approaches.

5. OPARGs and OPIRGs in the general context of
SDSS galaxies

Since we have a complete sample of radio galaxies extracted
from a complete sample of SDSS galaxies, it is interesting to
put everything in context. Figure[§|show a histogram of the vari-
ous types of galaxies that form the MGSz sample. The left panel
shows the histogram of observed galaxies, and the right panel
shows the histograms after the correction for completeness ex-
plained in Sect. The galaxies have been divided into cate-
gories using the WHAN diagram (Cid Fernandes et al.|2011)) in
the simplified following way: .
— Pure SF galaxies: log[Nu]/Ha < —0.4 and Wy, > 3 A;
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Fig. 8. Histograms of the distributions of SF galaxies (light blue), AGN
hosts (green), retired galaxies (orange), and radio galaxies (black) in the
MGSz sample. The horizontal segments show the 16 to 84 percentiles of
each distribution, with the dot marking the median. Left: without Vi,
correction; right: with V.« correction. Percentages show the proportion

of each subsample after applying the completeness correction.
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Fig. 9. Same as Fig. but with ordinates in logarithmic scale. The sam-

ple of radio galaxies has been divided into OPIRGs (red) and OPARGs
(dark blue).
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— AGN hosts: log[Nu]/Ha > -0.4 and Wy, > 3 A;

— Retired galaxies: Wy, <3 A,
retired galaxies being galaxies that stopped forming stars but
may have emission lines excited by HOLMES.

We can see that when the histograms are corrected for in-
completeness, the proportion of SF galaxies is much larger, due
to the fact that, being less massive they are also less luminous
in the r band. However, the figure ignores many dwarf galax-
ies, especially dwarf elliptical galaxies, which are too faint to
be detected by the SDSS. The figure shows also the well-known
fact that SF galaxies are on average less massive than galaxies
with an optically active AGN which in turn are less massive, on
average, than retired galaxies (Cid Fernandes et al.|2011). How-
ever, there is an important overlap between these families, espe-
cially between galaxies with an optically active AGN and retired
galaxies. Radio galaxies are only found among the most massive
galaxies, with a median stellar mass of log M, /Mg = 11.47 and
16 and 84 percentiles at 11.18 and 11.72 (or, with the complete-
ness correction, a median of log M, /Mg = 11.17 and 16 and 84
percentiles at 10.75 and 11.48). In total, they represent 1% of the
total population of galaxies after correction for the Malmquist
bias.

Figure[9]is similar to Fig.[§]but the ordinates are now in log-
arithm, so that one can see the details of the population of radio
galaxies, which represent only a small portion of a total sam-
ple of galaxies. This figure shows that OPIRGs cover the upper
stellar-mass range of retired galaxies, while OPARGs cover the
upper stellar-mass range of galaxies hosting optical AGNs. The
percentages after completeness correction show that OPIRGs are
three times more abundant than OPARGs.
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Fig. 10. BPT diagram for all the MGSz galaxies with an S/N of at least
3 in all the relevant lines. Left: pure SF galaxies are in blue, galaxies
containing an AGN are in green; retired galaxies are in orange. Right:
blue points represent OPARGS, superimposed on the remaining MGSz’
galaxies (in cyan).

6. OPARGs in the BPT diagram

The [O m]/HB vs [N u]/He diagram, so-called BPT after Bald-
win et al.| (1981)) is a very popular diagnostic diagram allowing
to distinguish pure SF galaxies from the rest (galaxies containing
AGNSs and retired galaxies)ﬂ The left panel of Figure [10[shows
all the MGSz galaxies (including the radio galaxies) within red-
shifts 0.002 and 0.4 and signal-to-noise (S/N) ratio larger than
3 in all the relevant lines. Blue points represent pure SF galax-
ies, green points represent galaxies containing an AGN, and red
points represent retired galaxies as defined in Sect. 5] In the
following, for convenience, we will refer to these galaxies con-
taining an AGN as Seyferts (including ‘true LINERSs’ and radio
galaxies).

The right panel of Figure [T0] shows the BPT diagram with
OPARGs having S/N larger than 3 in all the relevant lines as blue
points, superimposed on all the galaxies from the MGSz’ sample
(i.e. all the MGSz excluding the AGN radio galaxies) with same
S/N limitations in cyan. In both panels, the curve in black is the
line proposed by [Stasifiska et al.| (2006) to delimitate pure SF
galaxies from the rest. Two families of OPARGs can be distin-
guished, the higher excitation one being slightly dislocated to the
left with respect to the main stream of SDSS galaxies containing
an AGN.

In order to get some clue of the properties of these high ex-
citation OPARGs, in Fig. [TT] we plot again the galaxies in the
BPT diagram, but now colour-coding the points according to
the values of various parameters. From top to bottom: W(He),
log Ly, corrected for extinction, log [O mi]/[Ou] corrected for
reddening, He n/HB, log [O1]/Ha and the galaxy masses M,.
The left panels represent all the MGSz objects complying with
the above restrictions on S/N, while the right panels represent
only the OPARGs from this sample.

Clearly, those high excitation OPARGS have also the largest
Ha equivalent widths and luminosities of all radio galaxies, and
even of Seyfert galaxies in general, and the largest [O m]/[O u]
ratios. They also belong to the class of objects with large
He n/Hp ratios. These properties argue for a harder ionizing ra-
diation field and a larger ionization parameter (ratio of radiation
pressure and gas pressure). These objects do not have prominent
[O 1] lines, which excludes the existence of of a large warm neu-
tral zone produced by X-ray photons. The bottom panel shows

3 It was originally used to distinguish SF galaxies from galaxies con-
taining AGNs and ‘LINERSs’, but as shown by |Stasiniska et al.| (2008));
Yan & Blanton|(2012) not all the galaxies in the right branch contain an
AGN.
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Fig. 11. BPT diagram for the whole MGSz’ sample (left) and for
OPARGs (right). Colour-coding is done with respect to specific pa-
rameters. From top to bottom: W(Ha), Ly, (corrected for extinction),
[O m)/[O u] (dereddened), He n/HB, [O 1]/Ha, and M,.

that these objects do not have anything special regarding their
stellar masses. Nor did we find any specificity of these objects
regarding their radio morphologies or black hole masses.
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Fig. 12. Simple proxies for Ly, for Seyfert galaxies. Left: Lig,y cor-
rected for extinction; right: Ljo,; without extinction correction. The
thick black line represents our regressions as given by Eq. [T](left panel)
and Eq. [] (right panel) considering all 77071 Seyferts with Ly, and
Liowm values (some which are not drawn on the panels above due to the
[O 1] selection cut). In the left panel the red line represents the relation
of |Kauffmann & Heckman|(2009)), while in the right panel it represents
the relation from |Heckman et al. (2004). The blue line in the right panel
represents the relation of [Spinoglio et al.| (2024) for Seyfert 2 galaxies.
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Fig. 13. Simple proxies for Ly, for OPARGS. Left: Lo,y corrected for
extinction; right: Loy without extinction correction. The black, red and
blue lines have the same meaning as in Fig.[T2]

7. The Eddington ratios of OPARGs and of radio
quiet AGNs

7.1. Bolometric luminosities

One of the basic parameters describing AGNs are their bolomet-
ric luminosities, Ly, that is to say the total power of the radi-
ation emitted by the active nucleus. In Type II AGNs, such as
considered in this paper, the radiation coming directly from the
AGN is obscured by the dusty torus, and one has to use proxies.
Heckman & Best| (2014) propose a list of possible proxies. The
only ones accessible for all the AGNs of our sample are those
based on optical data. The most popular is the luminosity in the
[O m] line, Ljo ). [Kauffmann & Heckman| (2009) and [Heckman
& Best] (2014) adopted a bolometric correction of 600 for the
extinction-corrected Lo, luminosity for all their objects. [Net-
zer| (2009)), [Koziel-Wierzbowska & Stasinskal (2011)) and |Sikora
et al. (2013) argued for a use of Ly, rather than L;g ), since the
intensity of [O m1] depends on the ionization state of the gas.

In Appendix |B| we estimate the bolometric correction using
AGN photoionization models and taking into account the contri-
bution of H 1 regions to the observed emission-line intensities.
The models have as an input the spectral energy distributions
used by [Ferland et al| (2020) which are based on the observed
continua of unobscured Type I AGN in the optical and X-rays
(Jin et al[2012] [2018).

The photoionization models assume a covering factor of 1.
Estimates of the covering factor can be obtained from high spec-
tral resolution maps (Capetti et al.|2005; Baldi et al.|2019) or
by comparing the thermal infrared emission to the primary AGN
radiation (Maiolino et al.[|2007; |Toba et al.|2021)). While previ-
ous studies suggested that in some AGNs the covering factor de-
pends on the AGN luminosity (e.g.Maiolino et al.|2007} [Netzer
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Fig. 14. Eddington ratio histograms for non-radio Seyferts (left),
OPARGs (middle), and VHERG (right). The horizontal segments
on top of the histograms indicate the values of the (16,50, 84)
percentiles. These are (—2.73,-2.20,—1.61) for non-radio Seyferts,
(-3.71,-3.02,-2.02) for the OPARGs, and (-2.46,—1.84,—1.30) for
VHERGS.

et al.|2016)), Stalevski et al.| (2016) find that the covering factor
depends more weakly on the luminosity than previously thought,
with values in range 0.6—0.7. In the following we adopt a cover-
ing factor of 0.65. So we adopt Ly = Lgiﬁd/ 0.65, where L"d is
the bolometric luminosity of the AGN derived in Appendix

It turns out, which was not obvious from start, that there is
a very strong correlation between the extinction-corrected Loy
and Ly as shown by the left panel of Fig. @] s0 Lo can indeed
be used as a proxy for Ly, . The regression line is plotted with a
thick black line. Its equation is:

10g Lo = (0.8844 £ 0.0011) log LI, - + (3.0703 + 0.0076). (1)

The figure also shows the relation from |Kauffmann & Heckman
2009): Ly = 600L?6m]. It can be seen that their expression
gives much larger values of the bolometric luminosity than our
procedure.

In case where the emission lines cannot be corrected for ex-
tinction, one can also use the observed values of Ljoy as a proxy
for Ly . In this case the uncertainty is larger, but is still quite ac-
ceptable. The results are shown in the right panel of Fig.[I2] The
regression line, plotted with a thick black line, is now:

log Ly = (0.7715 £ 0.0023) log Lio ) + (4.3839 £ 0.0145). (2)

The relation of Heckman et al (2004) linking the bolomet-
ric luminosity to the uncorrected luminosity in [O mi], Ly, =
3500L;0 ), is plotted in red, while the one derived by Spinoglio
et al.|(2024) is plotted in blue. Our estimation falls between those
two estimates!

If interested only in radio galaxies, the same expressions can
be used as for AGN galaxies in general, as shown in Fig.[T3]

Of course, when both [O m] HB and [N u]/He are available,
it is better to compute Ly, using the expression Ly = Lg:)‘;d/ 0.65,
with ngﬁd as derived in the Appendix.

The main uncertainties in our determination of the bolomet-
ric luminosities lie in the covering factor of the ionizing source
by the emission-line gas, the dust-to gas ratio and in the reliabil-
ity of the adopted SED at high energies.

7.2. Eddington ratios

An important parameter quantifying the level of activity of an
AGN is its Eddington ratio, 4, defined as the total radiative power
divided by the Eddington luminosity, Lg4q4, of the accreting black
hole. In practice, we use the expressions 4 = Lyo/Lgqa and
Leaa = 1.3 x 103 Mgy, where Ly is in watts and Mgy in so-
lar masses.

Figure [I4]shows histograms of the Eddington ratios for non-
radio Seyferts (left), OPARGs (middle) and VHERGsS (see defi-
nition below).
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Fig. 15. Eddington ratio versus black hole mass, colour-coded by the
values of M, . Left panel: OPARGs; right panel: Seyferts.
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Fig. 16. Eddington-scaled accretion-rate histograms for OPIRGs (left),
OPARGs (middle), and VHERGs (right). The horizontal segments on
top of the histograms indicate the values of the (16, 50, 84) percentiles.
These are (—3.47,-2.97, —2.41) for the OPIRGs, (-3.10,-2.48, —1.67)

for the OPARGsS, and (-2.16,—-1.61, —1.13) for the VHERGs.

T

We see that the Eddington ratios of the OPARGs are dis-
played over a very wide range, going as far down as 107>, The
(16, 50, 84) percentiles are (—3.71, —3.02, —2.02). Restricting the
sample of radio galaxies to objects with W[O m] larger than 5 A
(i.e. those corresponding to the canonical definition of HERGs),
these percentiles are (—2.96,-2.19,—1.51). This is at odds with
the common view that HERGs have Eddington ratios larger than
0.01 (Buttiglione et al.|2010; |Padovani et al.|2015} [Heckman &
Best|2014). We have checked that the fact that our sample is
much larger than theirs and includes radio galaxies with radio
fluxes down to 1 mly is not the explanation for this difference.
Actually, the difference stems mainly from our different estimate
of the bolometric luminosities. Seyferts also exhibit a wide range
of Eddington ratios. Note that our Seyferts do include ‘true’ LIN-
ERs, but not ‘fake’ AGNss, that is, galaxies ionized by their old
stellar populations (Cid Fernandes et al.[2010).

Almost all radio galaxies with Eddington ratios A larger
than 0.01 are at the top right of the BPT diagram as can be
seen in Fig. They correspond to the objects with the high-
est [O m]/[O u] ratios, prominent He 1 lines, and the highest
values of Ly, and of W(Ha) that were discussed in Sect. [6]
Maybe only those objects should be called ‘high excitation ra-
dio galaxies’ or, better, ‘very high excitation radio galaxies’:
VHERGs? In the following we call VHERGs objects for which
log [Om]/HB > 0.8. Note that these objects constitute the upper
branch of the [O m]/[O 1] versus W(Ha) diagram in Fig. [Z_f]

A recent study by |Aggarwal (2024) based on the Koztowski
(2017) catalogue analysed 132,000 objects with redshifts up to
2.5. He finds that at any redshift above 0.7-0.8 there is a clear de-
pendence between the Eddington ratio and the black hole mass.
In Fig. we show the values of A as a function of Mgy for
our sample of OPARGs (left) and our sample of Seyfert galaxies
(right). However, note that the anti-correlation that we see might
be driven by the fact that Mgy appears in both ordinates.
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Fig. 17. BPT diagram for the AGNs according to the [Stasifiska et al.
(2006) line from the MGSz’ (left), and for OPARGs (right). Colour-
coding is done with respect to the Eddington ratio.
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Fig. 18. BPT diagram for OPARGs. Colour-coding is done with respect
to the Eddington-scaled accretion rate.

8. The Eddington-scaled accretion rates of OPARGs
and OPIRGs

Another parameter of importance is the Eddington-scaled accre-
tion rate (Jester| 2005} [Best & Heckman||[2012; Williams et al.
2018 Hardcastle & Croston [2020; [Bald1 et al. [2021; Whit-
tam et al.|2022), which is the ratio of the total energetic out-
put of the black hole and the Eddington luminosity. The total
energetic output is the sum of the radiative luminosity and of
the jet mechanical luminosity. For the jet mechanical luminos-
ity we adopt the same expression as used by [Best & Heckman
(2012) and introduced by (Cavagnolo et al.| (2010): Lyech= 7.3
x 10% (L;4/10?*)%7 where L4 is in W Hz ! and Lyeq in
watts. The Eddington-scaled accretion rate A is thus given’| by
A = (Lvol + Lmech)/LEdd-

Figure [I8] shows that our VHERGs are among the objects
with the largest values of the Eddington-scaled accretion rates.

Best & Heckman| (2012) find that HERGs typically have
Eddington-scaled accretion rates between 0.01 and 0.1, whereas
LERGs predominantly accrete at a lower rate. Our results for
OPARGs differ from theirs for HERGs because, as can be seen
in Fig. [I3] our estimates of bolometric luminosities give lower
values than theirs, and also because our definition of OPARGs
includes objects with lower emission-line equivalent widths than
their HERGs. Figure [T6] shows the distributions of A for the
OPIRGs (red), for the OPARGs (blue), and for the VHERGs
(navy blue). As in the case of Eddington ratios, the histograms
for A overlap significantly. Most OPIRGs have A values smaller
than 0.01; however, a lot of OPARGsS, and even of the classical
HERGs, also have A values smaller than 0.01.

In the following, rather than using the Eddington-scaled ac-
cretion rate we will use the the Eddington-scaled mechanical rate
mechanical power Luecn/Lgad. Figure[I9)presents the histograms
of their distributions for OPIRGs, OPARGs and VHERGs.

4 For OPIRGs we assume that the bolometric luminosity of the AGN
is zero, even if W(Ha) is not null.
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9. Theoretical considerations

In this section we use the results on Eddington ratios and
Eddington-scaled mechanical energies obtained for Seyferts,
OPIRGs, OPARGs and VHERGsS (see Table E]) to pin down the
accretion properties and jet launching mechanisms in these ob-
jects.

9.1. Generalities on accretion flows

When one attempts to describe the accretion regimes in AGNs
one should keep in mind that the observed output, either radia-
tive or mechanical, is actually a fraction of the energy of the
underlying accretion flow. The bolometric luminosity Ly, asso-
ciated with the disk radiative output and the mechanical lumi-
nosity Lmech associated with the formation of jets are thus given
by the formula:

Loutput =c? Moutput M s 3)

where ‘output’ stands either for ‘bol’ or for ‘mech’, c is the speed
of light in the vacuum, M denotes the rate at which matter is
inflowing into the disk, and n should be understood as the ef-
ficiency of converting the gravitational energy of accretion into
the energetic of the specific output. As we will show in following
subsections these efficiencies are highly model-dependent.

We will adopt the standard convention that the radiative effi-
ciency of the disk at the Eddington limit is 77gqq = 0.1.

Thus the mass accretion rate scaled by the Eddington accre-
tion rate can be written:

M _ 0.1 Loulput (4)

Mgag  Mouput LEdd

1

9.1.1. High accretion rates (7 > 1072)

In this case, also called cold accretion, accretion occurs through
the standard geometrically thin and optically thick disk model,
the Shakura-Sunyaev disk (SSD; |Shakura & Sunyaev||1973).
Part of the gravitational energy of the disk is transformed into
thermal energy and is radiated from its surface. Since the disk is
optically thick it is in complete thermodynamic equilibrium. It
emits a multi-component black-body spectrum, and most of the
energy is radiated in the UV and optical bands. The average ra-
diative efficiency for a non-rotating black hole is 7;,g ~ 6% (?).
If the black hole has a non-zero spin the radiation efficiency is
larger, the maximum efficiency being 17;,4 ~ 30% (Thorne|1974).

Some modifications of this model are possible, for instance
when the magnetic field becomes dynamically dominant and the
thin disk accretes in a magnetically arrested disk (MAD) regime.
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Then the accumulated poloidal magnetic field disrupts the accre-
tion flow reducing its kinetic energy and breaking the flow into
magnetically confined blobs or streams (?). As a result the radia-
tive efficiency of the thin disk can be modified, but still remain-
ing similar to the values for the non-magnetized thin disk model
(Narayan et al.|2003)). It does not reach the maximum values ob-
tained by [Thorne| (1974)).

9.1.2. Low accretion rates (i < 1072)

In this case, also called hot accretion, the density of the disk is
too low for efficient radiation to occur and advection becomes
the dominant cooling mechanism. This case known as radia-
tively inefficient accretion flow (RIAF) was first introduced in ?
who proposed a two-temperature accretion disk model to explain
the X-ray spectrum of Cyg X-1. The idea was later expanded in
Narayan & Yi| (1994, [1995) and is known as advection domi-
nated accretion flow (ADAF).

The radiation processes in ADAF are synchrotron emis-
sion and bremsstrahlung, modified by Comptonization (Yuan &
Narayan|2014).

The ADAF solution in its classical form (when all the matter
is eventually accreted onto a black hole) is unstable and simula-
tions show that outflows are inevitable. Blandford & Begelman
(1999) proposed a power-law scaling for the mass accretion rate
M, that takes mass loss into account:

) . RY
M(R) = Mgy (R_s) , (5)

where Ry is the Schwarzschild radius, Mgy is the mass accretion
rate at Rg, and s is the ‘mass-loss’ index, Observations indicate
that s can vary from ~ 0.5 to ~ 1 as estimated with various
methods (Baganoftf et al.[2003; Marrone et al.|2007; Wang et al.
2013;Wong et al |[2011} |[Kuo et al.[2014)).

At moderate accretion rates (rin ~ 0.01) the efficiency re-
mains the same as in a standard thin disk (7 = 0.1). However,
when riz < 0.01 the radiative efficiency of the accretion flows
drops quickly and is roughly given by (see e.g. Narayan & Mc-
Clintock|2008)):

M

M 6
O.OIMEdd ( )

n~0.1

Keeping in mind our considerations from the beginning of this
section one can obtain the relation between s and A for 4 < 0.01:

i~ 0.1 VA (7

There are actually three regimes of ADAF (see [Yuan &
Narayan/|2014)).

For the highest accretion rates (7iz ~ 1072—107%), radiation
losses dominate and the radiative efficiency decreases rapidly
with decreasing accretion rate. This solution is known as lumi-
nous hot accretion flow (LHAF). The radiative efficiencies be-
come comparable to those estimated for a geometrically thin
disk, although the gas remains hot due to compressional heat-
ing.

At lower accretion rates the electrons can efficiently radiate
their viscous energy as well as the small amount of energy gained
through collisions with ions. However, because the Coulomb
collisions are inefficient, the system is advection dominated. The
radiative efficiency is still high and can be of the order of one to
a few percent.
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Table 1. (16, 50, 84) percentiles of the distributions of Eddington-scaled radiative, total and mechanical output, and mechanical-to-radiative lumi-

nosity ratio for our subsamples.

Lmech / LEdd Lmech / Lbol

A A
NR-Seyferts (-2.73,-2.20,-1.61) -
OPIRGs - (=3.47,-2.97,
OPARGs (=3.71,-3.02,-2.02) (-3.10,-2.48,-1.67)
VHERGs (-2.46,-1.84,-1.30) (-2.16,-1.61,—1.13)

—241) (=3.47,-2.97,-2.41)

(~0.99,0.13,0.86)
(~1.08,-0.71,0.42)

(-3.31,-2.76,-2.03)
(-2.97,-2.39,-1.63)

At the lowest accretion rate (i < 10™%) even electrons can-
not efficiently radiate and are advection-dominated. The system
is truly radiatively inefficient and this regime is called electron
ADAF (eADAF). It is characteristic of the dimmest accretion
systems.

9.1.3. Intermediate accretion rates

The transition from radiatively efficient to inefficient flow is not
abrupt and both regimes can coexist in the same disk. The region
in which the ADAF solution dominates is a function of the radius
and mass accretion rate. This transition however is hardly probed
in general relativistic magnetohydrodynamical (GRMHD) sim-
ulations. It is expected that the ADAF model at moderately high
accretion rates (r1 < 0.01) will form in the inner region of the
accretion disk, while the geometrically thin and optically thick
solution is still possible in the outer zone of the disk (Esin et al.
1997 |[Narayan et al.[ 1996, |1998; [Yuan & Narayan|2014). Obvi-
ously the extent of the ADAF solution increases with decreasing
accretion rates.

The weak gravitational bonding of the gas in the thick ac-
cretion flow can easily produce outflows. Several variants of the
ADAF solution are found. One of them is the adiabatic inflow-
outflow solution (ADIOS). The presence of outflow/winds will
only further decrease the radiative efficiency of the disk.

9.2. Generalities on jets

Just as we discussed in Sect. [0.1] considering the bolometric lu-
minosity, the mechanical jet luminosity is proportional to its pro-
duction efficiency and the mass accretion rate (Eq.[3). However,
unlike the case of radiative efficiency which is strictly related
to the disk internal physics, the jet efficiency can span several
orders of magnitude depending on the way the jet energy is ex-
tracted and it can even exceed the available accretion energy.

Jets are considered to be powered by two types of processes.
Blandford & Znajek|(1977) proposed a process where the energy
is extracted from a spinning black hole in the presence of a large-
scale poloidal magnetic field attached to the black hole horizon.
In the [Blandford & Paynel(1982) process, the jet is strictly pow-
ered by the differential rotation between the accretion disk and
the poloidal magnetic field attached to the disk.

9.2.1. Jet production of thin disks

The jet production efficiency in the standard thin disk model is
expected to be low but can be elevated if the disk is subject to
magnetically driven winds/jets (Li & Cao[2012;|Li & Begelman
2014). If a sufficiently strong poloidal magnetic field is accumu-
lated in the inner region of the disk then for a maximally spinning
black hole the jet production efficiency can reach npech ~ 10%.
However this would result in a decrease of the disk luminosity
by more than two orders of magnitude (Li/[2014)) since part of
the energy is lost in outflows. If the magnetic field is moderately

high the disk radiative efficiency will be unaffected while 7pech
would become of the order of 3—10%.

9.2.2. Jet production of thick disks

Nemmen & Tchekhovskoy| (2015) showed that, in a sample of
nearby low luminosity AGNs, the median jet efficiency Mmech
based on the ADAF model is of the order of a few percent. How-
ever, they note that accretion rates estimated under the ADAF
model should be considered as upper limits since this model does
not take outflows into account. Consequently the kinetic efficien-
cies computed under ADAF are lower limits.

Using Eq.[5]they then computed the median kinetic efficiency
with the ADIOS model as a function of the mass loss index s and
find

Tmeen = 2.8 - 10% %, (8)
When computed in the framework of the ADIOS model the jet
production efficiencies in these low luminosity AGNs are in the
range 100-1000%. This by far exceeds the maximum values ob-
tained in GRMHD simulations for maximally spinning black
holes accreting in the MAD regime (Tchekhovskoy et al.|2011}
McKinney et al.|2012).

9.3. The nature of our different classes of galaxies
containing AGNs

The theoretical considerations in the preceding subsections were
based on the important parameters 7z and L. These quanti-
ties are however not available directly from the observations, so
to infer the accretion and jet production mechanisms in the ob-
jects studied in this paper, we use the values of A and Eddington-
scaled mechanical energies as proxies.

9.3.1. OPIRGs

The OPIRGS in our sample are thought to accrete at a radia-
tively inefficient regime. If we adopt the ADAF model, the
observed range of values of the Eddington-scaled mechanical
power Lpyech/Lgaa (see Table E]) with an average jet efficiency
of 3% imply that 7 lies in the range 1073-1072.

Such range of values is unlikely, as high radiative efficiency
of the ADAF model in this regime would produce the spectrum
able to excite the gas in the vicinity of the AGN and emission
lines would be seen. This is however not the case in OPIRGs
which do not show any optical AGN signatures. If the accretion
is described by the ADIOS model, jets have typical efficiencies
Mmech > 100% (going as high as gmech ~ 1000%). If we assume
such values for our sample of OPIRGs and given the range of
values of Lyecn/Lgqg shown in Table m the values of m range
from ~ 107 to ~ 107 .

Thus the OPIRGs emission is fully consistent with a radia-
tively inefficient flow. Based on our previous considerations we
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Fig. 20. Mechanical to bolometric luminosity ratio as a function of
the Eddington ratio colour-coded by [O mi]/HB for OPARGs (left) and
VHERG:S (right).

can claim that the emission of OPIRGs is fully consistent with
the model of truly radiatively inefficient radiation flow (i.e. elec-
tron ADAF).

9.3.2. OPARGs

From the observed range of A in Table 1 we can calculate the
mass accretion rate using the simplified formula derived for
ADAF and given by Eq. [7]] We find that the 16-84 percentiles
for 7z would be 107285-107291, According to our considerations
in Sect.[9.1.2] such values correspond to the ADAF model in the
LHAF regime for 7z > 1072 and to the classical ADAF regime
(i.e. intermediate between LHAF and e ADAF) for the majority
of OPARGs which have lower values of riz. We note that at such
accretion rates the outer thin disk still can exist and the expected
radiative efficiency will be increased. The resulting mass accre-
tion rate can be slightly lower than the values reported here. The
corresponding radiative efficiencies estimated from Eq. [6]in this
mass accretion rate range are in the 1-10% range.

In the left panel of Fig.[20] we plot the values of the mechani-
cal to bolometric luminosity ratio as a function of the Eddington
ratio colour-coded by [Om]/HB. This corresponds to the ratio
of the mechanical to the radiative efficiency (see Eq.[3). Objects
of lower excitation have a larger mechanical to radiative output
ratio. We note that the mechanical luminosities should be under-
stood as an average over the total jet launching phase. On the
other hand the bolometric luminosities, estimated from optical
lines, correspond to the present phase of accretion. Thus a large
scatter in Fig. [20|is observed. In general, if the Eddington ratio
increases, the mechanical output decreases with respect to the
radiative output but some exceptions are possible (e.g. if the Ed-
dington ratio was elevated in a recent accretion event).

We see that OPARGs at 1 < 1072 have mechanical efficien-
cies comparable to their radiative efficiencies or higher, up to an
order of magnitude larger for smallest value of A, where 7,,4 is
of the order of one to a few percent. This considerations yields
mechanical efficiencies of up to 10%.

9.3.3. VHERGs

From the observed range of A in Table[I]for the subpopulation of
OPARG:s that we called VHERGsS and assuming 1 = 10%, Eq. 4]
leads to a range for 7 of 10724°-107!3% and a median value of
10784, This is compatible with thin disk accretion for the ma-
jority of VHERGsS. For those with 4 < 1072, the model would
be ADAF in the central parts and SSD in the outer parts of the
accretion disk. The right panel of Fig. [20]shows that most of the
VHERGs produce very inefficient outflows with mechanical ef-
ficiencies at most comparable to their disk radiative efficiencies.
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Fig. 21. Classification of OPARGs (left) and OPIRGs (left) into radio
morphological types according to the ROGUE I and II catalogues. FRI
stands for [Fanaroff & Riley| (1974, FR) type I, FRII for FR type II, FR
for FR types I, II and I/, ext for all extended types (FR, OI, OII, Z,
X, DD, WAT, NAT and HT), C for compact, and E for elongated (see
Koziet-Wierzbowska et al.[2020|for details on the radio morphologies).
‘Possible’ classifications are in a darker colour to contrast with ‘secure’
classifications.

9.3.4. Non-radio Seyferts

As seen in Table [T| most Seyferts that are not radio-AGN have
Eddington-scaled accretion rates in the range 107>74-107161,
Thus from Sect. [0.1.1] the accretion mode is that of a thin disk,
except possibly an ADAF mode in the central parts for the ob-
jects with the lowest Eddington ratios. We note that the distribu-
tion of Eddington ratios of non-radio Seyferts peaks at a higher
value (logd = —2.20) than that of OPARGs (logd = —3.02).
This could be due to a selection effect. Seyfert galaxies having
high accretion rates are expected to have very low jet produc-
tion efficiency and thus may stay undetected in flux-limited ra-
dio surveys. In addition, being mostly spiral galaxies, Seyferts
generally lack the poloidal component of the magnetic field to
form outflows efficiently so the accretion energy is mainly re-
leased by radiation, which is a further reason for them to remain
undetected in radio.

9.3.5. Final comments

To sum up our findings, Table [2] shows the estimated mass ac-
cretion rates 1, radiative efficiencies of the accretion flow 7,4,
and the mechanical efficiencies 77yecn, for OPARGs and OPIRGs.
OPARGsy corresponds to mass accretion rates estimated as-
suming a mechanical efficiency 7., ® 100%, and OPARGs g
corresponds to mass accretion rates estimated assuming a me-
chanical efficiency npmecn = 1000%. Our interpretation of the
nature of the flows in OPIRGs and OPARGs is well in agree-
ment with the observed contrast in the distributions for radio
morphologies for OPIRGs and OPARGs. In Fig. 21] it is found
that 16% of the OPIRGs are associated with extended radio mor-
phologies (which are mostly of FR I and FR II types) while this
fraction drops to 7.4% for OPARGs. Moreover we note that, due
to the fact that the mechanical power represents an average of
jet production efficiencies over time, this mechanism may be not
related to current episodes of activity, especially for the most ex-
tended radio galaxies. This could explain why we observe pow-
erful radio galaxies in sources with extremely high values of A.
We postulate that the increase of radiative efficiency in those
sources can be due to a recent episode of increased accretion
rate.

One of the the results of our comparison of OPIRGs and
OPARG s in Sect. ] was that the distributions of their radio lu-
minosities are almost identical (see Figs. [5] and [6). We believe
that the explanation lies in the fact that on average OPARGs
have mass accretion rates two orders of magnitude higher than
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Fig. 22. 2D histograms of energy outputs versus black hole mass for the different categories of AGN galaxies. The two leftmost panels show (a) the
mechanical energy output for OPARG and (b) the radiative energy output for OPARGs. The three rightmost panels show the total energy output
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the median (solid line), the 16 and 84 percentiles (dashed lines) and 1 and 99 percentiles (dotted lines) as a function of black hole mass.

Table 2. Estimated values of 1, 1,44, and 7., for OPARGs and
OPIRGs.

T Mrad Tlmech

OPARGs 1072%-1072%T 1-10% 1-10%
OPIRGs;oyp 1074471073 <« 1% 100%
OPIRGS 00 107347-10~441 < 1% 1000%

OPIRGs but mechanical efficiencies two orders of magnitude
lower so that the two effects roughly compensate (see Table [2)).

As a final glimpse on radio and non-radio AGNSs in the
SDSS, we show in Fig. 22] the values of the total energy out-
put of the AGNs as a function of black hole mass in the form
of 2D histograms. These plots illustrate the fact that the energy
output is only mildly dependent on the black hole mass in radio
galaxies, especially in OPARG:s. It also shows that, for overlap-
ping black hole masses, radio galaxies have higher total energy
output than non-radio Seyferts.

10. Summary

We used the ROGUE I and II catalogues (Koziet-Wierzbowska
et al|2020| and 2024 in preparation), the largest human-made
catalogues of radio sources associated with optical galaxies, to
revisit the characterization of radio AGNs. We focussed on their
radio luminosities and on properties derived from the analyses
of the SDSS spectra of their associated galaxies.

In order to deal with a complete sample, for this work we
selected only the objects pertaining to the SDSS MGS sample,
which is virtually complete down to a magnitude m, of 17.77.
We also applied the redshift limits 0.002, so that luminosity dis-
tances are reliable, and 0.4, to ensure that the Ha line lies in the
observable wavelength range.

The ROGUE catalogues make no claim about the origin of
the radio emission. To extract the radio AGNs, we used the
D, (4000) versus Li4/M, diagram, which has been shown to
classify all the sources of our starting sample with a very high
reliability (Koziet-Wierzbowska et al.[2021)).

Our final sample contains 16803 radio AGNs. This is much
larger than the sample of Best & Heckman| (2012)), which is the
basis of many statistical studies on radio galaxies, and which
contains only 7302 radio AGNs. This large difference comes
mainly from the fact that in the ROGUE catalogues, the cross-
matching goes down to a flux density level of 1 mJy, while in
Best & Heckman)|it goes down to 5 mJy only.

In view of the fact that there is no full agreement on the way
to separate radio galaxies into LERGs and HERGs, and that the
criteria are not physically based, we propose another classifica-
tion, based on the equivalent width of Ha, W(He). It has been

shown by |Cid Fernandes et al.| (2010} [2011)) that, statistically,
SDSS galaxies that have a W(Ha) smaller than 3 A are not ion-
ized by an AGN but by their own population of HOLMES. We
thus call those radio galaxies that have a W(Ha) < 3 A ‘optically
inactive’. The remaining ones are called ‘optically active’ radio
galaxies (OPARGs as opposed to OPIRGS). In our sample, there
are 14082 OPIRGs and 2721 OPARG:s.

We then compared the global properties of OPIRGs and
OPARG:s. For this we had to correct for the selection effects due
to the fact that the SDSS spectroscopic catalogue is magnitude-
limited.

We find that the distributions of radio luminosities L;4 of
OPARGs and OPIRGs are virtually undistinguishable. The same
actually also occurs for HERGS and LERGs in our sample, while
Heckman & Best| (2014) consider HERGs to have higher radio
luminosities than LERGs. On average, the black hole masses of
OPIRGs are larger than those of OPARGs and so are the val-
ues of the total stellar masses M,. The spectral discontinuity,
D, (4000), the mean stellar age, and stellar extinction, Ay, all
suggest that OPARGs experience some level of star formation.
This interpretation is in line with that of previous studies on
HERGs and LERGs, even if HERGs constitute only a small sub-
population of OPARGs. This argues in favour of our OPIRG-
OPARG classification, based on physical arguments.

We find that, as regards to stellar masses, OPARGs can be
viewed as the extension of radio galaxies towards higher masses
of Seyferts, and OPIRGs as the extension of retired galaxies. The
proportion of radio galaxies in the total MGSz sample is 1%.

Plotting the OPARGs in the BPT diagram, we compared
their distribution with that of the remaining galaxies. We find
that there is a sub-family of very high excitation radio galaxies
(which we called VHERGS) at the top of the AGN wing. This
group is slightly displaced towards the left of the rest of the AGN
galaxies, suggesting a higher ionization parameter, meaning a
stronger ionizing radiation field with respect to the gas pressure.

To compare the Eddington ratios of OPARGs with those of
Seyferts, we first devised a method to obtain the bolometric lu-
minosities of these objects from the data at hand. This method,
which uses the observed Ha luminosity and the position of the
objects in the BPT diagram, is extensively described in Ap-
pendix [B] It takes into account the contribution of young stars
to the observed line emission. It turns out that, contrary to previ-
ous claims, the resulting bolometric luminosity is very strongly
correlated with the luminosity in the [O m] line (the correla-
tion being almost perfect if the [O mi] luminosity has been cor-
rected for extinction). We provide formulae to derive bolometric
luminosities from Lo . They differ significantly from formu-
lae proposed by other groups on different grounds. For exam-
ple, our bolometric luminosities are smaller than those estimated
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by [Heckman et al.| (2004) and larger than those estimated by
Spinoglio et al.|(2024)) for Seyfert 2 galaxies. Because of this dis-
crepancy, we find lower Eddington ratios and Eddington-scaled
accretion rates than those found, for example, by [Heckman &
Best| (2014)) for radio galaxies.

We find that only a small group of VHERGs have Edding-
ton ratios and Eddington-scaled accretion rates higher than 1072,
which is canonically considered as the lower limit for the oc-
currence of radiative efficient accretion (Heckman & Best]|2014;
Netzer| 2015} [Padovani et al.|2017). If our estimates of the bolo-
metric luminosities are correct, this means than only a small pro-
portion of mainstream HERGs are indeed radiatively efficient.

From theoretical considerations on accretion mechanisms in
AGNs, we suggest that in OPARGs, with their moderate to high
accretion rates, the accretion disk is emitting with a thermal
spectrum possibly modulated with the spectrum of an advection-
dominated accretion flow and this produces observable emission
lines. In VHERGS, which constitute the high-excitation extreme
of the OPARG population, the accretion occurs with very low
mechanical efficiencies, but high radiative efficiencies. OPIRGs,
on the other hand, are characterized by extremely low radiative
efficiency but very high mechanical efficiency, consistent with
the existence of truly radiatively inefficient radiation flows.
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Appendix A: Fraction of low W(Ha) galaxies with an
active nucleus

Among galaxies with W(Ha) < 3 A there may be objects where
the Ha emission is not due to HOLMES but to a weak AGN. In
order to quantify this effect, we have selected galaxies from the
MaNGA Data Release 15 (Aguado et al.[2019) in the same way
as |Vale Asari et al.| (2019, see their Sect. 2.3). MaNGA cubes,
with an average resolution of ~ 1kpc, allow us to see whether
there is a peak in W(He) in the nucleus of a galaxy, which can
be attributed to an weak AGN.

From a parent sample of 3 236 objects, we have selected all
1411 objects with integrated W(Ha) < 3A (i.e. stacking all
spaxels in the MaNGA data cube). We have then searched for
a peak in W(Ha) near the nuclear region by looking at both their
SDSS optical images and W(Ha) maps. We have found evidence
of a weak AGN in 55 galaxies, which correspond to 4% of the
W(Ha) < 3 A sample. Figureshows an example of a galaxy
with no evidence of an increase in W(He) in its nucleus (top),
and of another galaxy with an increase in W(He) in its nucleus
(bottom), suggesting that the latter hosts a weak AGN. The frac-
tion of galaxies with signs of a weak AGN increases as W(Ha)
approaches the 3 A threshold.

Appendix B: Estimating the bolometric correction
for AGN from their optical spectra

B.1. AGN photoionization models

We have run AGN models using Cloudy version 17.02 (Ferland
et al.|2017). We constructed a grid of models using all the SEDs
(low, mid, high and highest) from Ferland et al.|(2020) based on
Jin et al.| (2012) and Jin et al.| (2018]). Models are run for differ-
ent values of oxygen abundance (O/H) and ionization parameter,
which is defined by

U= (B.1)

log Wita [A] log Yia [Le kpe™?
0.6 0.7 3 4 5 6

0.5
EET T e "

9048,3701

log a [Lo kpe 2]
3 4 5 6

05 06 07
EET T BT

Fig. A.1. Examples of MaNGA galaxies with integrated W(He) < 3 A.
Panels from the left to the right show the SDSS optical image, the
MaNGA W(Ha) map, and the MaNGA Ha surface density map. The
galaxy at the top is an example of an object with globally low W(Ha),
whereas the galaxy at the bottom shows a peak in W(He) in its nucleus
suggesting a weak AGN.

SDSS image

950141901
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where Oy is the rate of ionizing photons emitted by the source
per second, r is the distance from the source to the nebula, ny
is the volumetric density of hydrogen atoms in the nebula, and
c is the speed of light. In the following, we detail our model
parameters.

— We adopt the following values for the ionization parameter:
logU = -2.0,-2.5,-3.0,-3.5 and —4.0. We choose three
values for the oxygen abundance, 12 + logO/H = 8.60,
8.80 and 9.02, which roughly correspond to a sub-solar, so-
lar and super-solar value after considering oxygen depletion
onto dust grains.

— We consider all elements that have solar abundances greater
than log X/H = —8 and we adopt the |Asplund et al.| (2009)
solar photosphere abundances. All element abundances are
varied in lockstep with oxygen, except for carbon and he-
lium, for which we adopt the prescriptions from |Dopita et al.
(2013), and nitrogen, for which we use the ‘NHlow’ relation
between O/H and N/O from |[Zhu et al.|(2023)).

— We assume an open plane-parallel geometry, a filling factor
of one, and a constant density of 10> cm™3 (as in|Netzer|2009;
see also|Dors et al.[2020, 2023 [Binette et al.[2024]).

— We have run all sets of models with and without dust. Dust
is added following the same procedure as in Stasinska et al.
(2015), which is based on the works of [Rémy-Ruyer et al.
(2014) and Draine] (2011)). Note that [Stasinska et al.| (2015)),
Vale Asari et al.| (2016) and this work all adopt the broken
power-law XCO,z case of Rémy-Ruyer et al.|2014} not the
MW case as had been stated in the former paper.

— For models with dust, we also adopt depletion factors from
Dopita et al.|(2013).

Figure shows the incident and transmitted SEDs for
solar-abundance models for both the dusty and dust-free case.
All panels are in linear and logarithmic scale. It is important to
realize that not all photons with energies larger than 13.6 eV are
absorbed. As a matter of fact none of the photons with energies
above 1 KeV are absorbed. This means that the reliability of our
estimation of Lﬁ)‘id relies very strongly on the choice of the in-
put SED. This is why we chose observed SEDs, and not SEDs
derived from theoretical models.

Figure B.2] shows the bolometric-to-He luminosity ratio,
L™/ Ly, for all SEDs for models with and without dust. L
is calculated directly from the input SEDs; Ly, is proportional to
the absorption of Lyman-photons and comes from Cloudy mod-

els. Note that, for the dust-free models, the values of LE‘O‘;" /Lyq
do not depend on U, and range from log Lg:ﬁd/LH(, =1.8t022,
depending of the SED. On the other hand, in dusty models, the
values of L{)‘:)‘id /Ly, depend strongly on U, being higher for larger
values of U because in that case dust grains dominate neutral
atoms for the absorption of the ionizing radiation.

B.2. Hu region photoionization models

Our aim is to compute Ly, for AGNs using their dust-corrected
Ly,. There are other sources in a galaxy that can ionize the gas
and emit Ha. In this work, we consider that objects falling on the
‘AGN wing’ on the [N n]/He versus [O m]/HB diagram (the BPT
diagram) have a mixture of AGN and H 1 region emission. Thus
we have created H 1 region models considering a Starburst9q§]
(Leitherer et al.|[1999) SED for a 4 Myr continuous star forma-
tion with a |Salpeter| (1955) initial mass function with masses

6 https://www.stsci.edu/science/starburst99/docs/
default.htm
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Fig. B.1. Incident (blue) and transmitted (orange) SEDs for the dusty models. From left to right, we show the low, mid, high and highest SEDs
(see text for details). Each SED is shown twice, with the ordinate both in linear (top) and logarithmic (bottom) scales. Numbers at the bottom right
are the values of log U for each model. Models for log U = —2.5 and —3.5 are not shown.

ranging from 0.1 to 120 Mg, ‘Geneva 1994’ tracks with high
mass-loss rates and Pauldrach-Hillier atmospheres. Our grid of
H 1 region models covers the same range in O/H and U as the
AGN model grid. We have chosen a solar-metallicity stellar pop-
ulation. Nebular geometry, element abundances and depletion
onto dust are treated in exactly the same manner as in the dusty
AGN models. The nebular density is taken to be 10 cm™3. The
criterion to stop the model calculations is when the electronic
temperature reaches 200 K.

B.3. Mixing AGN and H 1t region models
We mix AGN and H 1 region models varying the proportion of

Ha luminosity coming from the AGN, parametrized by

L(HQ)AGN _ L(Ha,)AGN
L(Ha)ASN + L(Ha)i "~ L(Ha)©

n= (B.2)

For the AGN models, we consider here only the dusty ones.
The presence of dust in the narrow-line regions of AGNs is a
highly discussed matter (e.g. |[Laor & Draine||[1993; Netzer &
Laor) 1993} INagao et al.[|2006; |(Groves et al.|2004; Huang et al.
2023 |Zhu et al.|2023). While there have been arguments against
the presence of dust inside the narrow-line region of AGNs, the
strongest ones seem in favour of its presence.

Figure [B:3] shows the loci of our mixing lines in the BPT
diagram, overplotted on points representing the galaxies from
the MGSz sample (in cyan) and those representing our OPARG
sample (in blue). We have selected only models for the low and
mid SEDs and with solar and super-solar abundances. We mix
H n and AGN models that have the same values of O/H. Since
there is no reason for the AGN and H 1 region to have the same
ionization parameter, we mix AGNs with all values of U with
H 1 regions which fall near the bottom of the H 1 region wing,
which in practice meant selecting logU = -3.5 and -3.0 for
the H u region models. In each panel of Figure we show
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Fig. B.2. Model bolometric luminosity to He luminosity ratio as a func-
tion of the ionization parameter U. The four panels show the results for
all the SEDs considered here (low, mid, high and highest). Dusty mod-
els are plotted in red, and dust-free models in blue. Solid lines connect

solar metallicity models, and dashed lines super-solar metallicity mod-
els.

mixing lines radiating from a single H 1 region model of a given
O/H and U, connecting it to AGN models of the same O/H and
the full range of Us. Points along the mixing lines mark n =
20,40, 60, 80 and 100% and are colour-coded by the values of
7S L

Each one of the eight panels in Fig. [B.3] defines a surface
for n7 and for meo‘id/LHa on the BPT plane. We have then fitted
a two-dimensional polynomial to represent all those surfaces at
the same time. The top panels of Figs. [B.4] and show all
the points considered and the resulting fitted surface for  and
ngd/LHa, respectively. The bottom panels show the percentage
errors of the fitting as a function of the fitted value. The fit-
ting was done using the ZunZun website, developed by James
R. Phillips, and now maintained athttp://findcurves.com/.
We see that the errors in the fitting for log L%/ Ly, are less than

bol
10% in the majority of cases, but can be laroge for low values of

The fitted coefficients for 7 as a function of x = log [N ] /Ha
and y = log [O m]/Hp are

n =0.5616 + 1.1472x — 0.0382y — 0.0850x> + 0.0078y>
+2.3762x° +0.3105y* — 0.0539xy + 2.4653x%y

+0.1437xy%. (B.3)

Figure [B.6] shows how 5 varies on the BPT plane. It is worth
noting that on the Kewley et al.| (2001) demarcation line there
are models with 5 varying from 15 to 75%, as had already been
remarked by |Stasinska et al.| (2006). The [Kewley et al.| (2001)
line was originally meant to be a ‘maximum starburst line’; we
now know that the evolutionary tracks and stellar atmospheres
then available yielded an ionizing field that was too hard (see
Vazquez & Leitherer|2005)). Calling objects above the [Kewley
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et al. (2001) ‘pure AGNSs’, as is still routinely done in the lit-
erature, is a misnomer given that the AGN contribution to the
total Ha emission may be as low as 20%, in agreement with the
findings of [Thomas et al.|(2018).

The fitted coefficients for log L‘b‘gid /Ly, as a function of x =
log [Nu]/Ha and y = log [O m]/HS are

log L™/ Ly, = 1.8279 + 0.9598x + 0.1025y — 0.5880x
+0.1639y? + 1.5134x> + 0.1410y* — 0.6535xy
+1.2002x%y — 0.0656xy>. (B.4)

Panel (a) of Fig. shows the resulting ng{d/LHa for our sample

mod

on the BPT plane. We only compute L;3¢/Ly, for objects above
the [Kauffmann et al.| (2003)) line, since objects below it are dom-
inated by star formation and the correction is highly uncertain.
Panel (b) shows Lg:)‘;d for the same objects; note how objects at
the top of the wing are special, just like highlighted in Sect. [f]
We remind the models have been run for a covering fraction of 1,
but, as explained in Sect. we recommend taking the covering

fraction 0.65, so that Ly = L"$?/0.65.

B.4. The impact of HOLMES

In determining the bolometric luminosity, we have supposed
that the energy emitted in the emission lines comes only from
H 1 regions and the AGN and that nothing comes from ion-
ization by HOLMES. In objects having values of W(Ha) just
slightly above 3A, this may not be entirely true. However it is
difficult to estimate the proportion of HOLMES without a ded-
icated stellar population analysis for each object. But the effect
should not be much different from what we computed above,
since, if HOLMES contribute to the emission lines, the values
of [O m]/HB and [N n]/Ha to be used are not the observed ones
but values discounting the effect of HOLMES, which would lead
to higher values of the bolometric correction to apply to the Ho
luminosity. However, the He luminosity to which the correction
should be applied is the observed Ha luminosity after correction
for extinction and for the contribution of the HOLMES. The final
result is that HOLMES do not strongly affect the determination
of the bolometric luminosity.
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Fig. B.3. BPT showing the mixing lines (solid grey lines) between AGN and H 1 region models. Each panel is for a single H i region mixed
with AGN models of a given SED (indicated on the top left) spanning all values of U from our grid of models. Points on the mixing lines mark
n = 20,40, 60, 80 and 100% and are colour-coded by the values of L{J‘:}‘id/LH(,. Background points in cyan are galaxies from the MGSz sample and

in blue are OPARGS galaxies; curves in black are the [Stasifiska et al.| (2006), Kauffmann et al.| (2003) and [Kewley et al.| (2001)) lines.
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Fig. B.4. Results from Zunzun fitting of 7. Left: surface plot for the
ZunZun fitting of n; X data represents log [Nu]/He, Y data represent
log [Om]/HB, Z data represents 7. Right: percentage error in the fitting
as a function of 7.
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Fig. B.6. Values of 7 calculated for our MGSz sample using the results
for the surface interpolation of all model mixing lines. Curves in black
are the[Stasinska et al.| (2006), Kauffmann et al.| (2003)) and[Kewley et al.
lines.
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