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ABSTRACT

We carry out a systematic study of the X-ray emission from theactive nuclei of the 0.02<
z < 0.7 2Jy sample, usingChandraandXMM-Newtonobservations. We combine our results
with those from mid-IR, optical emission line and radio observations, and add them to those
of the 3CRR sources. We show that the low-excitation objectsin our samples show signs of
radiatively inefficient accretion. We study the effect of the jet-related emission on the various
luminosities, confirming that it is the main source of soft X-ray emission for our sources. We
also find strong correlations between the accretion-related luminosities, and identify several
sources whose optical classification is incompatible with their accretion properties. We derive
the bolometric and jet kinetic luminosities for the samplesand find a difference in the total
Eddington rate between the low and high-excitation populations, with the former peaking
at ∼ 1 per cent and the latter at∼ 20 per cent Eddington. Our results are consistent with
a simple Eddington switch when the effects of environment on radio luminosity and black
hole mass calculations are considered. The apparent independence of jet kinetic power and
radiative luminosity in the high-excitation population inour plots supports a model in which
jet production and radiatively efficient accretion are not strongly correlated in high-excitation
objects, though they have a common underlying mechanism.

Key words: galaxies: active – X-rays: galaxies –

1 INTRODUCTION

Our knowledge of active galactic nuclei (AGN), their observational
properties and underlying mechanisms has vastly increasedover
the last few decades. We now know that these objects are powered
through gas accretion onto some of the most supermassive black
holes that sit in the centres of most galaxies (e.g. Magorrian et al.
1998). Radio-loud objects are particularly important to our under-
standing of AGN, since, despite the fact that they constitute only a
small fraction of the overall population, it is during this phase that
the impact of the AGN on their surrounding environment (through
the production of jets and large-scale outflows and shocks) can
be most directly be observed and measured (e.g. Kraft et al. 2003;
Cattaneo et al. 2009; Croston et al. 2011). Moreover, radio galax-
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ies make up over 30 per cent of the massive galaxy population,
and it is likely that all massive galaxies go through a radio-loud
phase, as the activity is expected to be cyclical (e.g. Best et al.
2005; Saikia & Jamrozy 2009).

It is now commonly accepted that the dominant fuelling mech-
anism for radio-quiet objects is the accretion of cold gas onto the
black hole from a radiatively efficient, geometrically thin, opti-
cally thick accretion disk (Shakura & Sunyaev 1973). However,
this may not be the case for radio-loud objects. Hine & Longair
(1979) noticed the existence of a population of radio-loud objects
which lacked the high-excitation optical emission lines tradition-
ally associated with AGN. These so-called low-excitation or weak-
line radio galaxies (LERGs or WLRGs) cannot be unified with
the rest of the AGN population (high excitation galaxies in gen-
eral, or HEGs, and radio galaxies in particular, or HERGs), since
their differences are not merely observational or caused by ori-
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entation or obscuration. It has been argued that LERGs accrete
hot gas (see e.g. Hardcastle et al. 2007b; Janssen et al. 2012) in
a radiatively inefficient manner, through optically thin, geomet-
rically thick accretion flows (RIAF, see e.g Narayan & Yi 1995;
Quataert 2003). These objects thus lack the traditional accretion
structures (disk and torus) commonly associated with active nu-
clei (see e.g. van der Wolk et al. 2010; Fernández-Ontiveros et al.
2012; Mason et al. 2012), and seem to be channeling most of the
gravitational energy into the jets, rather than radiative output. This
makes them very faint and hard to detect with any non-radio se-
lected surveys.

Current models (e.g. Bower et al. 2006; Croton et al. 2006)
suggest that the radiatively efficient process may be dominant at
high redshifts, and to be related to the scaling relation between
black hole mass and host galaxy’s bulge mass (e.g. Silk & Rees
1998; Heckman et al. 2004). Radiatively efficient accretion may
also be the mode involved in the apparent correlation (and de-
lay) between episodes of star-formation and AGN activity inthe
host galaxies (e.g Hopkins 2012; Ramos Almeida et al. 2013).Ra-
diatively inefficient accretion is believed to be more common at
low redshifts (Hardcastle et al. 2007b), and to play a crucial role
in the balance between gas cooling and heating, both in the host
galaxy and in cluster environments (McNamara & Nulsen 2007;
Antognini et al. 2012). These two types of accretion are often
called ‘quasar mode’ and ‘radio mode’, which is somewhat mis-
leading, given that there are radiatively efficient AGN with jets and
radio lobes. This change of a predominant accretion mode with
redshift is applicable primarily to the largest galaxies and most
massive supermassive black holes (SMBH), since smaller systems
evolve differently.

As pointed out by e.g. Laing et al. (1994);
Blundell & Rawlings (2001); Rector & Stocke (2001);
Chiaberge et al. (2002); Hardcastle et al. (2009), it is important to
note that the high/low-excitation division does not directly corre-
late with the FRI-FRII categories established by Fanaroff & Riley
(1974), as is often thought. While most low-excitation objects
seem to be FRI, there is a population of bona-fide FRII LERGs,
as well as numerous examples of FRI HERGs (e.g Laing et al.
1994). This lack of a clear division is most likely caused by the
complex underlying relation between fuelling, jet generation and
environmental interaction. There seems to be a evidence fora
difference in the Eddington rate between both populations (see
e.g. Hardcastle et al. 2007b; Lin et al. 2010; Ho 2009; Evans et al.
2011; Plotkin et al. 2012; Best & Heckman 2012; Russell et al.
2012; Mason et al. 2012), with LERGs typically accreting at
much lower rates (< 0.1 Eddington) than HERGs. Estimating
the jet kinetic power is also complicated, given that the radio
luminosity of a source depends on the environmental density
(Hardcastle & Krause 2013; Ineson et al. 2013) and given the ap-
parent difference in the particle content and/or energy distribution
for typical FRI and FRII jets and lobes (see e.g. Croston et al.
2008; Godfrey & Shabala 2013).

In terms of their optical classification, HERGs are further
split into quasars (QSOs), broad-line radio galaxies (BLRGs), and
narrow-line radio galaxies (NLRGs), in consistency with the uni-
fied models, and in parallel with their radio-quiet counterparts
(respectivelly, radio-quiet quasars, type 1 and type 2 radio-quiet
AGN). We will use the optical classification for HERGs through-
out this work.

In this paper we analyse the X-ray emission from the 2Jy
sample of radio galaxies (Wall & Peacock 1985), with an approach
based on that of Hardcastle et al. (2006, 2009) used on the 3CRR

galaxies. X-ray emission is less ambiguous than other wavelengths
for an analysis of a sample such as the 2Jy, which contains a variety
of populations, in that, at these high luminosities, and in the nuclear
regions we are considering, it is unequivocally linked to AGN ac-
tivity. To fully understand the characteristics of this AGNactivity,
however, a multiwavelength approach is needed.

From works like those of Hardcastle et al. (2006, 2009),
we do know that LERGs follow the correlation of narrow-
line galaxies (NLRGs) between soft X-ray and radio emission
(Hardcastle & Worrall 1999), reinforcing the hypothesis that in
radio-loud objects this X-ray component originates in the jet. One
of the crucial points we aim to investigate in this paper is the dis-
similarity between the NLRG and LERG populations.

Our aim is to study the correlations between the luminosities
of the sources at different wavelengths, to link the emission pro-
duced in regions at various distances from the central blackhole:
from the disk and corona to the torus, the jet and the lobes. Indo-
ing so, we will investigate how accretion translates into radiative
and kinetic output across the whole radio-loud population.

While many of the sources in the 3CRR catalogue have been
observed in great detail, the multiwavelength coverage is not uni-
form, and the sample is not statistically complete in the X-rays,
being more complete for redshifts<0.5. The observations of the
2Jy sample, however, were taken with the explicit purpose ofpro-
viding comparable measurements for all the objects in the sample.
This consistency provides us with the opportunity to test whether
the conclusions reached by Hardcastle et al. can be extrapolated to
all radio-loud AGN or are related to the biased redshift distribution
of the 3CRR sources.

Although it is well known that some of the physical mecha-
nisms involved in radio-loud emission in AGN are similar to those
found in X-ray binaries (see e.g. the review by Körding et al. 2006),
some caution must be applied, since there are also dissimilarities
in the timescales and fuelling processes involved. In this work we
will focus only on AGN, and the possible impact of our resultsmay
have on understanding their observational properties, calssification,
accretion mode and the influence on their hosts.

For this paper we have used a concordance cosmology with
H0 = 70 km s−1 Mpc−1, Ωm = 0.3 andΩΛ = 0.7.

2 DATA AND ANALYSIS

2.1 The Sample

The 2Jy sample (Wall & Peacock 1985; Tadhunter et al. 1993) is
a sample of southern radio galaxies with flux greater than 2 Jyat
2.7 GHz1. The subsample we study has consistent, uniform mul-
tiwavelength coverage (see Section 2.4 for details) and, since we
only include the steep-spectrum sources, it contains only genuinely
powerful radio galaxies, while avoiding most of the effects caused
by the strong relativistic beaming found in flat-spectrum sources.
Other than excluding beamed sources, the radio selection, unlike
those done in optical, IR or X-ray wavelengths, selects no prefer-
ential orientation.

We analyse a statistically complete subsample of the 2Jy
steep-spectrum sources defined by Dicken et al. (2008), containing
45 objects with withδ < +10◦ and redshifts 0.05 < z < 0.7. Parti-
cle acceleration in the jet causes the radio spectrum to flatten, thus

1 For the most up-to-date version of the catalogue and ancillary data, see
http://2Jy.extragalactic.info/
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the steep-spectrum (α > 0.5, where we use the negative sign con-
vention forα) selection of Dicken et al. (2008) excludes core and
jet dominated sources. Flat-spectrum sources are typically blazars,
whose nuclear emission is completely dominated by the jet, and,
although they are a small fraction of the total population, they ap-
pear brighter due to the jet contribution. By excluding these sources
we eliminate a possible source of bias. Unlike Dicken et al. (2008),
we have not included the flat-spectrum, core-dominated sources
3C 273 and PKS 0521–36 for comparison. The subsample studied
here has consistent, uniform multiwavelength coverage, and, being
statistically complete, includes all the sources within the flux, sky
area, spectral types, and redshift ranges defined.

From a radio classification point of view, the sample is domi-
nated by powerful sources, with 6 objects being Fanaroff-Riley type
I (FR I), 7 compact sources (CSS), and 32 Fanaroff-Riley type II
(FR II) (Morganti et al. 1993, 1999). As for emission line classifi-
cation, 10 sources are LERGs, 19 are NLRGs, 12 are BLRGs and
3 are QSOs (Tadhunter et al. 1993, 1998).

We have included in our analysis the 3CRR sources withz< 1
studied by Hardcastle et al. (2006, 2009). The 3CRR catalogue of
Laing et al. (1983) includes all the extragalactic radio sources with
a flux greater than 10.9 mJy at 178 MHz andδ > +10◦. By com-
bining the 3CRR and 2Jy catalogues we are effectively selecting
a large sample of the most radio-luminous galaxies in the Uni-
verse. To further improve the overall statistics, we also include
in this work 8 new observations of 3CRR sources not covered by
Hardcastle et al. (2006, 2009) (see Appendix B for details).

The 2Jy sample does not spatially overlap with the 3CRR cat-
alogue, due to the different location of the sources (the 3CRR cat-
alogue covers sources in the Northern hemisphere, the 2Jy sources
are in the Southern hemisphere). Some of the brightest sources are
included in the original 3C catalogue, as is the case for e.g.the
BLRG 3C 18 (PKS 0038+09). Although we have excluded core-
dominated sources (to minimise the effects of beaming), the 2Jy
sample was selected at a higher frequency than the 3CRR sample.
This higher frequency selection implies that, overall, more beamed
sources are selected in the 2Jy sample than for the 3CRR, which is a
possible caveat to the assumption that no preferential AGN orienta-
tion is selected. Some of the implications of this fact are discussed
in Section 4.

Although the 3CRR catalogue contains a much larger number
of sources than the 2Jy sample, it is not statistically complete in the
X-rays, and has better coverage at lower redshifts. The observations
of the 2Jy sample are also more homogeneous. While it may seem
that studying a reduced number of sources from the 2Jy sample
does not add much to the existing correlations, the characteristics
of the sample and observations allow us to validate our previous
results on the 3CRR catalogue, eliminating the low-redshift and in-
homogeneous coverage biases. The 2Jy sample also contributes a
large number of NLRGs and LERGs to the overall statistics, which
are particularly important to test our scientific goals. Thecombina-
tion of both samples provides a very powerful tool to explorethe
entire population of radio-powerful AGN.

Throughout this paper we have kept the existing optical line
classifications for the objects in both the 2Jy and in the 3CRRsam-
ples, for consistency, but we point out when evidence suggests that
the optical classification does not accurately characterise a spe-
cific object. For the overall populations low-excitation and high-
excitation can be used as synonyms for radiatively inefficient and
efficient AGN, respectively, but it is important to keep in mind that
this does not hold true for some objects. The LERG/HERG classi-
fication is observational, based on optical line ratios, andin some

cases it is not a good diagnostic for the true nature of the accre-
tion process involved (a radiatively efficient object will be classi-
fied as a LERG if its high-excitation lines are not detected, while a
radiatively inefficient source may be classified as a HERG if high-
excitation lines are observed, even if they are produced by amech-
anism that is not related to the AGN, e.g. photoionization bystellar
activity).

2.2 X-ray Data

There are 46 sources in our sample, with 0.05 < z < 0.7. All
have X-ray observations save for PKS 0117–15 (3C 38), which,
unfortunately, was not observed byXMM-Newton, and is thus ex-
cluded from our analysis. Our sample, therefore, contains 45 2Jy
objects. The list of galaxies in the sample and theChandraand
XMM-Newtonobservations is shown in Table 1. Many of the ob-
servations were taken specifically for this project,Chandraobser-
vations were requested for the low-z sources to map any extended
emission (jets, hotspots, lobes and any emission from a hot IGM
for sources in dense environments). For the sources withz > 0.2,
where extended structures cannot be resolved, we requestedXMM
observations instead, to maximise the signal to noise ratioof the
AGN spectra, so as to allow spectral separation of the unresolved
components. The new observations of the 2Jy sample used in this
work are indicated in Table 1. The list of new observations of3CRR
sources is given in Appendix B.

By limiting the redshift range toz > 0.05 we exclude both
low power sources and those whose extended emission may not be
fully covered byChandra. The extended emission (jets and lobes)
in these low-z sources will be studied in detail in our secondpaper.

We analysedChandraobservations for the low-z sources in
our sample. When using archival data we only considered ACIS-S
and ACIS-I observations without gratings, and discarded calibra-
tion or very short observations that did not significantly contribute
to the statistics. When more than one spectrum was extractedfor a
source, we carried out simultaneous fits. We reduced the dataus-
ing CIAO 4.3 and the latest CALDB. We included the correction
for VFAINT mode to minimise the issues with the background for
all the sources with a count rate below 0.01 counts s−1 and ob-
served in VFAINT mode. For sources with rates above this thresh-
old and below 0.1 counts s−1 the difference made by this correction
is barely noticeable. For the brightest sources the software is not
able to properly account for the high count rate, considering some
of these events as background, and resulting in dark “rings”appear-
ing in the images, and the loss of a substantial number of counts.

We extracted spectra for all the sources, using extraction re-
gions consistent with those of Hardcastle et al. (2009): a 2.5 pixel
(1 px = 0.492 arcsec) radius circular region centered in the ob-
ject as source, and an immediately external annulus, with anouter
radius of 4 pixels, for the background, to minimise the contamina-
tion from any thermal components in the circumnuclear regions.
For very bright sources we had to use larger regions to include
most of the point-spread function (PSF), namely a 20 pixel ra-
dius circle for the source, and a 20 to 30 pixel circular annulus
for the background. In the cases where pileup was present (PKS
0038+09, 0442–28, 0625–35, 0945–27, 1733–56, 1814–63, 2135–
14), we corrected the auxiliary response file (ARF) as described
by Hardcastle et al. (2006) and Mingo et al. (2011). We generated
an energy versus flux table from an initial model fit, and fed itto
ChaRT (Carter et al. 2003, the Chandra Ray Tracer, ), a tool that
generates a PSF from a given model. Next, we fed the results tothe
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tool MARX2, which produces an image of the simulated PSF. We
then generated a new events file from our original data and an an-
nular extraction region, identical to the one we used to generate our
spectra, but excluding the central few pixels. We used a codeto fit a
5th-degree polynomial to the ratio of this events file and thewhole
simulated events file as a function of energy. The code reads in the
ARF generated by CIAO and scales the effective area at each en-
ergy, using the polynomial fit, to effectively correct for the missing
effective area due to the exclusion of the central pixels. The code
then writes a new ARF which can be used to correct for the effects
of excluding the central pixels.

For the sources at 0.2 < z < 0.7 we usedXMM-Newton
observations. We extracted MOS and PN spectra for all of them,
using SAS 11.0 and the latest calibration files. We used spatially
coincident extraction regions for the three instruments whenever
possible, using 30-arcsec source regions and off-source 90-arcsec
background regions for the fainter sources, and 60-arcsec and 120-
arcsec source and background regions, respectively, for the bright
ones. Only a few observations were affected by flaring severe
enough to require filtering. The most problematic case was PKS
1547–79, a faint source observed during a period of high flaring.
We filtered the most severely affected parts of the observation.

Four low-zsources (PKS 0404+03, 1814–63, 2135–14, 2221–
02) haveXMM observations that we did not use, since theChan-
dra spectra adequately characterised the AGN spectrum and had
no contamination from any circumnuclear gas. For PKS 2314+03,
however, we used both theChandraandXMM observations, given
that its spectrum is quite peculiar.

We rebinned all the spectra to 20 counts per bin (after back-
ground subtraction) to make them compatible withχ2 statistics.

2.3 Spectral Fitting

For spectral fitting we used XSPEC version 12.5 and followed the
same approach as Hardcastle et al. (2006, 2009), as follows.We
considered the energy range between 0.4 and 7 keV for theChan-
dra spectra, and 0.3 to 8 keV for theXMM spectra. For the sources
observed byXMM, the PN, MOS1 and MOS2 spectra were fitted si-
multaneously. The same approach was taken for those sourceswith
more than oneChandraovservation (PKS 0915-15, PKS 0945+07,
PKS 1136-13, PKS 1648+05) and for PKS 2314+03, which was
observed by bothChandraandXMM (see Table 1).

The typical X-ray spectrum of a radio-loud AGN can be ap-
proximated with a phenomenological model consisting of three
main components. The accretion-related emission is well mod-
elled with a power law that contributes mostly at energies be-
tween 2 and 10 keV, as predicted by accretion models (see e.g.
Haardt & Maraschi 1991), and is also found in radio-quiet objects,
although the slope of the power law changes. The soft excess in
radio-loud objects, however, is not dominated by reflectionof the
accretion-related emission onto the disk, but is related tothe jet (see
e.g. Hardcastle & Worrall 1999; Hardcastle et al. 2006, 2009). This
soft emission often dominates below 1 keV, and is also well mod-
elled with a power law. When the torus obscures part of the emis-
sion, an intrinsic absorption component must be added to themodel
as well. Some objects also show fluorescence Fe Kα lines around
6.4 keV. When no obscuration is present (in broad-line objects),
distinguishing both power law components is not possible. Given
that the jet-related emission in broad-line sources may be further

2 See http://space.mit.edu/CXC/MARX /docs.html

Table 1.Objects in the 2Jy sample observed withChandra(ACIS-S except
for PKS 0625–53 and PKS 2135–14, which were taken with the ACIS-I)
andXMM-Newton(MOS and PN). FRI and FRII stand for Fanaroff-Riley
class I and II respectively, CSS stands for compact steep-spectrum. LERG,
NLRG and BLRG stand, respectively, for low excitation, narrow-line and
broad-line radio galaxy; Q stands for Quasar. New observations taken for
this survey are indicated with an asterisk after the observation ID.

PKS FR Class Type z Instrument Obsid Exp (ks)

0023-26 CSS NLRG 0.322 XMM 0671870601* 19.55

0034-01 FRII LERG 0.073 Chandra 02176 28.18

0035-02 FRII BLRG 0.220 Chandra 09292 8.04

0038+09 FRII BLRG 0.188 Chandra 09293 8.05

0039-44 FRII NLRG 0.346 XMM 0651280901* 20.57

0043-42 FRII LERG 0.116 Chandra 10319* 18.62

0105-16 FRII NLRG 0.400 XMM 0651281001* 21.27

0213-13 FRII NLRG 0.147 Chandra 10320* 20.15

0235-19 FRII BLRG 0.620 XMM 0651281701* 13.67

0252-71 CSS NLRG 0.566 XMM 0651281601* 19.17

0347+05 FRII LERG 0.339 XMM 0651280801* 16.47

0349-27 FRII NLRG 0.066 Chandra 11497* 20.14

0404+03 FRII NLRG 0.089 Chandra 09299 8.18

0409-75 FRII NLRG 0.693 XMM 0651281901* 13.67

0442-28 FRII NLRG 0.147 Chandra 11498* 20.04

0620-52 FRI LERG 0.051 Chandra 11499* 20.05

0625-35 FRI LERG 0.055 Chandra 11500* 20.05

0625-53 FRII LERG 0.054 Chandra 04943 18.69

0806-10 FRII NLRG 0.110 Chandra 11501* 20.04

0859-25 FRII NLRG 0.305 XMM 0651282201* 13.85

0915-11 FRI LERG 0.054
Chandra 04969 98.2

Chandra 04970 100.13

0945+07 FRII BLRG 0.086
Chandra 06842 30.17

Chandra 07265 20.11

1136-13 FRII Q 0.554
Chandra 02138 9.82

Chandra 03973 77.37

1151-34 CSS Q 0.258 XMM 0671870201* 18.67

1306-09 CSS NLRG 0.464 XMM 0671871201* 22.67

1355-41 FRII Q 0.313 XMM 0671870501* 14.97

1547-79 FRII BLRG 0.483 XMM 0651281401* 13.25

1559+02 FRII NLRG 0.104 Chandra 06841 40.18

1602+01 FRII BLRG 0.462 XMM 0651281201* 13.67

1648+05 FRI LERG 0.154
Chandra 05796 48.17

Chandra 06257 50.17

1733-56 FRII BLRG 0.098 Chandra 11502* 20.12

1814-63 CSS NLRG 0.063Chandra 11503* 20.13

1839-48 FRI LERG 0.112 Chandra 10321* 20.04

1932-46 FRII BLRG 0.231 XMM 0651280201* 13.18

1934-63 CSS NLRG 0.183Chandra 11504* 20.05

1938-15 FRII BLRG 0.452 XMM 0651281101* 18.17

1949+02 FRII NLRG 0.059 Chandra 02968 50.13

1954-55 FRI LERG 0.060 Chandra 11505* 20.92

2135-14 FRII Q 0.200 Chandra 01626 15.13

2135-20 CSS BLRG 0.635 XMM 0651281801* 17.57

2211-17 FRII LERG 0.153 Chandra 11506* 20.04

2221-02 FRII BLRG 0.057 Chandra 07869 46.20

2250-41 FRII NLRG 0.310 XMM 0651280501* 13.67

2314+03 FRII NLRG 0.220
XMM 0651280101* 21.67

Chandra 12734 8.05

2356-61 FRII NLRG 0.096 Chandra 11507* 20.05
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complicated by relativistic beaming, and for consistency with the
work of Hardcastle et al. (2006, 2009), we have considered both
power law components as one, when dealing with these sources.
We are aware that this overestimates the luminosities (in the sense
that the same luminosity may be ascribed to more than one com-
ponent), and take this fact into account in our plots and correlation
analysis.

We approached the fitting process in a systematic manner,
by fitting all the sources to a set of three possible models. We
first fitted each spectrum to a model consisting to a single power
law with fixed Galactic absorption (wabs), for which we used the
weighted average extinction values of Dickey & Lockman (1990);
we call this component ‘unabsorbed’ throughout this work, after
Hardcastle et al. (2006, 2009). Secondly, we fitted the same model,
adding an intrinsic absorption column (zwabs); we refer to this
component as ‘accretion-related’. We then fitted a combination of
both models, and assessed which of the three provided a best fit to
the data. When the photon index of either power law could not be
constrained, we fixed the values toΓ=2.0 andΓ=1.7, for the unab-
sorbed and accretion related component respectively (these values
are consistent with what is found in most radio-loud AGN, andfol-
low the choices of Hardcastle et al. 2006, 2009). When residuals
were still present at high energies we added a redshifted Gaussian
profile for the Fe K-α line (zgauss), as required by the data. In the
cases where a single power law provided a best fit to the data, we
calculated an upper limit on the luminosity of the other compo-
nent by fixing the parameters of the existing model, and adding the
missing component with a fixed photon index. We added a fixed
intrinsic absorption columnNH = 1023 cm−2 in the case of the
accretion-related power law, a value consistent with what is seen in
sources with detected, heavily absorbed components, and inagree-
ment with that chosen by Evans et al. (2006) and Hardcastle etal.
(2006, 2009).

While, for consistency, we have used the foreground NH val-
ues of Dickey & Lockman (1990) for all the objects in the sample,
we note that the Galactic extinction column may be underestimated
for PKS 0404+03. Herschel/SPIRE observations show unusually
bright Galactic cirrus dust emission in this area (Dicken etal. 2014,
in prep.).

We derived the luminosity for the unabsorbed component,LXu,
from the normalization of the unabsorbed power law, and used
XSPEC to calculate the 2-10 keV unabsorbed luminosity (corre-
sponding to the accretion-related component, corrected for intrinsic
absorption),LXa. These energy ranges were chosen because they
also allow direct comparison with the existing literature,and are
consistent with our previous work.

We are aware of the fact that the brightest sources are likelyto
have measurable variations in their luminosity over time, although
the most variable sources are excluded by the steep-spectrum selec-
tion. Variability is an intrinsic uncertainty characteristic of X-ray
AGN studies, unavoidable unless follow-up observations are car-
ried out for each source. We acknowledge that X-ray variability is
a systematic effect that introduces scatter in our plots, and estimate
the impact of variability and other systematics in Sections4 and 5.

Some of the sources in our sample observed byXMM show
signs of inhabiting rich environments, as shown in the optical by
Ramos Almeida et al. (2010), and Ramos Almeida et al. (2013,
MNRAS, in press). Our extraction regions may not be able to fully
account for this, hence some contamination of the soft X-raycom-
ponent can be expected. PKS 0023-26 and PKS 0409-75 (together
with PKS 0347+05, which has additional complications, as pointed
out in Section A11) are the sources where contamination froma

thermal component may be most relevant, given that they are rel-
atively faint in the [OIII] and mid-IR bands. We tested a model
in which one of the power law components is replaced by a ther-
mal one (apec) in these sources, and obtained worse fits than with
the non-thermal model. We also attempted to quantify the amount
of thermal emission by adding a thermal model on top of the two
power laws, but the results were inconsistent due to the degeneracy
between model components. Given that PKS 0023-26 is not clearly
outlying in our plots, we assume that the dominant contribution to
the soft X-ray emission is related to the AGN, rather than thermal
emission. The case is less clear for PKS 0409-75, whose soft X-ray
component is very bright, causing it to be an outlier. Beaming is not
likely to be the cause of this excess, since the radio core is unde-
tected at 20 GHz Dicken et al. (2008), but it is possible that there is
a contribution of inverse-Compton emission from the lobes,which
are not resolved byXMM. In both PKS 0023-26 and PKS 0409-
75, an in-depth study of the ICM X-ray emission is needed to fully
quantify its contribution to the AGN X-ray luminosity.

The results of the spectral fits are displayed in Table 2. The
sources where a Fe K-α line was detected are listed in Table 3.
Details for each individual source, and references to previous work,
are given in Appendix A. For consistency, we have checked our
results, both on the derived luminosities and the extended emission
(which we will analyse in detail in our second paper) againstthose
obtained by Siebert et al. (1996), based on data fromROSAT, and
find them in good agreement.

2.4 Other Data

As outlined in Section 1, multiwavelength data for the 2Jy sample
were taken in a systematic manner, so that all the objects would
have comparable measurements. This also allows us to establish a
direct comparison with the existing data and analysis on the3CRR
sources (Hardcastle et al. 2006, 2009).

We used the VLA and ATCA data at 5 GHz (both for over-
all and core luminosities) from Morganti et al. (1993, 1999). Since
only some of the 2Jy sources are covered by the Parkes catalog
(Wright & Otrupcek 1990), we calculated the spectral index from
408 MHz and 1.4 GHz observations (also from the Parkes catalog)
and extrapolated the results to 178 MHz. We used this same spec-
tral index to extrapolate the 151 MHz fluxes, needed to calculate
the jet kinetic power (see Section 5.1). The low-frequency fluxes
for PKS 1934-63 are upper limits, since the source is self-absorbed
in radio.

For the infrared, we used 24µm data taken by Spitzer, from
Dicken et al. (2008, 2009). All the targets in the 2Jy sample have
deep Spitzer and Herschel observations at 24, 70, 100 and 160µm,
and∼ 90 per cent (including all the targets in the steep-spectrum
subsample) have Spitzer/IRS mid-IR spectra (Dicken et al. 2012).
The 3C sources were observed at 15µm (rest-frame), a band that
is similar enough to Spitzer’s 24µm (after rest-frame correction)
to allow direct comparison. We studied the behaviour of a number
of sources at both wavelengths, and estimated that the deviation
in luminosity caused by the difference between 15 and 24µm was
well below 10 per cent in all cases.

For the optical line classification we used the complete,
deep GEMINI G-MOS-S data from Tadhunter et al. (1993, 1998).
K-band magnitudes of the host galaxies were taken from
Inskip et al. (2010) and K-corrected using the relations given by
Glazebrook et al. (1995) and Mannucci et al. (2001). The values
presented in the Tables are K-corrected.

For the 3CRR sources we used the data from Hardcastle et al.
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Table 2. Best fit parameters for all the objects in the sample. errors are calculated at 90 per cent confidence. Where no errors are indicated the parameters
were fixed to that value. Values preceded by a ‘<’ contribution of a hypothetical second component. The subinidices 1 and 2 refer to the unabsorbed and
accretion-related components, respectively. The net (background-subtracted) counts are given per observation, thus for sources observed byChandraonly one
value is given (two for the sources with two observations); for those observed byXMM-Newtonthe three values correspond to the PN, MOS1, and MOS2
spectra, respectively. See Table 1 for details on the individual observations.

PKS z ForegroundNH Intrinsic NH Γu Norm 1 Γa Norm 2 Net counts χ2/DOF

×1020 cm−2 ×1022 cm−2 keV−1cm−2s−1 @1keV keV−1cm−2s−1 @1keV

0023-26 0.322 1.76 0.16+0.11
−0.10 2.00 < 1.06× 10−6 1.84+0.51

−0.19 1.73+0.55
−0.80 × 10−5 336/107/105 20.69/23.00

0034-01 0.073 2.89 10.07+4.84
−3.04 1.24+0.36

−0.34 1.17+0.14
−0.15 × 10−5 1.70 1.01+0.29

−0.28 × 10−4 490 10.02/20.00

0035-02 0.220 2.85 3.34+1.36
−0.97 2.00 1.44+0.14

−0.13 × 10−4 1.70 2.59+0.41
−0.43 × 10−4 1091 31.12/49.00

0038+09 0.188 5.45 10.00 0.97+0.07
−0.07 1.05+0.07

−0.07 × 10−3 1.70 < 4.54× 10−4 1769 84.44/82.00

0039-44 0.346 2.56 12.40+1.82
−1.76 2.87+0.42

−0.18 6.60+1.52
−1.52 × 10−6 1.39+0.09

−0.17 1.58+0.40
−0.51 × 10−4 1232/446/423 94.30/92.00

0043-42 0.116 2.70 13.91+5.53
−4.08 2.00 2.06+0.85

−0.86 × 10−6 1.70 1.51+0.47
−0.40 × 10−4 203 6.32/5.00

0105-16 0.400 1.67 16.13+7.34
−5.43 1.59+0.18

−0.20 2.65+0.21
−0.22 × 10−5 1.50+0.41

−0.39 1.84+2.01
−0.40 × 10−4 1687/708/661 125.16/137.00

0213-13 0.147 1.89 18.40+4.66
−3.40 1.69+1.05

−1.59 4.62+1.23
−1.81 × 10−6 1.77+0.18

−0.22 1.31+0.64
−0.51 × 10−3 1150 45.85/50.00

0235-19 0.620 2.70 0.00 1.43+0.25
−0.24 7.30+1.07

−1.09 × 10−6 1.43+0.25
−0.24 7.30+1.07

−1.09 × 10−6 146/40/62 10.44/10.00

0252-71 0.566 3.66 14.90+12.67
−7.09 2.13+0.40

−0.33 8.15+1.50
−2.14 × 10−6 1.70 3.87+1.54

−1.04 × 10−5 373/103/105 20.40/24.00

0347+05 0.339 13.20 74.85+39.25
−20.63 1.95+0.25

−0.25 1.54+0.17
−0.17 × 10−5 1.70 1.57+1.42

−0.79 × 10−4 352/104/124 16.72/24.00

0349-27 0.066 1.00 6.40+2.00
−1.52 2.00 < 2.67× 10−6 1.70 2.55+0.49

−0.55 × 10−4 469 15.98/20.00

0404+03 0.089 12.10 49.13+19.32
−15.61 2.00 < 1.05× 10−5 1.70 2.78+1.72

−1.14 × 10−3 226 12.28/8.00

0409-75 0.693 8.71 10.00 2.02+0.06
−0.07 8.71+0.33

−0.35 × 10−5 1.70 < 4.64× 10−6 638/527/533 137.62/107.00

0442-28 0.147 2.32 0.85+0.33
−0.31 2.00 5.49+5.45

−5.30 × 10−5 1.13+0.24
−0.17 1.18+0.44

−0.30 × 10−3 2992 119.53/134.00

0620-52 0.051 5.32 10.00 2.40+0.10
−0.10 9.51+0.52

−0.52 × 10−5 1.70 < 1.27× 10−5 1070 39.24/47.00

0625-35 0.055 7.51 5.99+2.56
−1.64 2.00 1.11+0.09

−0.09 × 10−3 1.70 2.74+0.57
−0.45 × 10−3 3940 221.05/173.00

0625-53 0.054 5.51 10.00 2.00 < 1.15× 10−5 1.70 < 8.51× 10−10 20 1.00/1.00

0806-10 0.110 7.65 21.19+8.22
−6.18 3.00+1.04

−1.37 1.08+0.34
−0.43 × 10−5 1.70 4.63+2.33

−1.52 × 10−4 449 18.17/18.00

0859-25 0.305 10.80 38.25+21.16
−23.79 1.61+0.41

−0.44 9.13+1.53
−0.84 × 10−6 1.67+0.39

−0.75 1.81+31.00
−1.13 × 10−4 392/146/122 24.73/24.00

0915-11 0.054 4.94 2.39+1.90
−1.35 2.00 < 2.11× 10−6 1.35+0.60

−0.63 2.49+4.58
−1.55 × 10−5 709/547 71.33/57.00

0945+07 0.086 3.01 1.44+0.20
−0.18 3.01+0.62

−0.57 8.30+2.62
−2.52 × 10−5 0.73+0.09

−0.09 1.24+0.18
−0.14 × 10−3 5890/3778 468.26/434.00

1136-13 0.554 3.59 6.06+4.33
−2.77 2.00+0.09

−0.08 3.22+0.08
−0.14 × 10−4 1.48+0.44

−0.29 1.38+0.22
−0.53 × 10−4 2970/17514 705.38/619.00

1151-34 0.258 7.70 52.76+52.42
−28.83 1.86+0.07

−0.07 8.02+0.26
−0.28 × 10−5 1.70 1.28+2.40

−0.90 × 10−4 2190/754/829 160.27/163.00

1306-09 0.464 3.03 0.11+0.04
−0.04 2.00 < 2.24× 10−6 1.77+0.09

−0.09 7.25+0.62
−0.54 × 10−5 2317/823/806 163.12/169.00

1355-41 0.313 5.61 0.27+0.24
+0.18 2.00 1.11+0.39

−0.38 × 10−5 1.70 2.84+8.48
−2.45 × 10−4 33250/11524/11095 843.39/722.00

1547-79 0.483 9.69 99.28+594.53
−46.51 2.00 1.60+0.18

−0.70 × 10−5 1.70 2.51+1.86
−1.38 × 10−4 252/126/83 17.89/18.00

1559+02 0.104 6.42 6.02+3.85
−2.89 3.37+0.30

−0.25 2.12+0.22
−0.26 × 10−5 1.70 3.26+1.32

−0.97 × 10−5 635 19.22/23.00

1602+01 0.462 6.59 0.00 1.68+0.03
−0.03 2.79+0.06

−0.06 × 10−4 1.68+0.03
−0.03 2.79+0.06

−0.06 × 10−4 5052/2141/2063 396.19/362.00

1648+05 0.154 6.40 10.00 0.80+1.34
−1.61 5.01+1.85

−1.91 × 10−6 1.70 < 1.45× 10−3 31/80/ 6.53/4.00

1733-56 0.098 8.89 10.00 1.54+0.05
−0.05 1.06+0.04

−0.04 × 10−3 1.70 < 1.67× 10−4 2991 142.22/133.00

1814-63 0.063 7.76 2.00+0.28
−0.28 2.00 2.03+1.35

−1.40 × 10−5 1.26+0.18
−0.17 1.90+0.23

−0.25 × 10−3 2795 119.13/126.00

1839-48 0.112 5.70 10.00 1.35+0.23
−0.22 1.17+0.21

−0.21 × 10−5 1.70 < 8.82× 10−6 183 6.98/8.00

1932-46 0.231 5.01 0.00 1.82+0.08
−0.07 6.20+0.29

−0.27 × 10−5 1.82+0.08
−0.07 6.20+0.29

−0.27 × 10−5 927/366/369 52.79/74.00

1934-63 0.183 6.15 10.00 1.36+0.18
−0.18 2.44+0.28

−0.28 × 10−5 1.70 < 1.88× 10−5 348 14.91/15.00

1938-15 0.452 9.66 0.37+0.15
−0.12 2.00 4.28+0.77

−1.89 × 10−5 1.51+0.06
−0.08 8.92+1.00

−0.63 × 10−5 2549/959/986 189.19/194.00

1949+02 0.059 14.80 42.69+8.26
−3.06 2.05+0.30

−0.29 1.50+0.17
−0.17 × 10−5 1.41+0.10

−0.14 1.24+0.39
−0.49 × 10−3 1847 78.24/81.00

1954-55 0.060 4.61 10.00 0.97+0.37
−0.38 4.00+1.43

−1.38 × 10−6 1.70 < 7.34× 10−6 82 1.78/2.00

2135-14 0.200 4.73 18.38+11.73
−7.97 1.90+0.17

−0.12 8.26+0.39
−0.39 × 10−4 1.70 1.79+0.68

−0.41 × 10−3 2225 120.06/96.00

2135-20 0.635 3.38 64.52+44.68
−24.56 2.00 4.75+0.97

−1.01 × 10−6 1.70 4.63+4.04
−2.60 × 10−5 167/31/46 12.24/14.00

2211-17 0.153 2.51 10.00 2.00 < 4.74× 10−6 1.70 < 4.87× 10−9 16 1.00/1.00

2221-02 0.057 5.01 19.69+3.12
−1.97 0.82+0.26

−0.29 5.17+0.47
−0.50 × 10−5 1.70 2.21+0.27

−0.17 × 10−3 3305 169.28/144.00

2250-41 0.310 1.48 10.00 1.93+1.69
−1.16 4.62+2.55

−2.77 × 10−6 1.70 4.08+1640.00
−4.08 × 10−8 190/61/21 13.49/8.00

2314+03 0.220 5.22 9.58+7.88
−4.17 2.16+0.21

−0.19 1.55+0.13
−0.17 × 10−5 1.70 3.23+1.47

−0.79 × 10−5 586/195/209 67.19/46.00

2356-61 0.096 2.34 14.68+1.50
−1.29 3.08+0.57

−0.88 8.43+2.02
−2.15 × 10−6 1.70 9.82+0.98

−0.92 × 10−4 1107 47.84/47.00

(2006, 2009). In this case the 178 MHz fluxes were measured as
part of the sample definition, but 1.4 GHz and 151 MHz fluxes had
to be extrapolated from these measurements and the 178-750 MHz

spectral indices3. Details of the 3CRR data are given in Appendix
B.

3 For the complete database seehttp://3crr.extragalactic.info/
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Figure 1. X-ray luminosities for the 2Jy sources. Top: X-ray luminosity
for the accretion-related componentLXa against redshift. Bottom: X-ray lu-
minosity for the unabsorbed componentLXu against redshift. Red squares
represent LERGs, green circles NLRGs, blue crosses BLRGs, and purple
triangles QSOs. Arrows indicate upper limits.

3 THE X-RAY 2JY SAMPLE

In our analysis of the X-ray emission of the 2Jy objects we ob-
serve trends similar to those observed by Hardcastle et al. (2006,
2009) for the 3CRR sources. The luminosity distribution of the
sources versus redshift is as expected, with a large number of low-
luminosity sources at lowz, and mostly brighter objects detected
at highz (see Figure 1). This effect is, at least in part, caused by
the detection limits and sample selection criteria, but also by the
well-known evolution of the AGN population with redshift.

It is important to keep in mind that the luminosities we de-
rive for the X-ray components may suffer from contamination from

each other. This effect is particularly evident in the broad-line and
quasar-like objects. In these objects there is little or no intrinsic ab-
sorption to allow us to distinguish both components, thus weadopt
the same value forLXu andLXa. This effect can be seen in both pan-
els of Figure 1, and Figure 2, where a few BLRGs and QSOs seem
to have systematically higher luminosities than the rest oftheir pop-
ulations.

These plots show a distinct separation between the differ-
ent emission-line populations. Low-excitation objects have much
lower accretion-related X-ray emission than any of the other
groups. This is consistent with the hypothesis in which LERGs
lack the traditional radiatively efficient accretion features charac-
teristic of the high-excitation population (see e.g. Hardcastle et al.
2007b). The separation between narrow-line (NLRG) and broad-
line (BLRG) objects is more striking in the bottom panel of Figure
1 due both to the possible contamination by jet emission in broad-
line objects, and to the influence of relativistic beaming, which
‘boosts’ the soft X-ray emission in objects whose jets are viewed at
small inclination angles.

The four LERGs that fall in the NLRG parameter space in
the top panel of Figure 1 (having high, well-constrainedLXa) may
be, in fact, radiatively efficient objects. 3C 15 (PKS 0034-01) is
very luminous and has a relatively well constrained, obscured, hard
component (see Section A2). Although we do not detect unequivo-
cal signs of a radiatively efficient accretion disk, in the form of an
emission Fe Kα line, this could be due to the low statistics, rather
than the absence of the line itself. PKS 0043-42 does have a FeKα
line, and Ramos Almeida et al. (2011) find IR evidence for a torus
(see also Section A6). PKS 0625-35 (Section A17) is extremely
bright and is suspected to be a BL-Lac (Wills et al. 2004). In this
case it is hard to tell whether there is any contamination from the jet
emission on the accretion-related component, causing us tooveres-
timate its luminosity, or whether this object is radiatively efficient
in nature.

A special mention should be made of PKS 0347+05. This ob-
ject was originally classified as a BLRG, but recent evidencesug-
gests that this is, in fact, a double system, with a LERG and a radio-
quiet Seyfert 1 in close interaction (see Section A11). We have de-
cided to keep this object in our plots and classify it as a LERG
based on its optical spectrum (Tadhunter et al. 2012), for consis-
tency with the rest of our analysis, though it is a clear outlier in
most of our plots.

The top panel of Figure 2 shows the distribution of 2Jy sources
according to the relation between their unabsorbed and accretion-
related X-ray luminosities. Each population occupies a different
area in the parameter space, with a certain degree of overlapbe-
tween the brighter NLRGs and fainter BLRGs, as can be expected
from unification models. For the same reason, there is some over-
lap between the fainter NLRGs and the brighter LERGs. However,
it is evident from Figure 2 that LERGs have a much lowerLXa/LXu

ratio than any of the other populations. The relative faintness ofLXa

in LERGs reinforces the conclusions from the previous paragraph
about the nature of accretion in LERGs. Adding the 3CRR objects
makes this even more evident, as can be seen in the equivalentplot
by Hardcastle et al. (2009). As in the top panel of Figure 1, the four
‘efficient’ LERGs seem to fall in the parameter space occupied by
NLRGs.

c© 0000 RAS, MNRAS000, 000–000



8 B. Mingo et. al.

Figure 2. X-ray luminosity for the unabsorbed componentLXu against X-
ray luminosity for the ‘accretion-related’ componentLXa . Top: only the 2Jy
sources are plotted. Bottom: both the 2Jy and the 3CRR sources are plotted.
Arrows indicate upper limits. Colours and symbols as in Figure 1. A y=x
line has been plotted as visual aid for the reader; this line does not represent
a correlation.

4 CORRELATIONS

As described in Section 2.3, from the analysis of the X-ray cores
we derived the luminosity of the unabsorbed (LXu) and accretion-
related components (LXa). For our analysis we compared these lu-
minosities with those derived from the 178 MHz, 5 GHz (core),
24 µm and [OIII] fluxes, all of which are displayed in Table 4. As
in the case of the 3CRR objects (Hardcastle et al. 2009), the 2Jy
sample is a flux-limited sample, thus correlations are expected in
luminosity-luminosity plots. We tested for partial correlation in the

Table 3. Objects for which a Fe Kα emission line was detected. errors are
calculated at 90 per cent confidence. Where no errors are quoted the pa-
rameter had to be fixed for the overall model fit. For PKS 1151-34 the line
energy had to be fixed after exploring the statistical space with the XSPEC
commandsteppar, since the program was not able to automatically find the
best fit.

Source name rest-frame energy eq. width

(keV) (keV)

0039-44 6.32+0.68
−0.18 0.06

0043-42 6.48+0.32
−0.05 0.88

0105-16 6.22+0.78
−0.22 0.09

0409-75 6.68+0.09
−0.15 0.44

0859-25 6.51+0.47
−0.10 0.28

1151-34 6.34 0.10

1559+02 6.44+0.05
−0.05 4.00

1814-63 6.40+0.09
−0.07 0.15

1938-15 6.51+0.07
−0.06 0.16

2221-02 6.37+0.05
−0.05 0.17

2356-61 6.30+0.08
−0.07 0.14

presence of redshift to account for this, following the method and
code described by Akritas & Siebert (1996), which takes intoac-
count upper limits in the data. In this method,τ is equivalent to
Kendall’s τ, andσ reprsents the dispersion of the data; we there-
fore consider theτ/σ ratio to assess the significance of the corre-
lation. The results of the partial correlation analysis aregiven in
Table 5. We have only added to the table results that add scientif-
ically relevant information to those presented by Hardcastle et al.
(2009), rather than the full analysis.

While the relations between these luminosities can provide
some insight into the physical processes going on in each source, it
is important to keep in mind that there are several intrinsiceffects
that limit this insight, orientation, beaming, variability and environ-
mental interference being perhaps the most relevant. Theseeffects
are also the most likely cause of scatter in the plots that we present
in the following Sections. In this paper we therefore describe the
correlations between these luminosities without reference to any
particular model, merely attempting to establish the physical sce-
narios and measurement systematics that may cause these correla-
tions to arise.

To allow direct comparison with the results of Hardcastle etal.
(2009), we have plotted both the 2Jy and the 3CRR objects in our
Figures. The bottom panel of Figure 2 summarises the X-ray char-
acteristics of both populations. In terms of sample size, wehave
multiwavelength luminosities for 45 2Jy objects and 135 3CRR
sources (although in the latter the data are less complete, see the
tables in Section B), more than doubling the number of objects
studied by Hardcastle et al. (2009).

The differences between the LERGs and HERGs observed
in the top panel of Figure 2 are highlighted by the addition of
the 3CRR objects (bottom panel), though it is also clearer that
there is an overlap in the parameter space between BLRGs and
NLRGs. M 87, 3C 326, and 3C 338, originally listed as NLRGs
by Hardcastle et al. (2006, 2009) have since been re-classified as
LERGs (Buttiglione et al. 2009). The LERG 3C 123 is probably
more appropriately classified as a reddened NLRG, and the X-ray
spectrum of 3C 200 is compatible with that of a radiatively effi-
cient AGN, despite its LERG classification (see Appendix A of
Hardcastle et al. 2006).

Figure 3 shows the ratio betweenLXa andLXu for the 2Jy and
3CRR LERGs and NLRGs. We have not included the broad-line
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Table 4. Luminosities for the sources in the 2Jy sample, following the format of Hardcastle et al. (2009). The values are given as the logarithm of the
luminosity in erg s−1, upper limits are indicated with a ‘<’ before the value. The columns represent, from left to right, the object name, classification, redshift,
and luminosities at 178 MHz, 5 GHz (core), soft (jet-related) and hard (accretion-related) X-rays (followed by their respective 90 per cent confidence lower
and upper bounds), mid-IR and [OIII]. The X-ray accretion-related luminosities have been corrected for intrinsic absorption. We have converted the radio and
IR luminosity densities intoνLν to allow for direct comparison between the magnitudes in different bands. The errors for the radio, IR and [OIII] luminosities
can be found in the original papers, listed in Section 2.4. Where measurements could not be obtained their absence is indicated with a dash. The object types
from Table 1 have been abbreviated as follows: E stands for LERG, N for NLRG, B for BLRG, Q for Quasar.

PKS Type z L178 L5 LXu LXu+ LXu− LXa LXa+ LXa - LIR L[OIII ]

0023-26 N 0.322 43.16 - <41.76 - - 43.27 43.00 43.39 44.008 42.18

0034-01 E 0.073 41.60 41.25 41.38 41.32 41.43 42.82 42.71 42.91 43.079 40.49

0035-02 B 0.220 42.84 42.55 43.48 43.44 43.52 44.29 44.23 44.34 44.299 42.08

0038+09 B 0.188 42.55 41.54 44.22 44.19 44.25<45.10 - - 44.505 42.18

0039-44 N 0.346 43.13 40.65 42.63 42.51 42.72 44.56 44.39 44.66 45.219 43.04

0043-42 E 0.116 42.16 40.97 41.06 40.82 41.21 43.37 43.25 43.47 43.678 40.70

0105-16 N 0.400 43.49 40.61 43.38 43.34 43.41 44.75 44.66 45.04 44.835 42.40

0213-13 N 0.147 42.33 - 41.63 41.41 41.73 44.44 44.23 44.61 43.903 42.11

0235-19 B 0.620 43.88 - 43.28 43.21 43.34 43.28 43.21 43.34 45.350 43.28

0252-71 N 0.566 43.76 - 43.23 43.10 43.30 44.31 44.19 44.44 44.671 42.15

0347+05 B 0.339 42.93 40.33 42.97 42.92 43.02 43.67 43.50 43.88 44.224 40.96

0349-27 N 0.066 41.79 39.80<40.65 - - 43.03 42.93 43.11 43.056 41.08

0404+03 N 0.089 41.68 40.10<41.52 - - 44.34 44.11 44.55 43.878 41.46

0409-75 N 0.693 44.38 41.27 44.47 44.45 44.49<44.70 - - 44.599 42.11

0442-28 N 0.147 42.69 40.98 42.71 41.25 43.01 44.81 44.68 44.94 44.205 41.84

0620-52 E 0.051 41.29 40.89 41.98 41.96 42.00<41.94 - - 42.548 <39.41

0625-35 E 0.055 41.18 41.31 43.11 43.07 43.14 44.00 43.94 44.07 43.349 <40.48

0625-53 E 0.054 41.72 40.14<41.11 - - <41.31 - - 42.173 <40.04

0806-10 N 0.110 42.24 40.89 41.73 41.51 41.85 43.77 43.59 43.94 45.000 42.77

0859-25 N 0.305 43.26 42.08 42.64 42.60 42.71 44.33 43.91 45.59 44.542 41.98

0915-11 E 0.054 42.53 40.89<40.40 - - 42.08 41.66 42.53 42.920 40.46

0945+07 B 0.086 42.19 40.44 42.40 42.24 42.52 44.62 44.57 44.68 44.051 41.90

1136-13 Q 0.554 43.60 - 44.80 44.78 44.81 44.89 44.68 44.96 45.326 43.73

1151-34 Q 0.258 42.71 - 43.42 43.40 43.43 44.02 43.46 44.46 44.622 42.45

1306-09 N 0.464 43.14 - <42.46 - - 44.29 44.26 44.33 44.664 42.15

1355-41 Q 0.313 42.96 41.65 44.67 44.43 44.77 44.96 44.80 45.14 45.325 42.89

1547-79 B 0.483 43.46 40.95 43.36 43.11 43.40 44.98 44.56 45.15 44.941 43.43

1559+02 N 0.104 42.06 40.55 41.98 41.93 42.03 42.75 42.66 42.85 44.932 42.26

1602+01 B 0.462 43.70 42.25 44.55 44.54 44.56 44.55 44.54 44.56 44.884 42.81

1648+05 E 0.154 43.63 40.41 41.68 41.47 41.82<42.69 - - 43.174 40.65

1733-56 B 0.098 41.89 41.88 43.62 43.60 43.64<44.12 - - 43.952 41.81

1814-63 N 0.063 42.12 - 41.52 41.01 41.74 44.17 44.11 44.22 43.885 40.63

1839-48 E 0.112 41.97 41.36 41.77 41.69 41.84<42.40 - - 43.086 <39.36

1932-46 B 0.231 43.38 41.59 43.20 43.18 43.22 43.20 43.18 43.22 43.696 42.38

1934-63 N 0.183 <43.39 - 42.56 42.50 42.60<43.20 - - 44.302 42.08

1938-15 B 0.452 43.52 41.32 43.71 43.46 43.79 44.49 44.46 44.53 44.807 42.88

1949+02 N 0.059 41.55 39.58 41.29 41.24 41.34 43.82 43.61 43.94 44.290 41.86

1954-55 E 0.060 41.57 40.27 40.71 40.53 40.84<41.65 - - 42.429 <39.00

2135-14 Q 0.200 42.49 41.76 44.18 44.16 44.20 45.03 44.95 45.14 45.176 43.11

2135-20 B 0.635 43.71 - 43.12 43.01 43.20 44.46 44.09 44.72 45.020 43.15

2211-17 E 0.153 42.86 39.74<41.68 - - <39.81 - - 42.593 40.38

2221-02 B 0.057 41.74 40.46 41.77 41.73 41.81 43.89 43.85 43.93 44.315 42.23

2250-41 N 0.310 43.22 40.55 42.59 42.49 42.68<43.22 - - 44.654 42.70

2314+03 N 0.220 42.99 42.82 42.55 42.50 42.58 43.27 43.13 43.41 44.948 42.20

2356-61 N 0.096 42.64 40.57 41.50 41.37 41.59 43.97 43.92 44.01 44.075 41.95

objects in the plot because, even in the case where both components
can be distinguished, contamination from each other and beaming
may be an issue. It is quite clear in this plot that NLRGs have asys-
tematically higherLXa/LXu , which is even more relevant when we
consider the fact that for the vast majority of the LERGs we only
have upper limits forLXa. This histogram already hints at the differ-
ent nature of accretion and energy output in LERGs and HERGs.To
fully separate the accretion-related contribution from the jet com-
ponent, however, and to interpret these results, further analysis is
needed. We address this issue in detail in Section 5.1.

There are also some differences between the 2Jy and 3CRR

populations, which can be partly attributed to the slightlydifferent
selection criteria used in both samples, and which may causethe
2Jy sample to have more beamed objects (as discussed in Section
2.1), as well as issues with sample completeness in the latter sample
(the 3CRR sample is nearly complete in X-rays for low-z objects,
but not so forz > 0.5). While we consider that these effects do
not invalidate our results, it is essential to keep in mind that any
selection criteria for an AGN sample introduce a certain bias. We
will discuss other possible sources of bias in Section 5.
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Figure 3. Histogram of theLXa/LXu for the 2Jy and 3CRR LERGs and
NLRGs. Broad-line objects are excluded to avoid contamination. The ratios
for LERGs are upper limits.

4.1 X-ray/Radio correlations

The 178 MHz luminosity is not only an indicator of the time-
averaged jet power, but also of the age of the source, and is related
to the properties of the external environment (Hardcastle &Krause
2013). By adding the 2Jy sources to theL178/LXu plot (top panel
of Figure 4), a correlation between these quantities for theNLRGs
is more readily apparent than it was for Hardcastle et al. (2009),
despite the scatter, and is significant in the partial correlation anal-
ysis (Table 5). Although the 2Jy objects on their own do not show
a significant correlation, the larger number of objects withrespect
to those of Hardcastle et al. (2009) enhances the significance of the
correlation. Because of the fact that the 2Jy sample is statistically
complete, this also allows us to rule out that the results previously
obtained for the 3CRR sources are biased, as well as adding tothe
overall statistics.

The situation is not so clear for the BLRGs and QSOs, most
likely due to the contamination from the accretion-relatedcompo-
nent. In the case of the LERGs the scatter is expected due to the fact
that there are no selection effects on orientation. All of this suggests
that there may be a weak physical link between the unabsorbedX-
ray power (prior to beaming correction) and the overall radio power
(related to the time-averaged AGN power).

There is no apparent correlation betweenL178/LXu if only the
2Jy sources are considered (see Table 5). This is most likelydue
to the large scatter in the jet-related quantities, andLXu in particu-
lar, caused by the presence of beamed objects in the 2Jy sample, a
consequence of the selection criteria, as well as the low number of
sources. In fact, the value ofτ in theL178/LXu correlation when only
the 2Jy sources are considered is larger than it is for the combined
2Jy and 3CRR samples, but the scatter (indicated byσ) is much
larger in the former case, resulting inτ/σ < 3.

By contrast, and as already pointed out by Hardcastle et al.
(2009), there seems to be a strong correlation betweenL178/LXa for
all the populations excluding the LERGs, which seem to lie mostly
below the correlation (see bottom panel of Figure 4 and Table5).
The BLRGs and QSOs are not clearly outlying in this plot, despite
the contamination from the jet-related X-ray component.

The top panel of Figure 5 shows the relation between the 5
GHz core luminosity and the unabsorbed X-ray component. The
correlation between these quantities is strong, despite the scatter,
due to the fact that both quantities are subject to beaming. The fact
that the LERGs lie in the same correlation as the NLRGs is ev-

Table 5.Results of partial correlation analysis described in Section 4. The
number of objects for each correlation is given in column 4, and it includes
all the objects in the corresponding subsample given in column 3. The last
column indicates the strength of the partial correlation between the quanti-
ties in columns 1 and 2 in the presence of redshift. We consider the correla-
tion significant ifτ/σ > 3.

x y subsample n τ σ τ/σ

L178 LXu 2Jy+3CRR NLRG 106 0.214 0.045 4.726

2Jy NLRG 19 0.243 0.141 1.727

L178 LXa all 147 0.112 0.028 3.947

2Jy+3CRR HERG 99 0.113 0.038 2.969

2Jy+3CRR LERG 47 0.013 0.031 0.423

L5 LXu all 137 0.436 0.043 10.043

2Jy HERG+LERG 35 0.412 0.091 4.525

2Jy+3CRR, QSOs excluded 120 0.379 0.047 8.047

2Jy, QSOs excluded 33 0.395 0.102 3.886

L5 LXa all 137 0.252 0.046 5.531

2Jy+3CRR, QSOs excluded 120 0.143 0.046 3.090

2Jy+3CRR LERG 47 0.146 0.055 2.648

LIR LXu all 117 0.338 0.054 6.297

2Jy+3CRR HERG 80 0.243 0.072 3.394

LIR LXa all 117 0.476 0.046 10.440

2Jy+3CRR HERG 80 0.384 0.063 6.132

L[OIII ] LXa all 122 0.412 0.044 9.319

2Jy+3CRR HERG 86 0.323 0.057 5.665

L178 LIR all 139 0.186 0.036 5.141

2Jy+3CRR HERG 102 0.195 0.047 4.172

2Jy+3CRR NLRG 59 0.168 0.060 2.782

2Jy+3CRR LERG 37 0.093 0.075 1.241

L178 L[OIII ] all 133 0.182 0.034 5.290

2Jy+3CRR HERG 96 0.188 0.044 4.242

2Jy+3CRR NLRG 53 0.138 0.056 2.474

2Jy+3CRR LERG 37 0.113 0.065 1.741

LIR L[OIII ] all 111 0.586 0.064 9.126

2Jy HERG+LERG 45 0.660 0.101 6.504

2Jy+3CRR HERG 79 0.514 0.068 7.614

2Jy HERG 35 0.579 0.100 5.776

L[OIII ] Q 2Jy+3CRR HERG 87 0.136 0.048 2.824

2Jy+3CRR NLRG 45 0.079 0.064 1.235

LIR Q 2Jy+3CRR HERG 87 0.154 0.050 3.063

2Jy+3CRR NLRG 45 0.143 0.079 1.813

Q Ledd all 102 0.274 0.096 2.851

2Jy+3CRR HERG 62 0.243 0.148 1.644

2Jy+3CRR NLRG 52 0.350 0.183 1.916

2Jy+3CRR LERG 40 0.213 0.109 1.955

idence for the jet-related nature of the soft X-ray component in
radio-loud sources (see e.g. Worrall et al. 1987; Hardcastle et al.
2009, and references within). The soft component observed in
radio-quet AGN (either caused by reflection of the hard component
on the accretion disk in the radiatively efficient AGN, or Comp-
tonization in the radiatively inefficient sources) must still exist in
radio-loud objects; in the latter, however, the jet-related emission
dominates in the soft X-ray regime.

The bottom panel of Figure 5 shows the relation between the
5 GHz core luminosity and the accretion-related X-ray component.
In this plot it becomes apparent that the LERGs show a distinct be-
haviour, completely apart from the high-excitation population, and
consistent with the hypothesis that these objects have a different
accretion mechanism. The correlation between these two quantities
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Figure 4. Top: X-ray luminosity for the unabsorbed componentLXu as a
function of 178 MHz total radio luminosity. Bottom: X-ray luminosity for
the ‘accretion-related’ componentLXa as a function of 178 MHz total radio
luminosity. Both the 2Jy and the 3CRR sources are plotted. Arrows indicate
upper limits. Colours and symbols as in Figure 1. Line as in Figure 2.

is less strong than betweenL5GHz,core andLXu (Table 5), and all but
disappears if the QSOs are removed.

Correlations between both X-ray luminosities and the 5 GHz
radio core luminosity are expected due to their mutual dependence
on redshift. If the X-ray luminosity were simply related to the time-
averaged AGN power, and independent from orientation and beam-
ing, it would not be strongly correlated to the 5 GHz core lumi-
nosity (although there is a jet-disk connection relating both quan-
tities, the scatter is larger than for purely jet-related components,
weakening the correlation; see also Section 5.3). As arguedby e.g.
Hardcastle & Worrall (1999), Doppler beaming can introduceup to

Figure 5. Top: X-ray luminosity for the unabsorbed componentLXu as a
function of 5 GHz radio core luminosity. Bottom: X-ray luminosity for the
‘accretion-related’ componentLXa as a function of 5 GHz radio core lu-
minosity. Both the 2Jy and the 3CRR sources are plotted. Arrows indicate
upper limits. Colours and symbols as in Figure 1. Line as in Figure 2.

three orders of magnitude of scatter in these correlations,given its
strong influence onL5GHz,core. The correlation we observe between
L5GHz,core and LXu, in particular, reinforces the hypothesis that the
soft X-ray flux is related to jet emission in radio-loud sources.

4.2 X-ray/IR correlations

The main source of uncertainty inLIR comes from the depen-
dence with the orientation of the dusty torus, which is believed
to introduce a large uncertainty (see e.g. Hardcastle et al.2009;
Runnoe et al. 2012, and references therein). It is possible that
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some of the broad-line objects have some contamination fromnon-
thermal (synchrotron) emission from the jet, although the dominant
contribution to the mid-IR is dust-reprocessed emission from the
torus. We discuss this point further later in this Section.

Despite the large scatter, there is an evident overall correlation
betweenLIR and LXu (top panel of Figure 6), which was already
visible in the plots of Hardcastle et al. (2009) (see Table 5). The
2Jy sources fill some of the gaps left by the 3CRR sources in the
parameter space. The correlation disappears for individual popula-
tions, however. In the broad-line objects, it is possible that LXu is
affected by beaming.

The correlation betweenLIR and LXa is very strong (bottom
panel of Figure 6 and Table 5). The correlation is expected, since
both luminosities are indicators of the overall power of theaccre-
tion disk. Some of the scatter in this correlation is likely to come
from the fact thatLIR is more dependent on orientation thanLXa,
and the way in which the latter is affected by obscuration (ob-
jects with a much largerLIR than LXa are likely to be Compton-
thick). The correlation betweenLIR and LXa holds for radio-quiet
objects at all orientations (see e.g. the results of Gandhi et al. 2009;
Asmus et al. 2011, on local Seyferts), which suggests that non-
thermal emission from the jet is either not affecting the quantities
involved in the correlation, or is equally boosting both, asmay be
the case for some of the broad line objects with strong radio cores
in our sample.

Some of the NLRGs in our sample are quite heavily obscured,
and we could only constrain an upper limit to their absorption
column and accretion-related X-ray luminosity. These objects are
probably Compton-thick, and lie to the lower right of the correla-
tion in this plot. The most extreme example of such behaviouris
PKS 2250-41. PKS 1559+02 shows the largest departure from the
correlation among the NLRGs, having a very smallLXa component
when compared toLIR, and is probably Compton-thick. The BLRG
PKS 0235-19 is also very underluminous in X-rays, and a clear
outlier in the bottom panel of Figure 6, which is not expectedfor a
broad-line object.

The behaviour of the LERGs in this figure is most significant,
reinforcing the idea that LERGs cannot be explained as heavily
obscured, ‘traditional’, radiatively efficient AGN. LERGs are un-
derluminous in X-rays, and lie below the correlation for HERGs.
Adding an intrinsic absorption columnNH = 1024 cm−2 is still in-
sufficient to boost the X-ray luminosity of most of these objects
enough to situate them on the correlation. The overlap between the
populations happens mostly for objects whose emission-line classi-
fication is inconsistent with our best estimate of the accretion mode
(the radiatively efficient LERGs mentioned in Section 3), and be-
cause of the large scatter caused by systematics.

The origin of the IR emission in ‘inefficient’ LERGs should
be questioned. We know from cases like M 87 that no accretion-
related component is detected on small scales (see Section 4.1
in Hardcastle et al. 2009), although IR emission is measuredwith
Spitzer. It is very likely that in these LERGs the IR emission is as-
sociated with the jet and the old stellar population, and is therefore
not reliable as an estimator of accretion.

4.3 X-ray/[OIII] correlations

The relation between the [OIII] and jet-related X-ray luminosity
is shown in the top panel of Figure 7. This plot is surprising in
that it separates the populations quite clearly. This separation is not
expected a priori, since [OIII] traces the photoionizing power of
the AGN, which is directly related to accretion, and not directly

Figure 6. Top: X-ray luminosity for the unabsorbed componentLXu as a
function of total infrared (24µm for the 2Jy sources, 15µm for the 3CRR
sources) luminosity. Bottom: X-ray luminosity for the ‘accretion-related’
componentLXa as a function of total infrared (24µm for the 2Jy sources, 15
µm for the 3CRR sources) luminosity. Both the 2Jy and the 3CRR sources
are plotted. Arrows indicate upper limits. Colours and symbols as in Figure
1. Line as in Figure 2.

dependent on jet power, which is traced byLXu. The NLRG PKS
0409-75 is an outlier in the plot, having a much higherLXu (> 1044

erg s−1) than is expected from itsL[OIII ]. As detailed in Sections 2.3
and A14, it is possible that the soft X-ray component in this source
suffers from contamination from inverse-Compton emission from
the radio lobes, since this object is in a dense environment.

The LERGs are underluminous in [OIII], as expected, and
show a great deal of scatter due to the effect of the random ori-
entation on their X-ray emission. Broad-line objects have boosted
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X-ray luminosities both due to beaming and to contaminationfrom
the accretion-related component, and lie towards the top right cor-
ner of the plot. The relative faintness in [OIII] of some objects can
be explained by obscuration, as suggested by Jackson & Browne
(1990). Obscuration, and the presence or absence of contamination
from the accretion-related component in some broad-line objects,
introduce scatter in this plot, and separate the BLRGs and QSOs
from the NLRGs.

As pointed out by Hardcastle et al. (2009), there is a strong
correlation betweenL[OIII ] andLXa (Table 5 and the bottom panel
of Figure 7), given that both quantities directly trace accretion (see
also Dicken et al. 2009, and Dicken et al. 2014, submitted). As in
the case of the correlation betweenLIR andLXa, the LERGs fall be-
low the correlation expected for high-excitation objects (excepting
the few ‘efficient’ LERGs mentioned before). The scatter in this
plot is much higher than that seen in the bottom panel of Figure
6. Infrared emission is a better indicator of accretion than[OIII],
since it is less contaminated by the jet and stellar processes, as well
as easier to measure (see also e.g. Dicken et al. 2009).

As for the case of the bottom panel of Figure 6, PKS 1559+02
and PKS 2250-41 also fall below the correlation in the bottom
panel of Figure 7, reinforcing the hypothesis that these objects are
Compton-thick. PKS 0235+05 is also an outlier in this plot, with a
much lowerLXa than is expected for a BLRG.

4.4 Radio/IR /[OIII] correlations

Hardcastle et al. (2009) found correlations between the overall ra-
dio luminosity and the infrared and [OIII] luminosities. Weobserve
the same in our plots and correlation analysis (Figures 8 and9, and
Table 5), with the 2Jy sources filling some of the gaps in the pa-
rameter space. The LERGs have higher (relative) radio luminosities
than the other populations, as expected. Beaming is likely to intro-
duce scatter in the radio luminosity in both plots, while orientation
is likely to influence the scatter in IR luminosities. For the3CRR
objects it can be seen that the broad-line objects have systemat-
ically higher [OIII] luminositites than narrow-line objects for the
same luminosity (see Figure 9 and Figure 11 of Hardcastle et al.
2009), but the situation is not so clear for the 2Jy sources alone,
due to their redshift distribution.

By contrast, and as observed by Hardcastle et al. (2009), the
radio core luminosity is not well correlated with eitherLIR or L[OIII ].
The QSOs have radio cores that are far more luminous than those
of the other classes. All the populations, in fact, seem to bein dif-
ferent regions of the parameter space, with the broad-line objects
having more luminous radio cores than the narrow-line objects for
the sameLIR andL[OIII ] due to beaming, and LERGs being fainter
in both plots, but also more radio-luminous, in proportion,than NL-
RGs.

The correlation betweenLIR andL[OIII ] is very strong (Figure
10 and Table 5), and made much clearer by the addition of the 2Jy
objects.The recent results of Dicken et al. (2014, submitted) sug-
gest that both quantities are affected to the same degree by orien-
tation/extinction effects. Moreover, neither quantity is likely to be
affected by beaming (unless non-thermal contamination is substan-
tial), which greatly reduces the scatter. Contamination from the jet
is also likely to favour both quantities, mostly the IR emission, by
the addition of a non-thermal component, but if shock-ionization
is involved [OIII] emission may be boosted as well. Althoughthe
contributions from either mechanism are likely to be very different,
and change for individual objects, they must be kept in mind.While
expected, it is interesting to note that the scatter is much smaller

Figure 7.Top: X-ray luminosity for the unabsorbed componentLXu against
the [OIII] emission line luminosity. Bottom: X-ray luminosity for the
‘accretion-related’ componentLXa against the [OIII] emission line lumi-
nosity. Both the 2Jy and the 3CRR sources are plotted. Arrowsindicate
upper limits. Colours and symbols as in Figure 1. Line as in Figure 2.

when consideringLIR and L[OIII ], rather than the X-ray luminosi-
ties, where variability is much larger due to the shorter timescales
involved.

5 JET POWER AND EDDINGTON RATES

One of the hypotheses that has gained more strength in recentyears
over the mechanisms underlying accretion in LERGs postulates
that there is an accretion rate switch between these objectsand the
high-excitation population at about 1− 10 per cent of the Edding-
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Figure 8. Total infrared (24µm for the 2Jy sources, 15µm for the 3C
sources) luminosity against the 178 MHz total radio luminosity. Arrows
indicate upper limits. Colours and symbols as in Figure 1. Line as in Figure
2.

Figure 9. [OIII] emission line luminosity against the 178 MHz total radio
luminosity. Arrows indicate upper limits. Colours and symbols as in Figure
1. Line as in Figure 2.

ton rate (see e.g. Best & Heckman 2012; Russell et al. 2012, and
references therein). In this Section we aim to test this hypothesis,
taking into account not just the radiative power from the AGN, but
also the kinetic power of the jet, denotedQ throughout this Section,
after the definition of Willott et al. (1999).

Figure 10. Total infrared (24µm for the 2Jy sources, 15µm for the 3C
sources) luminosity against the [OIII] emission line luminosity. Arrows in-
dicate upper limits. Colours and symbols as in Figure 1. Lineas in Figure
2.

5.1 Jet power estimations

To estimate the jet kinetic power we considered two possiblecor-
relations: that of Cavagnolo et al. (2010), which relies on 1.4-GHz
measurements, and of Willott et al. (1999), which is derivedfrom
151-MHz fluxes, with a correction factorf = 15 (see discussion in
Hardcastle et al. 2009). Cavagnolo et al. (2010) derived their corre-
lation from X-ray cavity measurements; this method, as pointed out
by Russell et al. (2012), is subject to uncertainties in the volume es-
timations and on how much of the accretion-derived AGN poweris
actually transferred to the interstellar/intergalactic medium. Given
that the objects in our samples are far more powerful than theones
considered by Cavagnolo et al. (2010), it is possible that their cor-
relation underestimates the jet powers in our case, but it isthe best
estimate based on actual data. Willott et al. (1999) derivedtheir
correlation from minimum energy synchrotron estimates and[OII]
emission line measurements, which make the slope of the correla-
tion somewhat uncertain, as well as introducing an additional un-
certainty (in form of the factorf ) in the normalization.

As suggested by Croston et al. (2008), the particle content
and energy distributions in FRI and FRII systems is probablyvery
different (but see also Godfrey & Shabala 2013), and we know
there is a dependence of the jet luminosity with the environ-
ment (jets are more luminous in denser environments, see e.g.
Hardcastle & Krause 2013), it is very likely that, a priori, asingle
correlation cannot be used across the entire population of radio-
loud objects. However, Godfrey & Shabala find that such a cor-
relation does work, and conclude that environmental factors and
spectral ageing ‘conspire’ to reduce the radiative efficiency of FRII
sources, effectively situating them on the sameQjet − L151 corre-
lation as the low-power FRI galaxies. This effect makes the use of
these correlations qualitatively inaccurate, but quantitatively cor-
rect, within the assumptions, as approximations to the jet kinetic
power.

We have repeated the luminosity versus jet power plots
of Godfrey & Shabala (2013) for our sources, using both the
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Cavagnolo et al. (2010) and Willott et al. (1999) correlations, and
we find them to agree very well, with slight divergences at the
high and low ends of the distribution due to the different shapes
of both correlations. For our analysis we have used the relation
of Willott et al. (1999), both for consistency with the analysis of
Hardcastle et al. (2006, 2009), and because of the relatively higher
reliability of low-frequency measurements. As a further check,
we have compared the jet power we obtained for PKS 2211-17
with that obtained independently by Croston et al. (2011), and have
found them to agree within the uncertainties.

We thus derive the jet kinetic power, Q from the relation
shown in eq. 12 of Willott et al. (1999):

Q = 3× 1038L6/7
151W (1)

whereL151 is the luminosity at 151 MHz, in units of 1028 W Hz−1

sr−1.

5.2 Black hole masses, bolometric corrections and Eddington
rates

We calculated the black hole masses for the objects in our sample
from the Ks-band magnitudes of Inskip et al. (2010) and a slight
variation of the well-known correlation between these quantities
and the black hole mass (Graham 2007). We cross-tested the results
with the black hole masses obtained from the r’-band magnitudes of
Ramos Almeida et al. (2010) (using the conversions to the B band
and the corrections of Fukugita et al. 1995) and the relations from
Graham (2007), and found them to be mostly consistent, save for
an overall effect that might be related to the different apertures used
(the B-band derived masses tend to be smaller).

15 of our objects are missing from the work of Inskip et al.
(2010). We obtained2MASSmagnitudes for some of them, so
11 sources do not have K-band measurements and are thus miss-
ing from the following tables and plots. Of these, 3 are QSOs,4
BLRGs, 3 NLRGs and 1 LERG. Given that the black hole masses
derived from K-band magnitudes for broad-line objects and QSOs
are not reliable, we can assume that our sample is adequatelycov-
ered. A further source of uncertainty for theMBH − LK correla-
tion originates from the fact that black hole masses in clusters are
expected to be systematically higher (see e.g. Volonteri & Ciotti
2012). This is particularly important for LERGs inhabitingrich en-
vironments, a point we return to in the next Section.

When cross-checkingUKIRT and2MASSobservations for the
3CRR sources we found five objects where differences greater than
0.4 mag (after aperture and K corrections) were present between
both instruments. After checking these discrepancies carefully, we
have relied on2MASSmeasurements whenever possible. It is im-
portant to keep in mind not only the limitations of the available
data, but also the large degree of scatter present in the correlation
of Graham (2007).

The black hole masses for the 2Jy and 3CRR sources are given
in Tables 6 and B2, respectively. We have plotted the histogram dis-
tribution of black hole masses in Figure 11, to illustrate the range
of masses covered and to investigate any systematic differences be-
tween LERGs and HERGs. We can see that the NLRGs tend to
have slightly largerMBH than the LERGs, though there is no clear
cut between the two populations. As mentioned earlier, thiscould
be partly due to observational biases, and the fact that we are prob-
ably underestimating black hole masses for systems embedded in
rich clusters, where most of the LERGs lie. The range of blackhole
masses could be contributing to the scatter in our plots.

We derived the bolometric luminosity from the different
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Figure 11. Histogram of black hole masses for the 2Jy and 3CRR LERGs
and NLRGs. Only narrow-line HERGs are included, to allow comparison
between both samples and avoid issues with the unreliability of K-band
derived black hole masses in broad-line objects.

bands, and studied their consistency. We used the correlations of
Marconi et al. (2004, eq.21 ) for the X-ray 2-10 keV luminosity
(LXa):

log(L/L2−10keV) = 1.54+ 0.24L + 0.012L2 − 0.0015L3 (2)

whereL = (log(L) − 12), andL is the bolometric luminosity in
units of L⊙. We used the simple relation of Heckman et al. (2004)
for the [OIII] luminosity (Lbol = 3500L[OIII ]) and the relation of
Runnoe et al. (2012, eq. 8) for the IR luminosity at 24µm:

log(Liso) = (15.035± 4.766)+ (0.688± 0.106)log(λLλ) (3)

where Liso assumes an isotropic bolometric luminosity
(Runnoe et al. recommend that a correction be made to ac-
count for orientation effects, so thatLbol ∼ 0.75Liso, but we do not
apply this correction). These bolometric luminosties obtained for
the different bands are shown in Table 6.

It is worth noting that all these relations are a subject of de-
bate. TheLX,2−10keV/Lbol relation was initially postulated for bright
quasars (Elvis et al. 1994), and although more complex relations
like that of Marconi et al. (2004) agree with the initial results, they
cannot be be fully applied to low-luminosity and low-excitation
sources (see e.g. Ho 2009). The mid-IR luminosity seems to bea
very reliable estimator of the bolometric luminosity of an AGN, de-
spite issues with non-thermal contamination where a jet is present
(see e.g. Fernández-Ontiveros et al. 2012), and a minor contribu-
tion from star formation. The main issue with this correlation
lies in the dependence on orientation, which can introduce abias
of up to 40 per cent (see e.g. Runnoe et al. 2012). [OIII] has
been widely used to assess the bolometric luminosity, giventhat
the conversion factor between the two is just a constant, butit
is not reliable when there are other sources of photoionization,
it is known to underestimate the bolometric luminosity in low-
excitation sources (see e.g. Netzer 2009), and is also orientation-
dependent (Jackson & Browne 1990; Dicken et al. 2009).

Jet power versus radiative luminosity plots can be enlighten-
ing in discerning the relative contributions of both components for
each population. The top panel of Figure 12 showsLbol,[X]/LEdd ver-
susQ/LEdd for the 2Jy and the 3CRR sources, where Q is the jet
power as defined by Willott et al. (1999). The middle and bottom
panels of Figure 12 show the same plot for [OIII] and IR derived
bolometric luminosities, respectively. This latter panelof Figure 12
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Table 6.K-band magnitudes, K-corrections (calculated using the relations of Glazebrook et al. 1995; Mannucci et al. 2001), absolute magnitudes, black hole
masses, Eddington luminosities, X-ray, [OIII] and infrared-derived Eddington ratios and jet Eddington ratios for thesources in the 2Jy sample. The K-band
magnitudes from Inskip et al. (2010) are marked as I10 in the reference column, the magnitudes taken directly from the 2MASS catalogue are marked as
2M. The errors quoted forLX,rad/LX,Edd are derived from both the errors in the X-ray powerlaw normalization and the errors in the intrinsicNH , to show
the maximum possible uncertainty. Where NH was fixed to 1023 cm−2, the upper and lower values of the X-ray luminosity were calculated forNH = 0 and
NH = 1024 cm−2 respectively. E stands for LERG, N for NLRG, B for BLRG, Q for Quasar.

PKS Type Ref z mag Ks K-corr Mag Ks MBH LEdd LX,rad/LX,Edd L[OIII ],rad/L[OIII ],Edd LIR,rad/LIR,Edd Q/LEdd

×109 M⊙ ×1040 W

0023-26 N I10 0.322 15.036 -0.604 -26.70 1.67 2.17 1.76+0.10
−0.11 × 10−3 2.42× 10−2 1.15× 10−2 9.10× 10−2

0034-01 E I10 0.073 12.569 -0.183 -25.21 0.53 0.69 1.50+0.28
−0.28 × 10−3 1.56× 10−3 8.28× 10−3 1.23× 10−2

0035-02 B I10 0.220 14.107 -0.482 -26.47 1.40 1.81 4.41+0.54
−0.47 × 10−2 2.32× 10−2 2.17× 10−2 5.25× 10−2

0038+09 B I10 0.188 14.299 -0.428 -25.94 0.93 1.21 8.14+0.08
−0.56 × 10−1 4.34× 10−2 4.57× 10−2 4.82× 10−2

0039-44 N I10 0.346 15.411 -0.622 -26.53 1.46 1.89 9.81+1.97
−1.84 × 10−2 2.03× 10−1 8.99× 10−2 9.79× 10−2

0043-42 E I10 0.116 12.999 -0.283 -25.94 0.94 1.22 4.18+0.82
−0.65 × 10−3 1.44× 10−3 1.22× 10−2 2.29× 10−2

0105-16 N I10 0.400 15.419 -0.649 -26.91 1.96 2.55 1.33+0.64
−0.39 × 10−1 3.44× 10−2 3.64× 10−2 1.38× 10−1

0213-13 N I10 0.147 13.502 -0.349 -26.07 1.03 1.33 9.57+3.05
−2.85 × 10−2 3.41× 10−2 1.59× 10−2 2.98× 10−2

0347+05 B I10 0.339 14.286 -0.617 -27.59 3.28 4.27 2.31+1.66
−0.66 × 10−2 7.46× 10−4 8.21× 10−3 2.72× 10−2

0349-27 E I10 0.066 12.853 -0.166 -24.68 0.36 0.46 4.16+0.56
−0.55 × 10−3 9.04× 10−3 1.20× 10−2 1.23× 10−2

0404+03 N I10 0.089 13.417 -0.221 -24.85 0.41 0.53 1.80+0.83
−0.62 × 10−1 1.91× 10−2 3.84× 10−2 1.88× 10−2

0442-28 N I10 0.147 13.160 -0.349 -26.41 1.33 1.73 2.30+0.10
−0.09 × 10−1 1.40× 10−2 1.96× 10−2 3.52× 10−2

0620-52 E 2M 0.051 9.801 -0.129 -27.11 2.27 2.95 3.06+9.80
−3.06 × 10−5 3.09× 10−5 8.18× 10−4 1.09× 10−3

0625-35 E I10 0.055 10.724 -0.139 -26.36 1.29 1.68 2.00+0.23
−0.18 × 10−2 6.27× 10−4 5.19× 10−3 2.13× 10−3

0625-53 E I10 0.054 10.042 -0.137 -27.00 2.09 2.72 6.41+0.02
−6.41 × 10−6 1.41× 10−4 4.91× 10−4 4.24× 10−3

0806-10 N I10 0.110 12.137 -0.269 -26.67 1.62 2.11 7.84+2.01
−1.69 × 10−3 9.78× 10−2 5.71× 10−2 8.91× 10−3

0859-25 N I10 0.305 14.758 -0.589 -26.83 1.83 2.38 3.84+3.72
−2.05 × 10−2 1.39× 10−2 2.44× 10−2 1.01× 10−1

0915-11 E I10 0.054 10.868 -0.137 -26.18 1.12 1.45 9.17+1.23
−0.62 × 10−5 6.98× 10−4 2.88× 10−3 3.79× 10−2

0945+07 B I10 0.086 12.376 -0.214 -25.81 0.84 1.10 2.08+0.10
−0.07 × 10−1 2.56× 10−2 2.39× 10−2 1.54× 10−2

1151-34 Q 2M 0.258 14.040 -0.537 -27.08 2.22 2.88 1.23+1.53
−0.15 × 10−2 3.40× 10−2 2.29× 10−2 2.77× 10−2

1306-09 N I10 0.464 15.120 -0.666 -27.61 3.33 4.33 1.88+0.02
−0.04 × 10−2 1.13× 10−2 1.63× 10−2 4.35× 10−2

1355-41 Q I10 0.313 12.744 -0.597 -28.91 8.95 11.63 5.60+1.69
−0.12 × 10−2 2.32× 10−2 1.73× 10−2 1.10× 10−2

1547-79 B I10 0.483 15.185 -0.669 -27.66 3.44 4.47 1.51+44.55
−0.91 × 10−1 2.11× 10−1 2.45× 10−2 7.76× 10−2

1559+02 N I10 0.104 12.205 -0.256 -26.46 1.38 1.80 4.75+0.14
−1.67 × 10−4 3.50× 10−2 5.90× 10−2 1.34× 10−2

1648+05 E 2M 0.154 12.550 -0.363 -27.14 2.33 3.03 2.42+554.08
−2.42 × 10−4 5.21× 10−4 2.18× 10−3 1.61× 10−1

1733-56 B I10 0.098 12.485 -0.242 -26.03 1.00 1.30 3.75+1.53
−0.03 × 10−2 1.76× 10−2 1.74× 10−2 1.54× 10−2

1814-63 N I10 0.063 11.896 -0.159 -25.52 0.68 0.88 6.34+0.22
−0.46 × 10−2 1.71× 10−3 2.23× 10−2 2.64× 10−2

1839-48 E 2M 0.112 11.841 -0.274 -27.01 2.11 2.74 1.19+1.35
−1.19 × 10−4 2.94× 10−5 2.14× 10−3 6.66× 10−3

1932-46 B I10 0.231 14.971 -0.499 -25.84 0.86 1.12 6.90+0.09
−0.18 × 10−3 7.49× 10−2 1.35× 10−2 2.72× 10−1

1934-63 N I10 0.183 14.023 -0.419 -26.14 1.09 1.41 2.20+12.07
−2.20 × 10−3 2.98× 10−2 2.86× 10−2 2.73× 10−2

1949+02 N I10 0.059 11.333 -0.149 -25.92 0.92 1.20 1.63+0.81
−0.43 × 10−2 2.10× 10−2 3.32× 10−2 6.30× 10−3

2135-14 Q 2M 0.200 12.404 -0.449 -28.00 4.47 5.81 1.40+0.38
−1.40 × 10−1 7.82× 10−2 2.74× 10−2 8.54× 10−3

2211-17 E I10 0.153 13.422 -0.361 -26.25 1.18 1.54 2.81+0.16
−2.81 × 10−7 5.46× 10−4 1.72× 10−3 7.27× 10−2

2221-02 B I10 0.057 11.448 -0.144 -25.73 0.79 1.03 2.31+0.25
−0.22 × 10−2 5.77× 10−2 4.17× 10−2 3.20× 10−3

2250-41 N I10 0.310 15.508 -0.594 -26.12 1.07 1.40 4.35+28.50
−4.35 × 10−4 1.25× 10−1 4.97× 10−2 1.56× 10−1

2356-61 N I10 0.096 12.559 -0.237 -25.90 0.91 1.18 2.58+0.19
−0.22 × 10−2 2.68× 10−2 2.35× 10−2 3.24× 10−2

is the one with the best correlation (see Table 5). Reassuringly, in
all the plots adding the contributions from the radiative output and
the jet kinetic energy still results in sub-Eddington accretion, even
in the brightest sources.

The X-ray derived Eddington rates show the greatest degree of
uncertainty on individual measurements, two orders of magnitude
for some sources, and even higher for the (‘inefficient’) LERGs.
The top panel of Figure 12 illustrates this fact clearly: theX-ray
derived Lbol/LEdd spans two orders of magnitude more than that
derived from the [OIII] and IR measurements (middle and bottom
panels). This effect is most likely intrinsic to the nature of X-ray
measurements of AGNs, where source variability, intrinsicabsorp-
tion and beaming contribute to the scatter. LERGs seem to have
systematically lower (by over three orders of magnitude in some

cases) radiative Eddington rates in X-rays than they do whenthese
rates are derived from IR or [OIII] measurements. Even assuming
a much higher obscuration (NH = 1024 cm−2), their radiative Ed-
dington rates would be far lower than those of the HERGs, which
makes it unlikely that LERGs are simply Compton-thick HERGs.

EstimatingL/LEdd is very challenging, particularly for radia-
tively inefficient sources, where models predict very little radiative
emission. Can we, therefore, find a reliable probe for the accretion-
related, radiative luminosity in LERGs? While IR measurements
are most reliable to determine accretion in high-excitation sources,
they appear to overestimate this component in LERGs. Most IR
points in Figure 12 are detections, not upper limits, which is not
consistent with the model predictions. As pointed out in Section
4.3, it is likely that in these objects the IR emission is associated
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with the jet and the old stellar population, rather than accretion.
For the same reason, [OIII] measurements are also likely to be an
overestimation, since shock-ionization by the jet can boost such
emission. We conclude that for LERGs the Eddington rate is best
derived from X-ray measurements, since we know that, once the
possible contamination byLXu is accounted for, any remaining ra-
diative output must come fromLXa.

In all these plots a division between high and low-excitation
sources is clearly visible. A trend between jet power and radiative
luminosity can be observed for the LERGs. We can assume that a
certain degree of contamination from jet emission is present in the
radiative component in the three plots, and is probably causing this
apparent trend.

Finally, we note that for the HERGs we do not see a decrease
in jet power at high radiative luminosities, which indicates that,
even if there is a switch between radiatively inefficient and effi-
cient accretion (discussed below, Section 5.4), jet generation is not
switched off when radiatively efficient accretion takes over. There
are several NLRGs, in fact, where the contribution from the jet ki-
netic luminosity is higher than that of the radiative luminosity (see
also Punsly & Zhang 2011).

5.3 Radiative luminosity and jet power: is there a
correlation?

While we know that the empirical relation between low-frequency
radio emission and jet kinetic power shows a large scatter, and that
environmental factors play a fundamental role in this relation, past
work has suggested that there is a direct correlation between radia-
tive luminosity and jet power in radio-loud AGN (see e.g. Figure
1 in Rawlings & Saunders 1991, , who findQ = L0.9±0.2

NLR ). Accord-
ing to this scenario, the radiative output of the AGN corresponds
to a fraction of its accretion power (which holds true for radio-
quiet sources), and so does the jet power, so that both magnitudes
are correlated. However, our results in Figure 12 show that there is
substantial scatter in this relationship even for the HERGs; when
considering the HERG population only, there is no obvious corre-
lation between the luminosity (in terms of Eddington) in thejet and
in radiative output, and, while excluding the LERGs limits the dy-
namic range, they cannot be considered in the same terms, dueto
their different accretion properties. Therefore, we must ask: is there
any evidence for a physical relation betweenQ andLrad, beyond the
fact that they are both linked to accretion?

We begin by noting that the interpretation of all these plots
is complicated by the fact that that the radiative luminosity is es-
sentially an instantaneous measurement, while the jet power is esti-
mated from the large-scale radio lobes and so is a weighted average
over the whole radio-loud lifetime of the source. This will certainly
give rise to some of the scatter that we see, but it is not clearthat
it can account for the roughly one order of magnitude in dispersion
about any relationship between radiative and kinetic luminosity.

We carried out tests for partial correlation betweenQ and
Lbol,[OIII ] for the HERGs, in the presence of their common depen-
dence on redshift, and also looked at the relationship between Q
and Lbol,IR (Table 5). In the first case, which corresponds to the
analysis of Rawlings & Saunders, we cannot reject the null hy-
pothesis at a 3σ level; in the second there is a weak correlation
for the overall sample, which disappears when the broad-line ob-
jects are removed. Our sample size is larger than that of Rawlings
& Saunders: the crucial difference between our work and theirs is
that we are not considering LERGs, which (because of their low jet
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Figure 12. Lbol/LEdd versusQ/LEdd for the 2Jy and the 3CRR sources.
Top: Lbol,X/LEdd versusQ/LEdd. Middle: Lbol,[OIII ]/LEdd versusQ/LEdd.
Bottom: Lbol,IR/LEdd versusQ/LEdd. Error bars reflect the uncertainties in
the accretion-related luminosity, but not systematics such as the uncertainty
in absorption or intrinsic variability. Arrows indicate upper limits
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powers and low emission-line/IR luminosities) would artificially
strengthen any such correlation.

If there is no real physical correlation between the jet power
and emission-line power, why are there positive correlations be-
tween related quantities such asLXa and L178 (Table 5)? We pro-
pose that these quantities are largely the result of selection bias.
Any object classified as a narrow-line radio galaxy or a quasar – in
other words, a classical AGN – has a radiative luminosity that can-
not fall much below 0.01LEdd (see further below, Section 5.4) and
cannot greatly exceedLEdd. By selecting the most luminous radio
galaxies in the Universe, the 3CRR and 2Jy samples, we are select-
ing for objects that have the highest possible jet powers – but these
must also be limited by the accretion rate and so cannot greatly ex-
ceedLEdd. Thus the most radio-loud objects in the universe should
always populate the top right of plots like Figure 12. However, cru-
cially, this picture makes a prediction for less luminous samples
of radio galaxies or radio-loud quasars that differs from that of the
Rawlings & Saunders model. Classical AGN selected at lower ra-
dio powers are free to populate parts of the luminosity-luminosity
plots to the left of the 3CRR/2Jy objects in Figure 12.

To test this picture we have plotted HERGs in our 2Jy
and 3CRR samples next to the SDSS-selected quasars of
Punsly & Zhang (2011). We have tested this comparison sample
for several reasons: (i) it is quite large, (ii) as it is not radio-selected
it samples objects with a range of radio outputs (which are also
lower than those of the 2Jy and 3CRR samples), (iii) and it con-
tains [OIII] and Q measures that we can directly compare to our
own. Figure 13 showsLbol,[OIII ] versusQ for the objects in the
Punsly & Zhang (2011) sample. As predicted, the SDSS QSOs lie
well to the left of the 3CRR objects: for a given radiative power,
they generally have much lower jet powers than the 3CRR/2Jy ob-
jects. In the simple Rawlings & Saunders model, these objects (with
lower radio powers) would be expected to lie 2-3 orders of magni-
tude lower in radiative power as well. This reinforces the conclu-
sions of Punsly & Zhang (2011), who pointed out that there is no
reason to expectLbol,[OIII ] andQ to be correlated beyond the scal-
ing with the central black hole. The picture also holds up forother
samples for which jet power (or total radio power) has been corre-
lated withL[OIII ], including the 7C sources of (Willott et al. 1999)
and the SDSS QSOs from McLure & Jarvis (2004), which also lie
systematically to the left of the line of equality in plots such as
that in Figure 13. The limiting case is provided by studies ofvery
low-luminosity radio-loud AGN such as that of Kauffmann et al.
(2008), where a very wide range of radio luminosities is necessar-
ily sampled and where there is no apparent correlation between Q
andLrad at all.

We can thus conclude that, for radiatively efficient accretion,
the same mechanism that powers radiative emission also powers
the jet. But while the fraction of accretion power that is converted
to radiative luminosity lies in a relatively narrow range, that which
is converted to jet power can vary much more widely, presumably
through some yet to be determined controlling parameter such as
black hole spin: through selection biases, this fraction ofthe total
accretion power reaches a maximum of∼ 20 per cent Eddington in
the 3CRR and 2Jy samples that are the subject of this paper.

5.4 An Eddington switch?

We now explore the transition between HERGs and LERGs. Are
both classes part of a continuous population? Is there a clear Ed-
dington switch that makes an object efficient or inefficient, or or is
the LERG/HERG difference controlled partly or wholly by other
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Figure 13. Lbol,[OIII ] versusQ for the 2Jy and the 3CRR high-excitation
objects and the SDSS quasars from Punsly & Zhang (2011). The line rep-
resents a 1:1 relation between both quantities.

factors, as in the models of Hardcastle et al. (2007b)? And how are
environmental and observational effects affecting the distribution?

We plotted histograms of the total Eddington luminosity
[(Lrad +Qjet)/LEdd] for the three bands and the high/low-excitation
populations. In all cases we found the distribution to be clearly bi-
modal, with HERGs having systematically higher Eddington rates
(peaking at∼ 20 per cent Eddington) than LERGs (peaking at∼ 1
per cent Eddington). The narrowest distribution is that obtained
from the IR data (Figure 14), but those derived from X-ray and
[OIII] measurements have coincident peaks and outliers.

Despite the fact that they have no influence on the result, we
decided to remove the broad-line objects from the histograms to
allow direct comparison between the 2Jy and 3CRR samples (we
have no K-band measurements for 3CRR BLRGs and QSOs), and
to remove the bias derived from black hole masses that are, atbest,
uncertain for these objects.

Before any conclusions can be drawn on the existence of an
Eddington switch between LERGs and HERGs, it is important to
consider the nature of outliers (i.e. high Eddington LERGs). The
LERGs with high Eddington rates fall into two categories: ‘effi-
cient’ LERGs and cluster-embedded objects. To the former cate-
gory belong PKS 0034-01 (3C 15), PKS 0043-42, PKS 0347+05,
PKS 0625-35, 3C 123 and 3C 200 (see Hardcastle et al. 2006),
all of which show signs of radiatively efficient accretion (bright
accretion-related emission in X-rays, bright mid-infrared emission,
and, in some cases, a Fe K-α line, see also Appendix A for de-
tails). To the latter category belong PKS 2211-17, PKS 1648+05
(Hercules A), PKS 0915-11 (Hydra A), and 3C 438. All these ob-
jects (save perhaps for Hydra A, which has a peculiar spectrum) are
bona-fide radiatively inefficient LERGs embedded in very dense
clusters. It is possible that a boost of the jet luminosity due to the
dense environment and an underestimation of the black hole mass
(Volonteri & Ciotti 2012) are combining to produce this effect.

To test this effect we have redone the histogram assuming that
the LERGs have no measurable radiative contribution from radia-
tively efficient accretion (that is, taking into account onlyQ for
these objects), and excluding all the sources for which the opti-
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Figure 14. Histograms of total Eddington rate [(Lbol,IR + Q)/LEdd] distri-
bution for the 2Jy and the 3CRR sources. Broad-line objects are excluded
from the HERGs to allow direct comparison between both samples.Top:
all objects with available data are considered.Bottom: only radiatively in-
efficient LERGs and radiatively efficient HERGs are considered, and for the
radiatively inefficient objects onlyQ is considered for the total luminosity.

cal classification is inconsistent with our conclusions on the accre-
tion mode (i.e. the ‘efficient’ LERGs). We have also excluded 3C
319, since our preliminary results on new X-ray data show that this
source may not be a radiatively inefficient AGN, but an efficient
one that has recently switched off. The histogram is shown in the
bottom panel of Figure 14.

After removing the outliers and the radiative contributionfor
the LERGs, we find that all our LERGs haveL/LEdd < 16 per cent.
94 per cent of them haveL/LEdd < 10 per cent, with 91 per cent of
them havingL/LEdd < 3 per cent. All the HERGs haveL/LEdd > 1
per cent, with 88 per cent of the HERGs havingL/LEdd > 3 per
cent, and 45 per cent of them havingL/LEdd > 10 per cent.

Although the separation between the two populations is now
clearer, there is still some overlap. The remaining LERGs with
log(Q/LEdd) > −1.5 are the cluster-embedded objects mentioned
above. While it is difficult to assess by how much the black hole
mass is underestimated in these galaxies, some of the plots of
Volonteri & Ciotti (2012) show that these masses could be off by
over half an order of magnitude. Hardcastle & Krause (2013) show
that there is almost an order of magnitude scatter on the radio lu-
minosity in their simulations for objects with the same jet powers,
caused by the range of environmental densities tested. Therefore,
the combination of these two effects could be enough to account
for the high values ofQ in cluster-embedded objects, and the rea-

son behind the overlap between the two populations. If this were
the case, our results would be compatible with a simple switch.

6 SUMMARY AND CONCLUSIONS

It is now clear that a classification that is based purely on mor-
phological features, as that of Fanaroff & Riley (1974), emission-
line properties, or orientation, as predicted by the simplest ver-
sions of models such as those described by Antonucci (1993) and
Urry & Padovani (1995), cannot account for the underlying variety
within the AGN population. As suggested by e.g. Hardcastle et al.
(2007b); Lin et al. (2010); Antonucci (2012); Best & Heckman
(2012), we need a classification that encompasses both the physical
properties and the observational properties of AGNs. This is partic-
ularly important for the LERG/HERG case, since there is an under-
lying physical difference between the two overall populations, but
there are cases in which the observational, optical line classification
belies the true nature of the accretion mode.

Although recent studies are beginning to take into account this
intrinsic difference between the two populations, and progress is
being made towards understanding the properties of LERGs, most
samples still use restrictive selection criteria, employ only one or
two energy bands to characterise the populations, contain objects
which are misclassified, and use bolometric corrections that do
not accurately describe the less powerful sources. In our work we
present consistent results that question the accuracy of some of
these assumptions, and prove that further, more careful analysis is
needed to understand the relationship between radiative output and
jet production in the overall AGN population.

Throughout this work we have shown that the best way
to reliably classify AGN populations is through a multiwave-
length approach, which we use on our sample of 45 2Jy and
135 3CRR sources (more than double the size of that studied by
Hardcastle et al. (2009)). We show that several objects classified as
LERGs based on their optical spectra (PKS 0034-01, PKS 0043-42,
PKS 0625-35, 3C 123, 3C 200 and more recently PKS 0347+05)
are most likely radiatively efficient sources.

We find the same strong correlations between hard (2-10
keV) X-ray, mid-IR and [OIII] emission as Hardcastle et al. (2006,
2009), confirming that these quantities are all related to radiatively
efficient accretion. We confirm the jet-related nature of the soft
X-ray emission, as suggested by Hardcastle & Worrall (1999). We
also show that selection criteria must be taken into accountwhen
studying correlations between these quantities: relativistic beaming
can introduce a large scatter in the plots, resulting in poorer partial
correlations. We find that all the correlations of Hardcastle et al.
(2009) become stronger by the addition of the 2Jy objects.

By comparing the accretion-related correlations, we show that
mid-IR measurements are best to constrain the accretion properties
of high-excitation objects, while for the low-excitation population
X-rays are the best band to set an upper limit on radiatively effi-
cient accretion, given that X-rays are less subject to contamination
from stellar processes and the presence of a jet (this is taken into
account by the soft X-ray component, whose jet-related nature we
confirm). Radio measurements are essential to establish theextent
of radiatively inefficient accretion, and the amount of AGN power
invested in the jet.

We emphasise the fact that bolometric corrections,MBH/L
correlations and jet power estimations only give an overallindi-
cation of AGN behaviour, and may be inaccurate for individual
sources, given the vast range of environments and nuclear powers
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involved. Further studies of individual SEDs and jet-environment
interaction simulations are needed to establish how reliable these
correlations are, in particular for the case of LERGs.

Despite these intrinsic limitations, we find very strong evi-
dence of the radiatively inefficient nature of the LERGs, as well
as confirmation for the fact that these objects accrete at very low
Eddington rates (< 10 per cent in all cases but one, with the dis-
tribution peaking at∼ 1 per cent), as expected from the theoreti-
cal models (e.g. Narayan & Yi 1995). We find that the HERGs in
our sample are narrowly distributed around 10 per cent Edding-
ton rates, with roughly half of the objects having greater values.
However, we find an overlap between both populations, which at
first sight is not consistent with a simple switch at a given value of
L/LEdd. Even after discarding the objects whose classification be-
lies the intrinsic accretion properties (i.e. plotting what we know
are unequivocally radiatively efficient HERGs and radiatively inef-
ficient LERGs), we find that LERGs embedded in very rich clus-
ters have higherL/LEdd. For these sources the central back hole
masses may be underestimated and the lobe luminosity may be
higher (Hardcastle & Krause 2013). These two factors can account
for the order of magnitude inL/LEdd that makes these objects over-
lap with the HERGs, in which case a simple switch between the
two populations would be feasible.

We do not see signs in our plots for radiatively efficient ac-
cretion completely taking over from jet production. In fact, we find
several NLRGs in which the dominant energetic contributionfrom
the AGN stems from the jet, rather than radiative luminosity. Selec-
tion on radio flux selects for the objects with the largest values of
Q at any given epoch. We find that jet kinetic power and radiative
luminosity seem to have a common underlying mechanism, but are
not correlated in radiatively efficient objects, confirming the con-
clusions of Punsly & Zhang (2011). While a better understanding
of the timescales and the addition of radio-quiet objects tothe plots
are necessary to fully understand whether these quantitiesare truly
uncorrelated, our plots and correlation analysis seem to indicate
that they are.

As part of our in-depth study of the 2Jy sample, in our second
paper we will analyse the non-thermal, extended X-ray emission
of the low-redshift sources observed byChandra, to characterise
the properties of their jets, hotspots and lobes. This will be the first
time a systematic study of this nature will have been carriedout on
a complete sample of radio galaxies, and it will allow us to gain
further insight on the particle content and the effects of beaming
across the entire radio-loud population. A third paper willstudy
the environments of the 2Jy and 3CRR samples, focusing on the
extended, thermal X-ray emission.
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APPENDIX A: NOTES ON INDIVIDUAL OBJECTS

A1 PKS 0023–26

PKS 0023–26 has a young stellar population (Dicken et al. 2012),
and redshifted HI emission consistent with infalling gas (Holt et al.
2008). Its X-ray spectrum is quite atypical for what is expected in
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NLRGs, with a dominating jet-related component and low intrinsic
absorption.

A2 PKS 0034–01 (3C 15)

PKS 0034–01 has a radio morphology that is intermediate between
that of an FR I and an FR II. The host galaxy has a dust lane
(Martel et al. 1999). Although this object is classified as a LERG,
in our plots it is near the luminosity break between LERGs and
NLRGs (LX,2−10keV = 6.6× 1042 erg s−1, see Table 2). Its spectrum
is relatively obscured (NH ∼ 1023 cm−2), and requires two power
law components. We do not detect a Fe K-α line, as we did for
PKS 0043–42. It is unclear whether PKS 0034–01 is a “true” (albeit
somewhat atypical) LERG, a low-luminosity NLRG, or an interme-
diate case. The absence of a torus (van der Wolk et al. 2010) seems
to point towards the first possibility, though its poor environment
makes it difficult to explain where the hot gas for a radiatively-
inefficient accretion scenario might come from.

A3 PKS 0035–02 (3C 17)

The optical spectrum of PKS 0035–02 shows double-peaked
Balmer lines. Its X-ray spectrum shows two distinct components
and some intrinsic absorption, which is not overly frequentin
broad-line objects due to orientation.

A4 PKS 0038+09 (3C 18)

The X-ray spectrum of this BLRG is bright (we had to correct itfor
pileup), and is well described with a single power law component,
with no traces of intrinsic absorption, as is expected for most broad-
line objects.

A5 PKS 0039–44

The optical nucleus of this NLRG seems to be dusty, and it is
believed to have two components (Ramos Almeida et al. 2010),
which are not resolved in ourXMM images. Its X-ray spectrum
is bright, with two distinct components, some intrinsic absorption
and a prominent Fe K-α line.

A6 PKS 0043–42

PKS 0043–42 has a very extended radio morphology, and no de-
tectable radio core (Morganti et al. 1999). Although it is classi-
fied as a LERG, PKS 0043–42 is most likely a high-excitation
object where the strong emission lines are simply not detected.
Ramos Almeida et al. (2010) find distinct evidence for a clumpy
torus in theirSpitzerdata, and its X-ray spectrum shows clear sig-
natures of radiatively efficient accretion, in the form of a bright hard
component and a Fe K-α emission line. Its high luminosity situates
this object in the parameter space occupied by the fainter NLRGs
in our plots.

A7 PKS 0105–16 (3C 32)

The spectrum we extracted from theXMM images is quite typi-
cal for a NLRG, with two components, intrinsic absorption and a
noticeable Fe K-α line.

A8 PKS 0213–13 (3C 62)

The spectrum of PKS 0213–13 is dominated by the hard compo-
nent, with the soft, jet-related component being very faint.

A9 PKS 0235–19

The X-ray spectrum of the BLRG PKS 0235–19 is not very bright,
and is best modelled with a single powerlaw with foreground ab-
sorption. This faintness is unexpected, given that this source is very
bright in the [OIII] and mid-IR bands, making it a clear outlier in
our plots (see the bottom panels of Figures 6 and 7).

A10 PKS 0252–71

PKS 0252–71 has a compact radio morphology. Its X-ray spectrum
is quite faint, it features two distinct components (the jet-related
one being brighter) and some absorption.

A11 PKS 0347+05

This object was previously classified as a BLRG, but a recent
study by Tadhunter et al. (2012) suggests that this is in facta dou-
ble system with a radio-loud object and a Seyfert 1 radio-quiet
AGN. It was already known that this was an interacting system
(Ramos Almeida et al. 2010; Inskip et al. 2010), but given these re-
cent results is is very possible that we are measuring data from
both objects, given that the galaxies are only 5 arcsec apart, and
we are thus unable to resolve them. The optical spectra analysed
by Tadhunter et al. (2012) suggest that the broad lines previously
attributed to the radio source belong instead to the Seyfert, and
the line ratios seem to indicate that the radio galaxy is a LERG.
They suggest that this latter source is just a relic, having recently
switched off, since they do not detect the radio core. TheXMM im-
ages show that the emission is centered between both sources, with
more emission coming from the region associated with the radio
source. The spectrum we analyse has a relatively bright softcom-
ponent, and a much brighter, though heavily absorbed hard compo-
nent, although theNH column is not very well constrained. This is
not compatible with the spectrum of a Seyfert 1 galaxy; we there-
fore assume that the radio-loud AGN is still active (in contrast to
the suggestion of Tadhunter et al. 2012), and is indeed the main
contributor to the X-ray spectrum, which is more consistentwith
that of a NLRG. We have decided to use the optical LERG clas-
sification for this source, although that makes it an outlierin most
of our plots, due to its brightness. The X-ray excess (as compared
to other LERGs) could be attributed to the contribution fromthe
Seyfert core, and the IR excess to the presence of star formation
(Dicken et al. 2012), but in any case the true nature of this source
remains uncertain. To further complicate the scenario, therich ICM
could also be contributing to the soft X-ray emission, although our
data do not allow us to quantify this effect.

A12 PKS 0349–27

This well-known FR II galaxy has some remarkable optical fea-
tures, including a spectacular extended emission line nebulosity
(Danziger et al. 1984). The X-ray spectrum shows very littleab-
sorption and is completely dominated by the hard component;we
were only able to obtain an upper limit on the jet-related power law
(see 2).
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A13 PKS 0404+03 (3C 105)

The host of PKS 0404+03 has been studied in detail in the opti-
cal and IR (see Inskip et al. 2010, and references therein), despite
the presence of a nearby star and the high foregroundNH column.
The Chandraspectrum is somewhat atypical, with high intrinsic
absorption, very faint soft emission (∼ 20 photon counts between
0.4 and 3 keV) and a bright accretion-related component. It is pos-
sible that the high intrinsic absorption we estimate is a consequence
of an underestimation in the foreground extinction (see Section2.3).

A14 PKS 0409–75

This FR II has the highest redshift in our sample, and is one ofthe
brightest radio sources in the Southern hemisphere (Morganti et al.
1999). It has a young stellar population (Dicken et al. 2012)and
it seems to have a double optical nucleus (Ramos Almeida et al.
2010). Its X-ray spectrum is also very bright, and atypical,with
the jet-related component clearly dominant, no detectableintrinsic
absorption and only an upper limit on the accretion-relatedcompo-
nent, which, however, has a detectable Fe K-α line. As pointed out
in Section 2.3, this object is an outlier in most of the plots,having
a much brighter soft soft X-ray luminosity than would be expected
from the correlations. Given that it lies in a relatively dense clus-
ter environment, it is possible that some of the soft X-ray excess
may be caused by inverse-Compton emission from the radio lobes,
which are not resolved byXMM. This would be consistent with the
fact that PKS 0409–75 is also an outlier in the top panel of Figure
5. A detailed study of the X-ray emission from the ICM is needed
to assess its contribution to the soft X-ray luminosity of this NLRG.

A15 PKS 0442–28

The spectrum of this source is very bright, with low intrinsic ab-
sorption (atypical for a NLRG) and a strong accretion-related com-
ponent. There seems to be some excess emission around 5-6 keV,
indicating the possible presence of a Fe K-α line, but adding a
Gaussian component to the best fit model did not improve the statis-
tics.

A16 PKS 0620–52

This LERG has the lowest redshift in our sample, and shows evi-
dence for a young stellar population (Dicken et al. 2012). Its spec-
trum is quite faint; we were able to detect and fit the soft com-
ponent, but obtained only an upper limit on the accretion-related
emission.

A17 PKS 0625–35

This object is suspected to be a BL Lac (Wills et al. 2004). Al-
though optically classified as a LERG, it is clear from our data
that this is not a “standard” low-excitation object. TheChandra
image shows a large streak, and is piled up. The spectrum is very
bright, with some intrinsic absorption and two power law compo-
nents. In our plots PKS 0625–35 sits near the low-luminosityend
of the NLRGs, its accretion-related luminosity being only below
that of PKS 0043–42 and PKS 0034–01, which are both “dubious”
LERGs. Beaming might account for the enhanced luminosity.

A18 PKS 0625–53

This LERG is hosted by a dumbbell galaxy, which is also the
brightest member in Abell 3391. It has an FR I radio morphology
with a wide-angled tail (Morganti et al. 1999) and a deflectedjet.
A strong nuclear component is not detected in the IR (Inskip et al.
2010), consistent with the classification as a low-excitation object.
TheChandraimage shows a very faint nucleus; our spectrum only
has one bin, which allows us to constrain an upper limit to thelu-
minosity.

A19 PKS 0806–10 (3C 195)

Our Chandraspectrum is bright, with a strong accretion-related
component and some intrinsic absorption. Although its accretion-
related luminosity is somewhat smaller than expected (thisis the
most luminous object in the 2Jy sample atz < 2 in the [OIII] and
mid-IR bands), it falls within the overall correlations in the bottom
panels of Figures 6 and 7, thus it is not likely to be Compton-thick.

A20 PKS 0859–25

This NLRG seems to have a double nucleus (Ramos Almeida et al.
2010). ItsXMM spectrum is remarkable in that it shows a very
prominent Fe K-α line.

A21 PKS 0915–11 (3C 218, Hydra A)

Hydra A is a very well studied galaxy. It sits in the center of arich
cluster and is one of the most powerful local radio sources (see
e.g. Lane et al. 2004, and references therein). The optical emission
lines are very weak, and the K-band imaging does not show a nu-
clear point source (Inskip et al. 2010). It also shows evidence for
recent star formation (Dicken et al. 2012), which is not common
in cluster-centre galaxies, but can be attributed to a recent merger
(Ramos Almeida et al. 2010, report the presence of a dust lane).
The AGN is very faint in X-rays, and its spectrum has a rather
peculiar shape (Sambruna et al. 2000; Rinn et al. 2005), possibly
because of contamination from thermal emission that our region
selection cannot fully correct for. This situates Hydra A slightly
apart form the bulk of the LERG population in our diagrams, rel-
atively close to the LERG/HERG divide. The intrinsicNH and the
soft emission are rather well constrained, but the error in the nor-
malization of the hard power law component is quite large, which
is reflected in the large error bars in our plots.

A22 PKS 0945+07 (3C 227)

This is a well-known BLRG, with a very extended optical emis-
sion line region (Prieto et al. 1993). TheChandraspectrum is very
bright, and requires pileup correction and some care when select-
ing the extraction region (there is a faint streak in the image). It is
well modelled with two power laws and low, but well constrained,
intrinsic absorption (Hardcastle et al. 2007a).

A23 PKS 1136–13

This QSO has a very prominent jet which is visible in optical
(Ramos Almeida et al. 2010) and infrared (Uchiyama et al. 2007),
and extremely bright in theChandra image, which also shows a
prominent streak (Sambruna et al. 2006). The spectrum had tobe
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corrected for pileup, and is modelled well with two components
(the soft emission being dominant) and low intrinsic absorption.

A24 PKS 1151–34

This QSO seems to be interacting with a nearby spiral galaxy
(Ramos Almeida et al. 2010). Although the PAH features in the
Spitzerobservations seem to indicate a young stellar population,
this is not confirmed by the far-IR observations (Dicken et al.
2012). This source has double-peaked Balmer lines, and it isclearly
radiatively efficient: theXMM spectrum is rather bright, and well
modelled with two power laws (the hard component being much
brighter than the soft one), a surprisingly high absorptioncolumn
(which is also not very well constrained, see Table 2), and a Fe K-α
emission line.

A25 PKS 1306–09

PKS 1306–09 has a double optical nucleus (Inskip et al. 2010;
Ramos Almeida et al. 2010). ItsXMM spectrum shows no signs of
a jet-related component, and requires some intrinsic absorption.

A26 PKS 1355–41

TheXMM spectrum requires two power law components and very
low intrinsic absorption.

A27 PKS 1547–79

PKS 1547–79 shows a double nucleus both in the optical
(Ramos Almeida et al. 2010) and IR images (Inskip et al. 2010). Its
XMM spectrum is rather peculiar, and not very bright, probably due
to the high redshift. There may be signs of thermal contamination
in the soft emission, and heavy intrinsic absorption is required for
a good fit, but is very poorly constrained. This is very atypical for
a BLRG, and possibly an effect of the poor spectral quality (the
observation suffers from rather heavy flare contamination for about
70 per cent of the exposure time), but careful flare-filteringand re-
binning of the data resulted in no improvements in the fits.

A28 PKS 1559+02 (3C 327)

The host galaxy of this NLRG is very massive, and seems to have
a bifurcated dust lane (Inskip et al. 2010; Ramos Almeida et al.
2010), which crosses the nucleus. van der Wolk et al. (2010) report
a large infrared excess that extends beyond what is expectedfor a
torus. TheChandra image shows a very bright nucleus, which is
close to the edge of the S3 chip. The spectrum is best fit with two
components and low intrinsic absorption, and a Fe K-α emission
line, which is not very well constrained (Hardcastle et al. 2007a).
As for PKS 0409–75 (Section A14), it is remarkable that the Fe
line is detected despite the faintness of the accretion-related com-
ponent. As pointed out in Section 4, it is very likely that this object
is Compton-thick, given that its accretion-related X-ray luminosity
is much fainter than what should be expected from its [OIII] and IR
luminosities.

A29 PKS 1602+01 (3C 327.1)

The host galaxy seems to have a double optical nucleus
(Ramos Almeida et al. 2010) and perhaps an extended emission
line region (Morganti et al. 1999). TheXMM spectrum has two
bright components, with no intrinsic absorption.

A30 PKS 1648+05 (3C 348, Hercules A)

Hercules A is a cluster-embedded LERG with some unusual ra-
dio properties (Morganti et al. 1993). Dust features are detected in
the optical images (Ramos Almeida et al. 2010). Its nuclear X-ray
spectrum is very faint, with soft emission being the main contrib-
utor. We were only able to constrain an upper limit for the hard
component.

A31 PKS 1733–56

The host galaxy of PKS 1733–56 shows clear evidence of re-
cent star formation (Dicken et al. 2012), and a disturbed optical
morphology (Ramos Almeida et al. 2010; Inskip et al. 2010). The
Chandraspectrum is very bright, and had to be corrected for pileup.
It is also quite typical of a BLRG, with low intrinsic absorption
which does not allow us to distinguish clearly between both com-
ponents. There is a faint excess∼ 6 keV which could be related to
a Fe K-α emission line, but adding an extra component does not
improve the fit.

A32 PKS 1814–63

PKS 1814–63 shows clear traces of an optical disk and a dust lane
(Ramos Almeida et al. 2010; Inskip et al. 2010), which is atypical
for a system with this radio luminosity (Morganti et al. 2011). It
also shows evidence for starburst activity (Dicken et al. 2012) and
has an extended emission line region (Holt et al. 2008, 2009). Its
Chandraspectrum is bright and dominated by a relatively unob-
scured hard component, as typical for NLRGs. It also has a Fe K-α
emission line.

A33 PKS 1839–48

This FR I is another example of a cluster-embedded LERG
(Ramos Almeida et al. 2010). van der Wolk et al. (2010) reportno
detection of a dusty torus, which is consistent with the classification
of this object as low-excitation. Its X-ray spectrum has a relatively
bright soft component, but no traces of accretion-related emission,
for which we were only able to constrain an upper limit.

A34 PKS 1932–46

The host of this BLRG shows signs of ongoing star forma-
tion (Dicken et al. 2012), has an extended emission line region
(Inskip et al. 2007) and its core seems to be relatively faintin the
K band (Inskip et al. 2010), its IR luminosity is also rather low in
our plots, while it is quite bright in [OIII]. The X-ray spectrum
is not very bright, and is best modelled with a single, unobscured
component, which does not allow us to distinguish between jet
and accretion-related emission. This is consistent with the inter-
pretation of Inskip et al. (2007), who suggest that the nucleus has
switched off, but such a short time ago that this information has not
yet the extended narrow-line region
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A35 PKS 1934–63

This source has a compact double radio morphology (Ojha et al.
2004) and is optically very blue (Ramos Almeida et al. 2010).It
also shows evidence for infalling gas (Holt et al. 2008, 2009). Its
radio spectrum is prototypical for a gigahertz-peaked source, and
is self-absorbed, thus we could only derive an upper limit toits
178 and 151 MHz fluxes. Its X-ray spectrum is dominated by the
soft component, and we are not able to disentangle the obscuring
column from the hard component, nor do we detect the Fe K-α re-
ported by Risaliti et al. (2003) from theirBeppo-SAXobservations.
It is possible that this object is heavily obscured, although we do
not see an excess in IR emission to support this.

A36 PKS 1938–15

The spectrum of this BLRG has two components and a low intrinsic
NH column. It has an excess compatible with a Fe K-α emission
line; adding this component improves the fit slightly.

A37 PKS 1949+02 (3C 403)

PKS 1949+02 is a NLRG with an X-shaped radio morphology, and
as such it has been studied in some detail (see Ramos Almeida et al.
2010, and references therein). Its X-ray spectrum has also been
studied in detail (Kraft et al. 2005; Balmaverde et al. 2008), it is
dominated by the hard component, rather obscured, and it hasa
very prominent Fe K-α emission line.

A38 PKS 1954–55

The spectrum of this LERG is rather faint, and only a soft compo-
nent is detected.

A39 PKS 2135–14

The spectrum of this QSO is bright, and had to be corrected for
pileup. It has two distinct components and some intrinsic obscura-
tion. There is some excess above 5 keV which we have not been
able to model.

A40 PKS 2135–20

The host of this BLRG shows evidence for star formation
(Dicken et al. 2012), and is classified as a ULIRG. Although the
quality of the spectrum is rather poor, given the low luminosity of
the source (for a BLRG) and the high redshift, we detect two com-
ponents, heavy (although not very well constrained) intrinsic ab-
sorption, and some excess that could be compatible with a Fe K-α
emission line, although it is unclear due to our low statistics.

A41 PKS 2211–17 (3C 444)

PKS 2211–17 is another example of a cluster-embedded LERG
(Croston et al. 2011). Its nuclear spectrum is very faint, with only
∼ 20 counts in the 0.4-7 keV energy range. We could only derive
upper limits for both X-ray components.

Table B1. Observational details for the 3CRR sources with newXMM-
Newtondata. Post-filtering livetimes are given for MOS1, MOS2 and PN.

Source Observation ID Livetimes (s)
3C 19 0600450701 13143, 13848, 7786
3C 42 0600450301 18181, 17841, 15165
3C 46 0600450501 7716, 7677, 4343
3C 67 0600450801 9319, 9832, 8719
4C14.27 0600450401 14390, 14351, 11203
3C 314.1 0600450101 17949, 18645, 12092
3C 319 0600450201 7470, 7062, 4979
3C 341 0600450601 16659, 16624, 12995

A42 PKS 2221–02 (3C 445)

This object is a relatively well-known BLRG. It has a very bright
nucleus in the K band (Inskip et al. 2010) and an extended emis-
sion line region (Balmaverde et al. 2008). TheChandraspectrum
is bright, but not heavily piled up. The hard component dominates,
and we detect a rather prominent Fe K-α emission line.

A43 PKS 2250–41

This source has a rather bright extended [OIII] line emission
(Tadhunter et al. 2002). ItsXMM spectrum has a very faint
accretion-related component, for which we were only able tode-
rive an upper limit, although this is clearly a high-excitation object.
As for PKS 1559+02, it is very likely that this object is Compton-
thick.

A44 PKS 2314+03 (3C 459)

The host galaxy of this NLRG is classified as an ultraluminousin-
frared galaxy (ULIRG) due to its intense star formation activity
(Dicken et al. 2012; Tadhunter et al. 2002), and it also has a strong
radio core (Morganti et al. 1999), which offsets it slightly from the
rest of the NLRG population in our 5 GHz plots. The X-ray spec-
trum has two distinct components and some intrinsic absorption,
with some excess in the soft energy range.

A45 PKS 2356–61

This NLRG has a spectrum clearly dominated by the accretion-
related component, with a noticeable Fe K-α emission line.

APPENDIX B: 3CRR TABLES

The X-ray properties of the 3CRR sources are largely taken from
Hardcastle et al. (2009). They differ from the results presented in
that paper in two ways: firstly, we make use of completeChan-
dra observations of the 3CRR sample withz < 0.1, which will be
presented by Evans et al. (in prep.); secondly, we have usedXMM-
Newtonobservations taken with the aim of completing the X-ray
observations of the 3CRR sample atz < 0.5, which are listed in
Table B1. These were a uniform set of observations with a nominal
on-source time of 15 ks, but some were badly affected by flaring.
They were all analysed in the manner described by Hardcastleet al.
(2009) and in the text.

In Table B2 we give the K-band magnitudes and derived quan-
tities for the 3CRR sources discussed in the text, and Table B3 gives
a complete list of the 3CRR luminosities and emission-line classifi-
cations, an update of the table presented by Hardcastle et al. (2009).
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Table B2.K-band magnitudes, K-corrections (calculated using the relations of Glazebrook et al. 1995; Mannucci et al. 2001), absolute magnitudes, black hole
masses, Eddington luminosities, X-ray, [OIII] and infrared-derived Eddington ratios and jet Eddington ratios for thesources in the 3CRR sample. The errors
quoted for LX,rad/LX,Edd are derived from the errors in the X-ray powerlaw normalization. Values preceded by a ‘<’ indicate upper limits. E stands for LERG,
N for NLRG, B for BLRG, Q for Quasar. The K magnitudes given correspond to the following references: L Lilly & Longair (1984), S Simpson et al. (2000),
V de Vries et al. (1998), B Best et al. (1998). 2M stands for sources where the measurements were taken directly from 2MASS.

PKS Type Ref z mag Ks K-corr Mag Ks MBH LEdd LX,rad/LX,Edd L[OIII ],rad/L[OIII ],Edd LIR,rad/LIR,Edd Q/LEdd

×109 M⊙ ×1040 W

4C12.03 E L 0.156 13.130 -0.367 -26.60 1.54 2.00 < 9.20× 10−4 1.62× 10−3 - 1.18× 10−2

3C20 N L 0.174 14.060 -0.403 -25.96 0.95 1.24 3.16+7.29
−0.90 × 10−2 4.58× 10−3 2.57× 10−2 7.98× 10−2

3C28 E L 0.195 13.570 -0.441 -26.77 1.75 2.27 < 9.97× 10−5 1.42× 10−3 8.27× 10−4 2.49× 10−2

3C31 E 2M 0.017 8.481 -0.043 -25.77 0.82 1.07 < 2.92× 10−6 9.72× 10−5 8.55× 10−4 6.12× 10−4

3C33 N S 0.060 11.720 -0.150 -25.54 0.69 0.90 2.75+2.54
−1.62 × 10−2 6.04× 10−2 2.41× 10−2 1.91× 10−2

3C35 E L 0.068 11.770 -0.170 -25.80 0.84 1.09 < 1.98× 10−3 3.43× 10−4 - 4.82× 10−3

3C42 N S 0.395 15.140 -0.648 -27.16 2.36 3.07 2.99+4.67
−2.86 × 10−2 1.24× 10−2 - 5.42× 10−2

3C46 N V 0.437 14.830 -0.660 -27.74 3.67 4.78 - 4.59× 10−2 - 3.92× 10−2

3C55 N L 0.735 16.540 -0.763 -27.50 3.05 3.97 - - 1.29× 10−1 2.59× 10−1

3C66B E 2M 0.022 9.500 -0.055 -25.36 0.60 0.78 < 2.22× 10−6 5.14× 10−4 6.37× 10−4 1.78× 10−3

3C76.1 E 2M 0.032 10.870 -0.083 -24.95 0.44 0.57 < 2.76× 10−5 4.30× 10−4 8.04× 10−4 2.83× 10−3

3C79 N S 0.256 14.420 -0.534 -26.67 1.62 2.11 2.71+13.20
−2.15 × 10−2 1.22× 10−1 9.85× 10−2 7.58× 10−2

3C83.1B E 2M 0.026 10.850 -0.065 -24.41 0.29 0.38 < 2.95× 10−5 - 1.88× 10−3 5.38× 10−3

3C84 N 2M 0.018 8.126 -0.045 -26.26 1.19 1.55 < 1.90× 10−4 9.41× 10−3 1.79× 10−2 1.46× 10−3

3C98 N 2M 0.031 10.930 -0.078 -24.74 0.38 0.49 1.56+0.15
−0.15 × 10−3 7.52× 10−3 - 9.57× 10−3

3C123 E L 0.218 13.960 -0.479 -26.67 1.63 2.12 4.54+1.58
−2.20 × 10−3 1.65× 10−2 6.21× 10−3 2.55× 10−1

3C153 N S 0.277 14.220 -0.560 -27.09 2.24 2.91 < 4.39× 10−4 5.25× 10−3 3.04× 10−3 3.43× 10−2

3C171 N S 0.238 14.720 -0.510 -26.17 1.11 1.45 2.96+1.05
−0.89 × 10−2 1.87× 10−1 - 6.53× 10−2

DA240 E 2M 0.036 10.724 -0.091 -25.30 0.58 0.75 < 1.17× 10−5 2.66× 10−4 - 4.81× 10−1

3C172 N L 0.519 15.670 -0.675 -27.36 2.75 3.58 - - 9.14× 10−3 8.61× 10−4

3C192 N S 0.060 12.120 -0.151 -25.14 0.51 0.66 5.78+10.30
−3.16 × 10−4 1.21× 10−2 2.69× 10−3 1.16× 10−2

3C200 E V 0.458 15.590 -0.665 -27.11 2.27 2.95 < 5.85× 10−3 - 7.58× 10−3 7.32× 10−2

3C223 N S 0.137 13.770 -0.328 -25.59 0.72 0.93 1.35+6.90
−0.70 × 10−2 5.64× 10−2 - 2.71× 10−2

3C228 N L 0.552 16.250 -0.682 -26.95 2.02 2.62 4.51+6.33
−4.13 × 10−3 - 2.02× 10−2 2.18× 10−1

3C236 E L 0.099 12.220 -0.244 -26.29 1.22 1.59 < 7.36× 10−4 1.75× 10−3 - 8.32× 10−3

3C263.1 N L 0.824 16.610 -0.818 -27.79 3.81 4.95 - - 2.24× 10−2 2.24× 10−1

3C264 E 2M 0.021 9.489 -0.053 -25.26 0.56 0.73 < 4.01× 10−6 6.97× 10−5 1.20× 10−3 1.96× 10−3

3C272.1 E 2M 0.003 6.222 -0.007 -23.46 0.14 0.18 < 4.09× 10−7 1.80× 10−5 4.04× 10−4 1.96× 10−4

3C274 E 2M 0.004 5.812 -0.011 -25.38 0.61 0.79 < 1.64× 10−7 3.95× 10−5 2.52× 10−4 2.61× 10−3

3C274.1 N L 0.422 15.360 -0.657 -27.12 2.29 2.97 < 3.02× 10−3 2.67× 10−3 5.32× 10−3 8.56× 10−2

3C280 N B 0.996 16.800 -0.902 -28.19 5.17 6.72 1.09+0.55
−0.48 × 10−1 - 7.33× 10−2 3.06× 10−1

3C284 N L 0.239 13.990 -0.512 -26.91 1.96 2.54 1.26+7.94
−1.22 × 10−2 5.45× 10−3 - 2.37× 10−2

3C285 N L 0.079 12.440 -0.198 -25.53 0.68 0.89 5.94+1.63
−1.23 × 10−3 1.44× 10−3 - 8.61× 10−3

3C288 E L 0.246 13.420 -0.521 -27.56 3.21 4.17 < 9.65× 10−5 - 1.14× 10−3 2.34× 10−2

3C289 N B 0.967 16.720 -0.891 -28.18 5.13 6.67 - - 3.57× 10−2 1.62× 10−1

3C293 E 2M 0.045 10.841 -0.115 -25.77 0.82 1.07 1.16+0.12
−0.11 × 10−3 2.14× 10−4 4.87× 10−3 2.69× 10−3

3C295 N L 0.461 14.330 -0.665 -28.39 5.99 7.79 1.85+6.61
−0.26 × 10−2 4.36× 10−3 1.49× 10−2 1.52× 10−1

3C296 E 2M 0.024 8.764 -0.061 -26.30 1.23 1.60 < 1.44× 10−5 1.19× 10−4 3.55× 10−5 6.12× 10−4

3C300 N L 0.272 15.110 -0.554 -26.16 1.10 1.43 < 2.88× 10−4 2.54× 10−2 4.37× 10−3 7.83× 10−2

3C305 N 2M 0.042 10.643 -0.106 -25.75 0.81 1.05 < 6.56× 10−6 3.67× 10−3 - 3.01× 10−3

3C310 E L 0.054 11.660 -0.137 -25.39 0.61 0.80 - 2.29× 10−4 7.24× 10−4 1.87× 10−2

3C315 N L 0.108 12.920 -0.266 -25.84 0.87 1.12 < 2.53× 10−4 2.37× 10−3 2.73× 10−3 1.71× 10−2

3C319 E L 0.192 14.910 -0.436 -25.15 0.51 0.66 < 1.49× 10−3 7.99× 10−4 2.54× 10−3 7.65× 10−2

3C321 N L 0.096 12.220 -0.237 -26.24 1.17 1.52 6.48+172.00
−4.38 × 10−4 1.86× 10−3 6.48× 10−2 7.88× 10−3

3C326 E L 0.090 13.070 -0.222 -25.20 0.53 0.69 - 2.14× 10−5 9.48× 10−4 2.26× 10−2

NGC6109 E 2M 0.030 10.325 -0.076 -25.27 0.56 0.73 < 3.51× 10−6 - - 1.70× 10−3

3C337 N B 0.635 16.550 -0.709 -27.05 2.17 2.82 - - 1.14× 10−2 1.52× 10−1

3C338 E 2M 0.030 9.170 -0.077 -26.50 1.43 1.86 < 2.32× 10−6 6.47× 10−5 2.72× 10−4 2.61× 10−3

3C340 N B 0.775 16.920 -0.788 -27.29 2.60 3.38 - - 2.84× 10−2 1.71× 10−1

3C341 N L 0.448 15.330 -0.663 -27.31 2.64 3.43 1.05+2.32
−0.61 × 10−3 6.38× 10−2 9.22× 10−2 5.81× 10−2

NGC6251 E 2M 0.024 9.026 -0.062 -26.14 1.08 1.41 < 6.72× 10−6 - 1.70× 10−3 6.01× 10−4

3C346 N L 0.162 13.100 -0.379 -26.73 1.70 2.21 < 1.60× 10−4 3.36× 10−3 7.84× 10−3 1.18× 10−2

3C349 N L 0.205 14.470 -0.458 -26.00 0.98 1.27 1.76+0.26
−0.24 × 10−2 1.00× 10−2 - 3.91× 10−2

3C352 N B 0.806 16.720 -0.807 -27.61 3.32 4.32 - - 1.85× 10−2 1.63× 10−1

3C386 E 2M 0.018 9.673 -0.045 -24.71 0.37 0.48 < 2.19× 10−6 1.31× 10−3 4.53× 10−4 2.05× 10−3

3C388 E L 0.091 11.960 -0.225 -26.34 1.26 1.64 < 6.68× 10−5 1.10× 10−3 9.90× 10−4 1.12× 10−2

3C433 N L 0.102 11.900 -0.250 -26.69 1.65 2.15 1.24+0.42
−0.38 × 10−2 7.86× 10−3 2.94× 10−2 2.15× 10−2

3C436 N L 0.215 13.840 -0.474 -26.76 1.73 2.26 3.67+2.75
−1.52 × 10−3 5.62× 10−3 3.45× 10−3 3.15× 10−2

3C438 E L 0.290 13.900 -0.574 -27.54 3.16 4.11 < 6.48× 10−4 2.51× 10−3 1.20× 10−3 6.87× 10−2

3C441 N B 0.708 16.200 -0.747 -27.72 3.62 4.71 - - 1.70× 10−2 1.24× 10−1

3C442A E 2M 0.027 9.860 -0.069 -25.57 0.70 0.92 < 7.58× 10−6 - - 1.67× 10−3

3C449 E 2M 0.017 9.070 -0.044 -25.31 0.58 0.75 < 2.73× 10−6 7.45× 10−5 3.27× 10−5 6.51× 10−4

3C452 N L 0.081 12.030 -0.202 -26.00 0.98 1.27 4.50+16.20
−3.70 × 10−2 6.09× 10−3 1.85× 10−2 2.35× 10−2

NGC7385 E 2M 0.024 9.540 -0.062 -25.62 0.73 0.95 < 1.05× 10−5 - - 9.18× 10−4

3C457 N L 0.428 15.720 -0.658 -26.80 1.79 2.33 7.93+13.70
−0.89 × 10−2 4.61× 10−2 - 9.42× 10−2

3C465 E 2M 0.029 10.070 -0.075 -25.52 0.68 0.88 < 9.31× 10−6 2.42× 10−4 6.75× 10−4 4.04× 10−3
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Table B3: Luminosities for the sources in the 3CRR sample, following the format of Hardcastle et al. (2006, 2009) (see
also Table 4). The values are given as the logarithm of the luminosity in erg s−1, upper limits are indicated with a ‘<’
sign before the value. We have converted the radio and IR luminosity densities intoνLν to allow for direct comparison
between the magnitudes in different bands. Where measurements could not be obtained theirabsence is indicated with a
dash. E stands for LERG, N for NLRG, B for BLRG, Q for Quasar.

PKS Type z L178 L5 LXu LXa LIR L[OIII ] L[OII ]

4C12.03 E 0.156 42.10 40.00 <41.91 - - <43.02 - - - - 40.97 -
3C6.1 N 0.840 43.87 41.61 44.92 44.89 44.94 <44.17 - - 45.100 0.010 - 42.15
3C16 E 0.405 43.09 39.73 <42.74 - - <43.69 - - - - - 41.81
3C19 N 0.482 43.25 40.14 44.09 44.06 44.12 <43.55 - - - - - -
3C20 N 0.174 42.82 39.97 42.56 42.45 42.64 44.05 43.94 44.44 44.293 0.004 41.21 40.73
3C22 B 0.938 43.96 41.95 - - - - - - 45.900 0.010 - 43.16
3C28 E 0.195 42.54 <38.96 <41.36 - - <42.27 - - <42.740 - 40.96 41.81
3C31 E 0.017 40.31 39.45 40.65 40.54 40.74 <40.63 - - 42.341 0.002 39.47 -
3C33 N 0.060 41.95 39.98 41.92 41.88 41.97 43.90 43.60 44.11 44.080 0.012 42.19 41.44

3C33.1 B 0.181 42.34 40.68 42.43 42.14 42.59 44.38 44.26 44.66 44.878 0.002 42.30 -
3C34 N 0.689 43.70 40.80 - - - - - - - - - 43.61
3C35 E 0.068 41.35 39.77 <40.85 - - <43.07 - - - - 40.03 -
3C41 N 0.795 43.66 40.72 - - - - - - - - - 42.70
3C42 N 0.395 43.07 40.67 42.61 42.44 42.73 44.33 43.28 44.64 - - 42.04 41.89
3C46 N 0.437 43.16 40.75 - - - - - - - - 42.80 42.22
3C47 Q 0.425 43.52 42.23 45.01 44.97 45.04 45.05 44.77 45.21 45.805 0.004 43.28 42.63
3C48 Q 0.367 43.64 43.18 45.00 45.00 45.01 45.00 45.00 45.01 46.146 0.002 43.12 42.25
3C49 N 0.621 43.44 41.54 - - - - - - - - - -
3C55 N 0.735 44.02 41.57 - - - - - - 45.820 0.013 - 42.34

3C61.1 N 0.186 42.76 40.00 41.92 41.58 42.10 43.93 43.74 44.10 43.700 0.030 42.49 41.44
3C66B E 0.022 40.69 39.97 41.04 41.00 41.08 <40.39 - - 42.008 0.004 40.06 39.87
3C67 B 0.310 42.73 40.82 44.26 44.23 44.29 44.26 43.55 44.29 - - 42.83 42.26

3C76.1 E 0.032 40.75 39.07 40.96 40.79 41.12<41.28 - - 41.966 0.017 <39.85 -
3C79 N 0.256 43.07 40.90 42.42 42.34 42.49 44.18 43.65 44.75 45.326 0.004 42.86 42.21

3C83.1B E 0.026 40.88 39.46 40.91 40.15 41.54<41.14 - - 42.205 0.004 - -
3C84 N 0.018 40.92 42.32 42.54 42.52 42.57 <42.37 - - 44.217 - 41.62 41.09
3C98 N 0.031 41.29 38.97 40.65 40.51 40.76 42.71 42.67 42.74 - - 41.02 40.24
3C109 B 0.306 43.08 42.48 45.23 45.18 45.29 45.23 44.60 45.2945.975 0.001 43.32 42.09

4C14.11 E 0.206 42.41 41.18 43.01 42.94 43.07<42.78 - - - - 41.24 -
3C123 E 0.218 43.68 41.76 42.00 41.05 42.27 43.58 43.36 43.6843.810 0.067 42.00 -
3C132 N 0.214 42.52 40.10 <41.99 - - 43.25 43.04 43.40 - - - -
3C138 Q 0.759 43.92 42.85 - - - - - - 45.800 0.010 43.46 42.57
3C147 Q 0.545 44.04 43.98 - - - - - - 45.500 0.010 43.79 43.45
3C153 N 0.277 42.82 <40.20 <41.99 - - <42.89 - - 43.590 0.097 41.64 42.49
3C171 N 0.238 42.80 40.18 41.86 41.69 41.98 44.08 43.96 44.18 - - 42.89 42.45
3C172 N 0.519 43.46 40.17 - - - - - - 44.310 0.062 - 42.77

3C173.1 E 0.292 42.90 40.89 41.55 41.34 41.69<43.13 - - 43.400 0.079 40.85 -
3C175 Q 0.768 43.96 42.26 - - - - - - 45.700 0.010 43.10 42.77

3C175.1 N 0.920 43.95 42.09 - - - - - - - - - 42.67
3C184 N 0.994 44.08 <40.41 43.48 42.48 43.95 44.76 44.57 44.90 45.300 0.010 - 42.89

3C184.1 N 0.119 41.95 39.99 41.73 41.45 41.89 43.91 43.70 44.22 - - 42.23 41.48
DA240 E 0.036 41.08 40.17 40.90 40.78 41.01 <40.80 - - - - 39.76 40.04
3C192 N 0.060 41.54 39.51 40.65 40.38 40.72 42.46 42.18 42.8342.710 0.028 41.36 41.31
3C196 Q 0.871 44.63 41.84 - - - - - - 46.000 0.010 - -
3C200 E 0.458 43.21 41.97 43.58 43.52 43.64<43.78 - - 44.100 0.010 - -

4C14.27 N 0.392 43.05 <39.68 42.34 42.17 42.48 <43.05 - - - - - -
3C207 Q 0.684 43.71 43.49 45.14 45.06 45.19 45.14 45.06 45.1945.500 0.010 43.05 <42.15
3C215 Q 0.411 43.13 41.54 44.84 44.81 44.87 44.84 44.46 44.87 - - 42.59 42.22
3C217 N 0.898 43.88 <40.80 - - - - - - - - - 43.29
3C216 Q 0.668 43.84 43.79 - - - - - - 45.700 0.010 <42.46 42.43
3C219 B 0.174 42.82 41.27 43.99 43.94 44.04 43.99 43.94 44.0444.210 0.016 41.77 41.27

3C220.1 N 0.610 43.66 42.08 44.50 44.48 44.52<44.04 - - 44.700 0.010 42.79 42.46
3C220.3 N 0.685 43.74 <40.02 - - - - - - 45.100 0.010 - -
3C223 N 0.137 42.14 40.29 43.16 43.12 43.19 43.67 43.43 44.27 - - 42.18 41.71

3C225B N 0.580 43.74 40.68 - - - - - - 44.483 0.129 - 42.62
3C226 N 0.820 43.94 41.82 - - - - - - 46.261 0.006 - 42.74

4C73.08 N 0.058 41.35 39.62 41.48 41.36 41.57 43.59 43.45 43.90 - - 40.94 40.57
3C228 N 0.552 43.71 41.72 43.86 42.81 43.91 43.65 42.81 43.9444.574 0.087 - 42.15
3C234 N 0.185 42.76 41.56 42.89 42.87 42.91 44.36 44.26 44.6045.590 0.006 43.13 42.12
3C236 E 0.099 41.82 40.98 42.84 41.80 43.18<42.86 - - - - 40.90 41.17

4C74.16 ? 0.810 43.82 41.11 - - - - - - - - - -
3C244.1 N 0.428 43.39 40.66 43.25 43.10 43.36<42.92 - - 45.130 0.009 43.03 -
3C247 N 0.749 43.63 41.41 - - - - - - - - - 43.01

3C249.1 Q 0.311 42.79 41.93 44.72 44.57 44.77 44.74 44.43 45.04 45.493 0.001 43.38 -
3C254 Q 0.734 43.96 42.13 45.32 45.25 45.40 45.32 45.25 45.4045.600 0.010 43.71 43.13
3C263 Q 0.652 43.69 42.94 45.18 45.12 45.24 45.18 45.12 45.2445.800 0.010 43.71 42.90

3C263.1 N 0.824 44.02 41.45 - - - - - - 44.980 0.016 - 42.97
3C264 E 0.021 40.69 39.98 41.90 41.89 41.91<40.60 - - 42.315 0.003 39.16 40.10
3C265 N 0.811 44.06 41.40 43.45 43.33 43.54 44.49 44.28 44.6345.860 0.010 43.80 43.85

3C268.1 N 0.973 44.19 41.39 - - - - - - 45.300 0.010 - 42.27
3C268.3 B 0.371 42.92 40.24 - - - - - - - - 42.49 -
3C272.1 E 0.003 38.84 38.22 39.69 39.63 39.75<39.04 - - 40.964 0.001 37.98 -
A1552 E 0.084 41.59 40.34 <40.92 - - <42.21 - - - - - -
3C274 E 0.004 40.88 39.87 40.53 40.51 40.56<39.28 - - 41.506 0.003 38.95 -

3C274.1 N 0.422 43.29 40.83 43.27 43.21 43.33<43.56 - - <43.910 - 41.36 -
3C275.1 Q 0.557 43.64 42.72 44.52 44.51 44.54 44.52 44.51 44.54 45.100 0.010 - 42.67
3C277.2 N 0.766 43.81 40.57 43.67 43.61 43.72<43.81 - - - - - 43.21

Continued on next page
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Table B3 –Continued from previous page

PKS Type z L178 L5 LXu LXa LIR L[OIII ] L[OII ]

3C280 N 0.996 44.32 41.11 42.85 42.55 43.03 45.00 44.81 45.1345.800 0.010 - 43.68
3C284 N 0.239 42.57 40.35 42.22 42.19 42.26 43.98 42.80 44.63 - - 41.60 -
3C285 N 0.079 41.53 39.64 40.54 40.26 40.76 43.38 43.30 43.46 - - 40.56 40.46
3C286 Q 0.849 44.03 41.85 - - - - - - 45.600 0.010 - 42.69
3C288 E 0.246 42.81 41.34 <41.41 - - <42.48 - - <43.250 - - -
3C289 N 0.967 43.99 42.11 - - - - - - 45.400 0.010 - 42.57
3C292 N 0.710 43.60 40.82 43.62 43.32 43.80 44.40 44.26 44.5144.800 0.010 - -
3C293 E 0.045 41.06 40.36 40.97 40.79 41.15 42.88 42.85 42.9143.300 0.001 39.81 41.56
3C295 N 0.461 44.05 40.91 42.50 42.18 42.68 44.48 44.43 44.9745.004 0.005 41.99 42.33
3C296 E 0.024 40.51 39.68 41.38 41.15 41.62<41.42 - - 40.816 0.097 39.74 -
3C299 N 0.367 42.98 40.23 - - - - - - - - - 42.66
3C300 N 0.272 42.88 40.91 43.40 43.38 43.42 <42.49 - - 43.400 0.146 42.02 42.48
3C303 B 0.141 42.05 41.54 43.91 43.85 43.97 43.91 43.85 43.97 - - 41.74 41.90
3C305 N 0.042 41.09 39.75 40.56 40.30 40.72 <40.95 - - - - 41.04 40.13

3C309.1 Q 0.904 44.12 44.40 45.78 45.76 45.79 45.78 45.76 45.79 46.000 0.010 43.70 42.94
3C310 E 0.054 41.87 40.42 40.26 39.00 40.58<42.19 - - 42.089 0.032 40.07 -

3C314.1 E 0.120 41.88 <39.22 41.38 41.12 41.54 <42.30 - - 42.098 0.097 39.70 -
3C315 N 0.108 42.00 <41.31 <41.20 - - <42.36 - - 43.010 0.048 40.88 -
3C319 E 0.192 42.49 <39.64 42.47 42.29 42.64 <42.80 - - <42.680 - <40.18 39.98
3C321 N 0.096 41.77 40.50 41.54 41.45 41.62 42.80 42.40 43.9444.916 0.001 40.91 41.32
3C326 E 0.090 41.89 40.08 42.20 42.15 42.23<41.25 - - <42.160 - 40.40 41.25
3C325 Q 0.860 43.96 41.37 <43.16 - - 44.56 44.43 44.70 45.600 0.010 - 42.79
3C330 N 0.549 43.76 40.46 43.08 42.99 43.15 43.90 43.60 44.0045.000 0.010 - 43.19

NGC6109 E 0.030 40.62 39.44 40.04 39.60 40.26<40.55 - - - - - -
3C334 Q 0.555 43.39 42.64 45.08 44.99 45.15 45.08 44.99 45.1545.700 0.010 43.37 42.54
3C336 Q 0.927 43.91 42.36 - - - - - - 45.400 0.010 43.46 -
3C341 N 0.448 43.17 40.41 42.77 42.57 42.92 43.25 42.95 43.6445.558 0.002 42.80 41.77
3C338 E 0.030 41.29 40.03 40.51 40.38 40.59<40.76 - - 42.018 0.007 39.54 40.79
3C340 N 0.775 43.67 40.94 - - - - - - 44.900 0.010 - 42.67
3C337 N 0.635 43.52 40.18 - - - - - - 44.300 0.010 - 41.63
3C343 Q 0.988 43.90 <43.58 - - - - - - 45.900 0.010 42.68 41.99

3C343.1 N 0.750 43.59 <43.17 - - - - - - 44.700 0.010 42.71 42.44
NGC6251 E 0.024 40.43 40.35 42.74 42.72 42.76<41.08 - - 42.873 0.001 - -

3C346 N 0.162 42.15 41.83 43.40 43.38 43.41 <42.44 - - 43.960 0.004 41.33 -
3C345 Q 0.594 43.34 44.59 45.64 45.58 45.71 45.64 45.58 45.71 - - - -
3C349 N 0.205 42.48 41.10 41.82 41.52 41.92 43.87 43.82 43.91 - - 41.56 -
3C351 Q 0.371 43.06 41.05 41.92 41.74 42.08 44.80 44.77 44.8246.005 0.001 42.84 -
3C352 N 0.806 43.80 41.43 - - - - - - 44.800 0.010 - 43.05
3C380 Q 0.691 44.32 44.67 45.81 45.72 45.89 45.81 45.72 45.8945.900 0.010 43.76 42.99
3C381 B 0.161 42.34 40.18 42.11 42.00 42.20 44.31 44.18 44.4444.650 0.010 42.38 40.92
3C382 B 0.058 41.48 40.85 44.58 44.57 44.59 44.58 44.57 44.5944.240 0.008 41.78 40.73
3C386 E 0.018 40.51 39.62 39.49 38.45 39.83<40.18 - - 41.550 0.007 <40.25 -
3C388 E 0.091 41.98 40.77 41.74 41.65 41.81<42.01 - - 42.660 0.049 40.71 40.52

3C390.3 B 0.057 41.85 41.08 44.18 44.15 44.23 44.18 44.15 44.23 44.370 0.011 42.11 40.95
3C401 E 0.201 42.65 41.19 42.74 42.69 42.79<43.05 - - 43.170 0.125 41.06 -

3C427.1 E 0.572 43.83 40.53 <42.45 - - <43.24 - - <43.800 - - -
3C433 N 0.102 42.45 39.77 41.06 40.77 41.22 43.92 43.80 44.0244.670 0.005 41.68 -
3C436 N 0.215 42.65 41.02 42.59 42.55 42.62 43.53 43.35 43.7243.520 0.062 41.56 -
3C438 E 0.290 43.35 40.87 42.67 42.39 42.84<43.14 - - <43.270 - <41.47 -
3C441 N 0.708 43.70 41.36 - - - - - - 44.800 0.010 - 42.42

3C442A E 0.027 40.71 38.21 40.00 39.60 40.42 <40.95 - - - - - 40.56
3C449 E 0.017 40.16 39.08 40.49 40.43 40.54<40.46 - - 40.358 0.084 39.21 -
3C452 N 0.081 42.23 40.99 41.77 41.52 41.94 44.18 43.60 44.6744.130 0.010 41.35 41.44

NGC7385 E 0.024 40.44 39.90 41.11 41.00 41.26<41.10 - - - - - -
3C454.3 Q 0.859 43.70 45.07 46.37 46.24 46.47 46.37 46.24 46.47 - - - -
3C455 Q 0.543 43.41 40.72 - - - - - - - - 43.07 42.81
3C457 N 0.428 43.23 40.69 43.35 43.30 43.40 44.56 44.52 44.88 - - 42.49 -
3C465 E 0.029 41.16 40.41 40.91 40.57 41.42<41.02 - - 42.109 0.007 39.79 -
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