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ABSTRACT

We present an analysis of four complete samples of radio-loud AGN (3CRR, 2Jy, 6CE
and 7CE) using near- and mid-IR data taken by theWide-Field Infrared Survey Explorer
(WISE). The combined sample consists of 79 quasars and 273 radio galaxies, and covers a
redshift range0.003 < z < 3.395. The dichotomy in the mid-IR properties of low- and high-
excitation radio galaxies (LERGs - HERGs) is analysed for the first time using large com-
plete samples. Our results demonstrate that a division in the accretion modes of LERGs and
HERGs clearly stands out in the mid-IR−radio plane (L22µm=5×1043 erg s−1). This means
thatWISEdata can be effectively used to diagnose accretion modes in radio-loud AGN. The
mid-IR properties of all objects were analysed to test the unification between quasars and
radio galaxies, consistent with earlier work and we argue that smooth torus models best re-
produce the observation. Quasars are found to have higher mid-IR luminosities than radio
galaxies. We also studied all the sources in the near-IR to gain insights into evolution of AGN
host galaxies. A relation found between the near-IR luminosity and redshift, well-known in
the near-IR, is apparent in the two near-IRWISEbands, supporting the idea that radio sources
are hosted by massive elliptical galaxies that formed theirstars at high redshifts and evolved
passively thereafter. Evaluation of the positions of the sample objects inWISEcolour-colour
diagrams shows that widely usedWISEcolour cuts are not completely reliable in selecting
AGN.

Key words: galaxies: active− galaxies: nuclei− infrared: galaxies

1 INTRODUCTION

The nature of the energy source in active galactic nuclei (AGN) has
been a matter of debate for a long while. In commonly accepted
models, the energy is generated by accretion of cold material onto
black holes in the centre of active galaxies (Kormendy & Richstone
1995; Magorrian et al. 1998; Ferrarese & Merritt 2000). The ac-
cretion produces photoionizing ultra-violet (UV) radiation, and
gives rise to X-ray emission via Compton scattering. Hot, high-
velocity gas clouds located within∼ 1pc of the obscuring torus
produce the broad emission lines that can be observed in their spec-
tra while narrow emission lines are produced by the lower veloc-
ity gas clouds situated further away at∼ 10-100 pc (Antonucci
1984; Urry & Padovani 1995). Different classes of AGN, however,
present different observational features in optical, X-ray and radio
bands. An orientation effect is the main ingredient of both opti-
cal and radio unification schemes: in the optical, radio-loud AGN
are classified according to whether they have broad emissionlines
in their spectra, which can be obscured by dust and gas (torus)
at certain angles (e.g. Antonucci & Miller 1985). In this case, the
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obscuring structure is expected to re-radiate strongly in the mid-
infrared (Meisenheimer et al. 2001; Whysong & Antonucci 2004;
Ogle et al. 2006).

The simple unification scheme of quasars and radio galaxies
developed by Barthel (1989) is based on orientation dependent ef-
fects. According to this model, radio galaxies and quasars are the
same objects seen at different angles. If a source is viewed within
a cone of half-angle approximately 45◦ it is called a quasar or
broad-line radio galaxy (BLRG); if a source is viewed edge-on,
where the nucleus is blocked by the dusty torus, the source isthen
identified as a radio galaxy (narrow-line radio galaxy - NLRG).
On the other hand, Hine & Longair (1979) pointed out the exis-
tence of a population of radio galaxies that do not present the
strong emission lines conventionally seen in powerful AGN (high-
excitation radio galaxies - HERGs). This class of objects, called
low-excitation radio galaxies (LERGs), are predominantlyfound
to be at low-radio luminosities. This population poses a problem
for simple unification, falling outside the generic view of radio-
loud AGN. They do not exhibit any expected feature of unified
AGN; radiatively efficient accretion disk, X-ray emitting corona
(Evans et al. 2006; Hardcastle et al. 2006) and obscuring torus in
the mid-IR (Whysong & Antonucci 2004; Ogle et al. 2006).
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Hardcastle et al. (2007) suggested that a different source
of fuel for the accretion process may be responsible for this
difference. In this picture, HERGs (quasars, BLRGs and NL-
RGs) accrete in ‘cold mode’; in which accretion of cold matter
onto a super-massive black hole via an optically thick geomet-
rically thin accretion disk produce radiation efficiently,whereas
LERGs (alternatively called weak-line radio galaxies, or WL-
RGs) are thought to be fuelled by the accretion of the hot gas
in haloes of their host galaxies through advection dominated
flows (Narayan & Yi 1995; Best et al. 2006; Hardcastle et al. 2007;
Janssen et al. 2012) and release the accretion energy in the form
of jets or winds (Chiaberge et al. 2002; Merloni & Heinz 2007)
[see also McNamara et al. (2011); Martı́nez-Sansigre & Rawlings
(2011)]. The relation between accretion rate and jet power was
studied by Allen et al. (2006) and Bondi accretion rates havebeen
evaluated for LERGs and HERGs by Hardcastle et al. (2007). They
showed that the majority of LERGs have jet powers comparable
to the available Bondi power while many NLRGs have jet pow-
ers higher than Bondi accretion level, emphasising the possibil-
ity that LERGs are powered by accretion from the hot phase. Re-
cently a similar conclusion was reached by Russell et al. (2013).
It is worth noting that studies of AGN environments support the
idea of a different origin of the accreting gas; LERGs occupy
gas-rich environments and redder, lower star-formation galaxies
in comparison to HERGs at comparable redshifts (e.g Hardcastle
2004; Kraft et al. 2007; Tasse et al. 2008; Best & Heckman 2012;
Hardcastle & Krause 2013). However, another hypothesis to ex-
plain the diversity in accretion-modes of AGN is that there is a
limiting value of the Eddington-scaled accretion rate above which
radiatively efficient accretion takes place (e.g. Narayan &Yi 1995).
It has recently been shown that LERGs and HERGs are plausi-
bly separated at a critical value of the Eddington-scaled accretion
rate (e.g. Best & Heckman 2012; Russell et al. 2013, Mingo et al.
2013). This model does not require a one-to-one correspondence
between fuel source and accretion mode, but, since sources fuelled
by accretion from the hot phase will tend to contain massive black
holes being fuelled at a low rate, it retains many of the predictions
from the Hardcastle et al. (2007) model. Further discussionof the
nature of LERGs and HERGs can be found in a recent review by
Antonucci (2012).

Determining the radiative power of AGN, particularly ob-
scured AGN, is observationally difficult. To date, many hid-
den AGN have been discovered using hard X-rays but this
technique only works for Compton-thin AGN (Madejski et al.
2000; Eracleous & Halpern 2001). Spectropolarimetry is another
way of confirming a hidden nucleus (Miller & Antonucci 1983;
Antonucci & Miller 1985; Ogle et al. 1997). However, it has lim-
itations because in the case of lack of scattering material the results
would yield false negatives. Mid-IR data is important in searching
for radiatively efficient accretion in radio galaxies and testing the
unification hypothesis, because in the presence of the putative dusty
torus, optical-UV emission from quasar nucleus is intercepted by
the torus and re-radiated in the mid-IR, which is only mildlysen-
sitive to orientation (Whysong & Antonucci 2004; Shi et al. 2005;
Hardcastle et al. 2009; Dicken et al. 2009; Fernandes et al. 2011).

Many previous authors have used the mid-IR properties of ra-
dio sources to test the unification hypothesis. Heckman et al. (1992,
1994) used the Infrared Astronomical Satellite (IRAS) measure-
ments of 3CR radio galaxies and quasars at z>0.3, and found that
quasars were≈ 4 times brighter than radio galaxies in their mid-
IR and far-infrared (far-IR) fluxes (at 25-, 60- and 100-µm). They
concluded that either mid-IR emission from radio-loud AGN is not

isotropic or quasars are intrinsically different sources of mid-IR
than radio galaxies with the same radio power, which would im-
ply that the simple unification scheme needs to be revised. Sim-
ilar results were also obtained in various subsequent studies us-
ing Spitzer(e.g. Cleary et al. 2007; Haas et al. 2008) and different
reasons were suggested for the excess magnitudes seen in quasars
in the mid-IR such as non-thermal emission and dust absorption.
On the other hand, some other studies provided opposite results,
suggesting that quasars and radio galaxies show identical mid-IR
magnitudes (e.g. Meisenheimer et al. 2001; Haas et al. 2004,2005;
Siebenmorgen et al. 2005; Shi et al. 2005; Dicken et al. 2009).

Mid-IR studies of radio sources hitherto have been based on
single sources or small or incomplete samples. In addition to this,
due to the lack of complete mid-IR observations of radio sam-
ples, many investigations were carried out using incoherent data
sets where the mid-IR observations were taken for a variety of pur-
poses. One of the motivations of the current paper is to remove
this deficit in radio-loud AGN research, providing a complete mid-
IR study of the complete and relatively large sample. Here we
present, for the first time, the mid-IR properties of four complete
samples, namely 3CRR, 2Jy, 6CE and 7CE, which overall cover a
wide redshift range (0.0029 < z < 3.93). For the analysis, the
mid-IR data taken byWide-Field Infrared Survey Explorer(WISE)
(Wright et al. 2010) have been used. The objective of this work is
to evaluate the utility of mid-IR data to investigate radiatively ef-
ficient/inefficient radio loud-AGN and the nature of HERGs and
LERGs withWISEdata. We also examine the mid-IR properties of
these complete samples by addressing the quasar-radio galaxy uni-
fication and the near-IR properties by comparing our resultswith
previous studies.

This paper is organised as follows: a description of the sam-
ples, the method of determination ofWISEfluxes and luminosi-
ties and tests of the consistency betweenWISEandSpitzerdata are
given in Section 2. Our key results are given in Section 3:WISE
colour-colour diagrams of the sources are presented discussing the
available colour cuts in the literature. An investigation of the old
stellar population in our sample is presented and the unification of
quasars and NLRGs is discussed. The dichotomy for LERGs and
HERGs is re-evaluated in the light of our results. Finally, Section 4
presents a summary of our results and conclusions drawn.

The cosmological parameters used throughout the paper are as
follows:Ωm=0.3,ΩΛ=0.7 andH0=70 km s−1 Mpc−1.

2 DATA AND ANALYSIS

2.1 Samples

The 3CRR, 2Jy, 6CE and 7CE samples were chosen for our anal-
ysis. These complete samples are designed to include all radio
sources brighter than the specified flux density limit in a particu-
lar area of sky at the selected frequency. Most of the sampleshave
complete redshift measurements and emission-line classifications.
Figure 1 shows the low-frequency radio luminosity and redshift dis-
tributions of the objects in the four samples which are described in
more detail in the following subsections.

2.1.1 The 3CRR Sample:

We used the revised sub-sample of the 3CR catalogue of radio
sources (Bennett 1962), which have flux densities greater than 10.9
Jy at 178 MHz (Laing et al. 1983). There are 172 sources with
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The WISE properties of complete samples of radio-loud AGN3

Figure 1.The 151-MHz radio luminosity distribution of the samples against
redshift described in section 2.1. The 3CRR sample objects are plotted as
red circles, the 2Jy sample as blue squares, the 6CE sample asorange stars
and the 7CE sample as green diamonds.

0.0029 < z < 2.012 including 37 LERGs, 82 NLRGs, 10 BLRGs
and 43 quasars. 3C231 was excluded from the analysis as its radio
emission is due to a starburst.

2.1.2 The 2Jy Sample:

Another complete radio sample chosen for our analysis is a sub-
sample of the 2Jy objects which has homogeneous spectroscopic
observations (Wall & Peacock 1985; Tadhunter et al. 1993). The
complete sample was generated selecting radio objects withflux
densities above 2Jy at 2.7 GHz. Our sub-sample consists of 48
steep-spectrum sources (objects dominated by emission from the
beamed relativistic jet and core components are excluded sothat
we minimise the contamination from non-thermal emission) with
0.05 < z < 0.7, which have mid-far infrared (MFIR) imaging
and spectra taken bySpitzer(Dicken et al. 2008, 2009, 2012) as
well as 98 percent completeChandra/XMMX-ray imaging (Mingo
et.al 2013 (in prep.)). This sample has 10 LERGs, 20 NLRGs, 13
BLRGs and 5 quasars.

2.1.3 The 6CE Sample:

The 6CE sub-sample is drawn from the 6C survey (Baldwin et al.
1985) and was designed to select objects fainter than 3C objects, in
order to investigate the cosmic evolution of radio galaxies(Eales
1985b; Eales et al. 1997). The flux density limit for the sample
is 2≤ S151≤3.93 Jy. It has virtually complete spectroscopic red-
shift measurements as well as infrared imaging (Eales et al.1997;
Rawlings et al. 2001). The 6CE sample has 58 sources including 19
LERGs, 28 HERGs and 9 quasars, whose redshift ranges between
0.105 and 3.395.

2.1.4 The 7CE Sample:

The 7CE sample, drawn from the 7C survey (Visser et al. 1995),is
a complete sample having flux densities greater than 0.5 Jy at151
MHz (Willott et al. 1998, 2002). This sample has 90 percent spec-
troscopic redshift completeness and 49 radio galaxies havenear-
infrared imaging (Willott et al. 2003). It comprises 74 radio sources
covering redshift from 0.086 to 2.982: 4 LERGs, 46 NLRGs, 2
BLRGs and 22 quasars.

Radio sources in the 7CE sample are classified only as NL-
RGs, BLRGs and quasars. In order to distinguish LERGs from
NLRGs, equivalent widths of the [OII] and [OIII] emission lines
were collected from the literature (Willott et al. 1998, 2003). NL-
RGs were re-classified as LERGs considering the criteria suggested
by Jackson & Rawlings (1997): sources with equivalent widths of
<10Å in [OIII] or [OII]/[OIII] ratios of >1 or both. Many NLRGs
do not have [OIII] detections in their spectra; this is mainly be-
cause at higher redshifts the [OIII] is redshifted beyond the visible
spectral window. For this reason, we note that there may be more
LERGs in the 7CE sample classified as NLRGs atz > 0.8.

2.2 WISE magnitudes

The WISE mission has observed the whole sky in four mid-IR
bands (W 1 [3.4-µm], W 2 [4.6-µm], W 3 [12-µm], W 4 [22-µm])
with an angular resolution of 6.1, 6.4, 6.5 and 12 arcsec, respec-
tively. The WISE all-sky catalogue was searched for all objects
in our samples. This was done by searching the catalogue within
10 arcsec.The expected number of sources within 10 arcsec is
around 3.49×10−4 so that a source detected within the search re-
gion of a given position is very unlikely to be a false association:
the total expected number of false detections is 0.12. Our sam-
ple sources are away from the Galactic plane, where the density
of WISE sources is highest. Since powerful radio galaxies tend
to be the dominant objects in any group or clusters they inhabit,
we do not expect any excess source density due to clustering to
affect our results. In the search, we used the optical coordinates
of the 6CE (Allington-Smith et al. 1982; Eales 1985a; Lilly 1989;
Eales & Rawlings 1993) and 7CE samples (Willott et al. 1998,
2003), and radio coordinates of the 3CRR1 and 2Jy samples2 (radio
core coordinates provide accurate positions of AGN but the 6CE
and 7CE samples do not have high-resolution radio observations
capable of resolving the radio cores of the objects). In the case of
multiple matches per source, these objects were treated separately;
WISE images of individual sources were obtained and checked
against high-resolution radio images to make sure that the right
source was detected. Matches for all of the 3CRR (172) and 2Jy
(48) objects were found in the catalogue. However, only 47 sources
in the 6CE sample out of 58 and 68 in the 7CE sample (74) had de-
tections. Sources rejected from theWISEall-sky catalogue for vari-
ous reasons (such as low flux signal-to-noise ratios, spurious detec-
tions of image artifacts, or duplicate entries of source detections)
are stored in theWISEall-sky reject table. TheWISEreject table
was searched to get magnitudes of non-detected sources. In our
case, the sources found in the reject table have either upperlimits or
low flux signal-to-noise ratio. Among 17 non-detected sources 15
of them had matches or upper limit measurements in the rejectta-
ble.WISEimages of the remaining two sources were checked. Be-
cause of a very low signal-to-noise (SNR), we were not able toob-

1 http://3crr.extragalactic.info/
2 http://2jy.extragalactic.info/
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tain their magnitudes, so these sources (6CE-1143+3703 and6CE-
1148+3638) were excluded from the analysis. Almost all of the
sources in these samples had matches with SNR>2 in the shorter
WISEbands (3.4 and 4.6µm). Most of the upper-limit measure-
ments (SNR<2) were obtained in the 12 and 22-µm WISEbands.
Upper limits are indicated as arrows in the plots presented in the
rest of the paper. Our detections are summarised in Table 3, which
also presents the quantity of upper-limit measurements grouped ac-
cording to source classification. TheWISEmeasurements are given
in Vega magnitudes so the magnitudes of the sources were con-
verted into Jy using the standardWISEzero-points3.

2.3 Consistency betweenWISE and Spitzer

Many sources in the samples considered here have mid-IR
imaging or spectroscopy, taken by theSpitzerSpace Telescope
(Werner et al. 2004), therefore, we are able to check the consistency
betweenWISEandSpitzerdata. In order to do this, we usedSpitzer
measurements of 3CRR and 2Jy sources. In the 3CRR sample,
92 sources have 15-µm rest-frame (Ogle et al. 2006; Cleary et al.
2007; Hardcastle et al. 2009) and 49 objects have 24-µm observed-
frame, while all 2Jy objects (48) have 24-µm observed-frame
Spitzermeasurements. Our results can be seen in Figure 2. A com-
parison of the 24-µm Spitzerand 22-µm WISEfluxes of both sam-
ples show excellent agreement betweenSpitzerand WISE data.
There is also a good agreement between 15-µm (rest-frame) and
22-µm (lab-frame) fluxes although as expected, it shows a larger
scatter in the correlation.

2.4 WISE luminosities

Before computingWISEluminosities in the fourWISEbands, the
12-µm−22-µm spectral indices (Fν αν−α) were calculated. The
mean index value (2.45, SD=0.88) corresponding to NLRGs, which
should not be affected by contamination from direct quasar emis-
sion, of the 3CRR population where we have good detections in
both bands was used forK-corrections of the whole sample. The
luminosities of the objects in the 12 and 22-µm (observed) bands
were then calculated. The same process has been implementedfor
computing the 3.4 and 4.6-µm luminosities of the sources using the
3.4-µm−4.6-µm spectral indices (the mean index value is 0.14).
K-corrections were not derived using Spectral energy distributions
(SED) because different components (old stellar population, torus
and non-thermal emission4) are included in the mid-IR. However,
it should be noted that this method of calculating the K-correction
in 3.4-µm band may not provide the best results because it does not
take into account any curvature below 3.4-µm which is expected for
radio galaxies; thus 3.4µm luminosities should be treated with cau-
tion. 151-MHz luminosities were extrapolated for the 3CRR and
2Jy samples using the radio spectral indices and 178-MHz or 408-
MHz flux density measurements from the catalogues. 5-GHz core
flux densities regarding the 3CRR and 2Jy objects in the catalogues
are used.

3 The relation used for the conversion can be found at
http : //wise2.ipac.caltech.edu/docs/release/allsky/expsup/
4 Although our objects are steep-spectrum sources, a minimaleffect of
non-thermal contamination may still be observed.

Figure 2. To show the consistency betweenWISE and Spitzerdata we
used sources in the 3CRR and 2Jy samples that haveSpitzermeasurements
(Ogle et al. 2006; Cleary et al. 2007; Dicken et al. 2008; Hardcastle et al.
2009). Stars indicate 24-µm and circles 15-µm Spitzerfluxes of sources
from the 3CRR sample, and squares indicate 24-µm Spitzerfluxes of the 2Jy
sample sources. The 22-µm WISEmagnitudes were plotted versusSpitzer
magnitudes. A good agreement between the fluxes measured viaWISEand
Spitzeris clearly seen.

3 RESULTS

3.1 Colour−colour diagrams

Various methods have been developed for separating AGN from
normal galaxies in the mid-IR (e.g. Lacy et al. 2004; Stern etal.
2005). In particular,WISE colours have been utilised to select
AGN (e.g. Assef et al. 2010; Jarrett et al. 2011; Mateos et al.2012;
Stern et al. 2012; Wu et al. 2012; Assef et al. 2013). Before carry-
ing out our main quantitative analysis, we investigated thepositions
of our objects inWISEcolour−colour diagrams. Figure 3 shows
colour-colour plots produced by usingWISEW 1, W 2, W 3 (3.4,
4.6, 12-µm−Vega magnitudes) andWISEW 1, W 2, W 4 (3.4, 4.6,
22-µm−Vega magnitudes). Upper limits are indicated as arrows in
the plots.

TheW 1,W 2 andW 3 colours are widely used for selecting
AGN (e.g. Mateos et al. 2012). For comparison in Figure 3 (left)
we show the AGN wedge with the black solid box defined by
Mateos et al. (2012). It can be seen in Figure 3 that these widely
used colour cuts are not reliable for selecting all types of AGN. All
LERGs and almost half of NLRGs are omitted if these colour cuts
are used. This suggests thatWISEcolour cuts should be used with
care for selecting AGN: in particular the fact that many NLRGs are
not selected suggests that such colour cuts may be biased against
heavily obscured type-2 AGN.

In both plots quasars and BLRGs have similar colours. NL-
RGs occupy a range of colours, which is suggestive of varying
amounts of quasar contamination in theWISEnear-IR bands. Us-
ing W 4 instead ofW 3 leads to a better separation of LERGs and
NLRGs. To determine the separation quantitatively, the best sepa-

c© 2011 RAS, MNRAS000, 1–15
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Source z Mag(3.4µm) Error(3.4µm) Mag(4.6µm) Error(4.6µm) Mag(12µm) Error(12µm) Mag(22µm) Error(22µm)

name (Vega) (Vega) (Vega) (Vega) (Vega) (Vega) (Vega) (Vega)

4C12.03 0.156 13.345 0.027 13.158 0.033 11.759 0.221 8.626 0.0
3C6.1 0.840 14.667 0.031 13.952 0.037 11.528 0.131 8.848 0.353
3C9 2.012 13.986 0.031 12.969 0.038 10.233 0.075 8.509 0.354
3C13 1.351 15.685 0.047 15.02 0.076 11.463 0.129 8.505 0.219
3C14 1.469 13.816 0.029 12.454 0.027 9.377 0.036 7.136 0.099

. . . . . . . . . .

. . . . . . . . . .

. . . . . . . . . .

Table 1.Full tables ofWISEmagnitudes of the sample are available online from the journal website.

Source z F(3.4µm) Error(3.4µm) F(4.6µm) Error(4.6µm) F(12µm) Error(12µm) F(22µm) Error(22µm)

name (Jy) (Jy) (Jy) (Jy) (Jy) (Jy) (Jy) (Jy)

4C12.03 0.156 1.41×10−3 4.08×10−5 9.34×10−4 3.16×10−5 5.74×10−4 1.17×10−4 2.9×10−3 0.0
3C6.1 0.840 4.16×10−4 1.34×10−5 4.48×10−4 1.67×10−5 7.10×10−4 8.64×10−5 2.39×10−3 7.78×10−4

3C9 2.012 7.80×10−4 2.51×10−5 1.11×10−3 4.22×10−5 2.34×10−3 1.65×10−4 3.2×10−3 1.07×10−3

3C13 1.351 1.63×10−4 7.47×10−6 1.67×10−4 1.20×10−5 7.54×10−4 9.03×10−5 3.28×10−3 6.63×10−4

3C14 1.469 9.12×10−4 2.79×10−5 1.78×10−3 5.19×10−5 5.19×10−3 1.87×10−4 1.15×10−2 1.07×10−3

. . . . . . . . . .

. . . . . . . . . .

. . . . . . . . . .

Table 2.Full tables ofWISEfluxes of the sample are available online from the journal website.

ration line was chosen atW 2 − W 3 = 2 andW 2 − W 4 = 4.9.
The number of LERGs and NLRGs were counted in each side. For
W 2−W 3 < 2 the number of LERGs is 40 and of NLRGs is 16,
and forW 2−W 3 > 2 there are 30 LERGs and 159 NLRGs. For
W 2−W 4 < 4.9 there are 41 LERGs and 10 NLRGs, the number
of LERGs is 29 and of NLRGs is 165 forW 2−W 4 > 4.9. Thus,
theW 2−W 4 selection is slightly better at rejecting NLRGs from
the LERG region. This shows that the effect of the torus is stronger
in 22-µm band, as expected.

3.2 Investigation of the old stellar population

Since the near-IR emission from radio galaxies is dominatedby the
old stellar population of the host galaxies, studies of radio objects
over a wide redshift range in the near-IR provide insights into the
evolution of stellar components underlying such objects. The distri-
bution of 3.4-µm magnitudes versus redshift is shown in Figure 4.
In this figure a relationship between near-IR band and redshift; an
increase in magnitude with redshift, which is identical to theK-z
relation of radio galaxies seen in previous studies of various radio
samples (e.g Lilly & Longair 1982; Eales et al. 1997; Jarvis et al.
2001; Willott et al. 2003; Inskip et al. 2010). The relation between
3.4-µm and redshift is modelled by fitting a second-order polyno-
mial (15.46 + 2.85 log10z-0.13(log10z)2) which provided the best
fit to the data. Only NLRGs and LERGs were used in the fits be-
cause quasars/BLRGs are contaminated by non-stellar quasar emis-
sion. A tight correlation between K magnitudes and redshifthas
been interpreted as showing that the radio galaxies are a homo-
geneous population associated with giant elliptical galaxies con-
taining old stellar populations at lower redshifts. They formed the
majority of their stars at high redshifts (z >

∼
3, but see Best et al.

(1998); van Breugel et al. (1999)) and evolved passively thereafter

(e.g. Lilly 1989; McLure & Dunlop 2000; Jarvis et al. 2001). Our
results provide no motivation for doubting this conclusion.

In Figure 5 we also show the 3.4-µm luminosity and 4.6-µm
luminosity versus redshift of the sources. 3CRR and 2Jy sources
display almost identical near-IR luminosities. On the other hand,
6CE and 7CE objects lie close to each other and they have fainter
host galaxies than the 3CRR sample at high redshift (z & 0.7).
To quantify this, we calculated the ratio of median fluxes of the
samples for different redshift bins. The ratio of median fluxes for
the 3CRR and 2Jy samples’ galaxies in the 3.4-µm waveband is 0.7
(0.08) forz = 0 − 0.7. This ratio for the 6CE and 7CE samples
is 1.8 (0.8) forz = 1 − 1.517. If the 3CRR and 6CE samples
are considered the flux ratio is 1.7 (0.3) for the same redshift bin.
A similar trend was seen in other studies (e.g. Eales et al. 1997;
Best et al. 1998; Jarvis et al. 2001; Inskip et al. 2002; Willott et al.
2003; McLure et al. 2004).

A possible explanation for this is that 3CRR sources are
hosted by more massive systems (and proportionally more lumi-
nous) compared to the 6CE and 7CE radio galaxies (e.g. Best etal.
1998). The jet power of a radio source is expected to be deter-
mined by the mass of the black hole in the centre of the source,
the matter that accretes on to it and the efficiency of the ac-
cretion. Thus, powerful radio sources are more likely to host
high mass black black holes. As many observational studies have
shown (e.g. Kormendy & Richstone 1995; Magorrian et al. 1998;
McLure & Dunlop 2001) that the central black hole masses are
roughly in proportion with the mass of host galaxies, 3CRR and
2Jy galaxies would be expected to tend to reside in more massive
galaxies which are brighter at 3.4µm than the 6CE and 7CE galax-
ies.

Regarding different classes, we see that in each sample
BLRGs have similar distributions to NLRGs in both near-IR bands.
They could be either intrinsically weak AGN or reddened quasars.
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Samples Class Quantity 3.4-µm 4.6-µm 12-µm 22-µm
upper-limits upper-limits upper-limits upper-limits

3CRR Total 172 − − 21 41
LERG 37 − − 6 12
NLRG 82 − − 14 26
BLRG 10 − − − −

Quasar 43 − − 1 2
2Jy Total 48 − − − 3

LERG 10 − − − 3
NLRG 20 − − − −

BLRG 13 − − − −

Quasar 5 − − − −

6CE Total 58 − − 23 38
LERG 8 − − 4 7
LERG? 11 − − 6 8
HERG 24 − − 11 16
HERG? 4 − − 2 3
Quasar 9 − − − −

7CE Total 74 − 6 36 54
LERG 4 − − 2 3
NLRG 46 − 6 29 38
BLRG 2 − − 1 1
Quasar 22 − − 4 12

Table 3.Table shows our detections for each sample in fourWISEbands. LERG and HERG with question mark indicate that the classification is not certain.
Many of the sources had upper-limit measurements in the longer WISEbands (12 and 22-µm). Among the samples, mostly NLRGs and LERGs have upper
limits at long wavelengths.

Figure 3. WISEcolour-colour diagrams of all objects in the combined sample. In the left plot for comparison we also show the three-bandAGN wedge
(W2− W3 ≥ 2.517, W1−W2 > 0.315 × (W2− W3)− 0.222 andW1−W2 < 0.315 × (W2− W3) + 0.796) with black solid box defined by
Mateos et al. (2012). Upper limits are indicated as arrows.

LERGs and NLRGs also show similar near-IR luminosities over
the redshift range. The 6CE sample is classified mainly as LERGs
and HERGs so HERGs will include some NLRGs and BLRGs.
In both plots, we see that HERGs (6CE) mostly appear close to
NLRGs (6CE) which is not surprising since they will most likely
be narrow-line objects. Quasars are more luminous at both near-
IR wavelengths in comparison with radio galaxies in each sample.

This is most plausibly due to non-stellar quasar emission that con-
tributes to the near-IR band.

3.3 The possibility of a starburst contribution?

In Figure 6 we show the mid-IR luminosity distribution (observed
frame 12-µm luminosity and 22-µm luminosity) of different class
of sources as a function of redshift. It is important to consider
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Figure 4. Plot of 3.4µm magnitudes versus redshift. A black dash line shows the best fit.

Figure 5. Plot of 3.4µm luminosity (left) and 4.6µm luminosity (right) versus redshift. Upper limits are indicated as arrows.

whether any of this mid-IR emission could originate from warm
dust heated by star formation. Therefore, we investigated any con-
tribution of a starburst at the 22-µm waveband. In the most ex-
treme case the integrated IR luminosity of a starburst is around
1046 erg s−1 (Elbaz et al. 2011). We used the relation log(LIR)
= 1.02+0.972×log(L12µm ) given by Takeuchi et al. (2005) to es-
timate the luminosity at 22-µm band. This value is around 1045 erg
s−1. Any object brighter than this cannot be a starburst. This allows
us to rule out this possibility for most of our objects. Most of the
remaining sources are LERGs and NLRGs, but these do not present
starburst colours on the colour-colour diagrams of Figure 3. Star-
bursts would occupy the right bottom corner. LERGs have redder
colours and sit in the bottom left region on the plots. Furthermore,

a continuum between the properties of sources above and below
1045 erg s−1 is apparent in the 12- and 22-µm luminosity versus
redshift plots. We conclude that star-formation activity cannot con-
tribute significantly to the observed mid-IR emission and continue
on the assumption that it is related primarily to AGN activity.

3.4 Quasar-radio galaxy unification

In standard AGN models, optical/UV emission obscured by dusty
structures around the accretion disc is re-radiated in the mid-IR.
Thus, hidden quasars can be inferred by means of mid-IR observa-
tions. It can be clearly seen in Figure 6 that there is more scatter
in the 12µm luminosities than in the 22µm luminosities. The old
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stellar population has a slight contribution at 12µm, but possibly
more importantly PAHs have a strong effect at this wavelength (e.g.
Weedman et al. 2006, and references therein), thus the higher scat-
ter may be attributed to this.

A comparison of the mid-IR properties of different classes of
AGN reveals that quasars have higher mid-IR luminosities with re-
spect to NLRGs. To quantify any excess in quasar mid-IR emis-
sion, median values of 12-µm and 22-µm luminosities in 4 red-
shift bins were obtained for both quasars and NLRGs. Since we
have upper limits, to calculate median values we use survival-
analysis statistics which are used for data sets with censored data.
The median values were derived using the ASURV (Schmitt 1985;
Feigelson & Nelson 1985; Isobe et al. 1986) computer package
which is uses the Kaplan-Meier estimator. Errors for the estimates
of the median values were obtained using the bootstrapping tech-
nique. The ratios of the median values then quantify this excess
emission in quasars. Calculated median values with their errors, se-
lected redshift bins and the ratios are given in Table 4. LERGs have
lower mid-IR luminosities than the other class of objects, as seen in
both plots. Although BLRGs tend to have higher mid-IR luminosi-
ties than NLRGs, an overlap between NLRGs and BLRGs is seen.
To show this quantitatively median values of the 22-µm fluxes in
3 redshift bins for both BLRGs and NLRGs were obtained. These
values were used to calculate the flux ratios. The ratios are 2.5 (0.4),
0.8 (0.07) and 1.0 (0.05) for the redshift binsz = 0.05 − 0.75,
z = 0.75 − 1.45 andz = 1.45− 2.15, respectively.

In all redshift bins, quasars exhibit stronger mid-IR emission
than NLRGs. Since re-radiated UV-optical emission from AGN
dominates the 22-µm flux, ratios of the median values regarding
the objects for this waveband can give the best indication ofthe dif-
ference in the mid-IR emission between quasars and radio galaxies.
In the first redshift bins quasars are about 10 times more luminous
than radio galaxies. The ratio decreases towards higher redshifts
although quasars still have stronger behaviour in their mid-IR lu-
minosities (≈ 3-2 times more luminous than radio galaxies). The
decrease in the ratio towards high redshifts does not appearto be
a simple effect of redshifting non-evolving SEDs of quasarsand
radio galaxies. Obtaining the distribution of SEDs as a function of
luminosity and redshift would allow us to study this particular trend
in more detail, but this is beyond the scope of this paper.

A significant difference (& 2) in the mid-IR magnitudes of
quasars and radio galaxies was also reported by several studies (e.g.
Heckman et al. 1992, 1994; Haas et al. 2005; Cleary et al. 2007;
Hönig et al. 2011). Other authors (e.g. Meisenheimer et al.2001;
Haas et al. 2004) used small samples and found a slight difference
between the properties of quasars and galaxies in the IR bands. Var-
ious interpretations (such as torus anisotropy, effects ofthe envi-
ronments) were used to explain this. Dicken et al. (2009) obtained
no difference between the mid-IR luminosities of the broad-and
narrow-line objects from the 2Jy sample. However, althoughthey
used a complete sample, it is small in size. Our work is the first to
use large, complete samples with coherent mid-IR data and good
coverage of the redshift range where quasars and radio galaxies co-
exist in large numbers.

Different torus models have been proposed to explain differ-
ent properties of quasars and radio galaxies (e.g. Pier & Krolik
1992, 1993; Nenkova et al. 2002, 2008a,b; Schartmann et al.
2005; Lawrence 1991; Simpson 1998; Grimes et al. 2003) and
anisotropic emission due to the torus is expected in all suggested
models. In order to evaluate our results in terms of different torus
models we first calculated the critical angles (θcrit) which is the an-
gle to the line of sight separating quasars and radio galaxies. To do

that, as described in Barthel (1989) we used the probabilityfunc-
tion of finding a source within an angle to the line of sight fora
randomly distributed set of sources and the number of quasars and
radio galaxies found in a given redshift bin. The characteristic an-
gles (the expected angle to the line of sight) for quasars (θQ) and
radio galaxies (θRG) were computed for each redshift bin. These
results are also shown in Table 4.

We then examined our results with regard to the predic-
tions of well-known torus models such as torus with smooth den-
sity distribution (Schartmann et al. 2005) and torus with clumps
(Nenkova et al. 2008b). Our results for both 12 and 22-µm wave-
bands are in agreement with the predictions of smooth torus mod-
els which show a relatively strong effect of anisotropy compared to
clumpy torus models. For instance, there is a higher difference in
the luminosities of quasars and radio galaxies at lower redshifts
compared to the higher redshifts. Figure 8 in Schartmann et al.
(2005) shows an inclination angle study for a range of wavelengths
considering a smooth torus model; according to this figure, for the
first two redshift bins, we expect to see a strong anisotropy in the
mid-IR luminosity for calculated characteristic angles ofquasars
and radio galaxies at a corresponding wavelength (from the angles
around 30◦ to 70◦ approximately a factor of four decrease is ex-
pected at 11µm (rest-wavelength)). A similar study for clumpy
torus models (Nenkova et al. 2008b, their Figure 10) shows only
a slight difference in the mid-IR magnitudes for expected angles
of quasars and radio galaxies (the difference in the mid-IR magni-
tudes between the angles around 30◦ and 70◦ is a factor of 1.2 at
12µm (rest-wavelength)). As previously mentioned there are three
components that contribute to the mid-IR: re-radiation from torus;
emission from the old stellar population and non-thermal contami-
nation that can be seen in quasars/BLRGs. Any effect from an old
stellar population is expected to be the same for both quasars and
NLRGs. In clumpy torus models, substantial non-thermal contam-
ination in quasars/BLRGs would have to be present to explainour
results.

3.5 Dichotomy for LERGs and HERGs

Our primary aim in this section is to investigate how LERGs can
fit into unification models and to what level mid-IR radiationcan
aid us in classifying LERGs and HERGs. The low-frequency ra-
dio luminosity is related to the time-averaged jet kinetic power but
also the age of the source and to the properties of the external
environment (e.g. Hardcastle & Krause 2013). The mid-IR lumi-
nosity gives information about the torus emission (if it is present)
and can be considered as a proxy for the intrinsic AGN luminos-
ity (e.g. Fernandes et al. 2011). There may be some contamination,
such as emission from the old stellar population and any possi-
ble anisotropy in the torus emission, as mentioned in the previ-
ous section. There can also be contributions from jet related non-
thermal emission, Doppler boosted due to low inclinations (mainly
in quasars and BLRGs).

In Figure 7 we present the mid-IR luminosity versus low-
frequency radio luminosity (at 151-MHz) for the radio sources in
our samples. In both plots we see a correlation between the 151-
MHz and mid-IR luminosities. This is expected as presumablyboth
luminosities are roughly isotropic indicators of AGN nuclear activ-
ity. The 12µm plot has higher scatter than the 22µm one; this is
ascribable to strong PAH features and emission from an old stellar
population which still contributes at 12-µm band. Further examina-
tion of each of the samples in both plots shows that there is a scat-
ter in the correlation due to selection biases. The 3CRR/2Jyobjects
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Redshift bins Class N 3.4µm 4.6µm 12µm 22µm θcrit θQ θRG

& Ratio erg/s erg/s erg/s erg/s

0.2<z<0.621 Quasars 15 1.365 (0.350) 1.531 (0.432) 2.983 (0.6285)3.951 (0.913) 32.2
NLRGs 49 0.142 (0.017) 0.090 (0.015) 0.137 (0.0885) 0.239 (0.167) 70.4
Ratio 9.612 (2.720) 17.011 (5.623) 21.773 (14.794) 16.531 (12.199) 49

0.621<z<1.00 Quasars 20 1.645 (0.633) 1.913 (0.5325) 6.298 (1.329) 10.232 (2.538) 36
NLRGs 38 0.270 (0.042) 0.154 (0.0305) 0.437 (0.112) 1.433 (0.171) 73
Ratio 6.092 (2.533) 12.422 (4.243) 14.411 (4.797) 7.140 (1.965) 55

1.00<z<1.517 Quasars 23 1.566 (0.458) 1.738 (0.424) 8.852 (1.671) 17.077 (2.233) 45.4
NLRGs 25 0.264 (0.036) 0.288 (0.061) 1.553 (0.510) 4.951 (1.288) 80.1
Ratio 5.931 (1.881) 6.034 (1.957) 5.699 (2.160) 3.449 (1.004) 70

1.517<z<1.96 Quasars 11 2.782(0.397) 3.231 (0.374) 35.475 (3.866) 42.618 (8.610) 44.8
NLRGs 21 0.556(0.052) 0.431 (0.094) 2.826 (1.874) 16.106 (3.547) 79.6
Ratio 5.003 (0.856) 7.496 (1.850) 12.553 (8.043) 2.646 (0.790) 69

Table 4. Median values of the 3.4-µm, 4.6-µm, 22-µm and 12µm luminosities were derived using the ASURV (Schmitt 1985; Feigelson & Nelson 1985;
Isobe et al. 1986) computer package for four different redshift bins. Redshift bins are shown in column 1, N indicates number of sources included to calculate
median values, shown in column 3. Classes and ratios computed are given in column 4, 5, 6, 7 for the 3.4-, 4.6-, 12- and 22-µm luminosities respectively.
Errors in calculations are given in parentheses. Column 8 shows the critical angles calculated and characteristic angles found for quasars as well as radio
galaxies are given column 9 and 10.

have high radio luminosities in comparison to 6CE/7CE objects for
a given mid-IR luminosity. The 6CE/7CE objects exhibit lower jet
powers in comparison to the 3CRR/2Jy sources for a chosen radia-
tive power (For a given 22-micron luminosity (L22µm = 1045 erg
s−1) the corresponding 151-MHz luminosity for the 3CRR sample
is 3×1043 erg s−1, this value is 4×1042 erg s−1 for the 6CE sam-
ple and 1×1042 erg s−1 for the 7CE sample.). This suggests that
we may not necessarily see a one-to-one correlation betweenradia-
tive power and jet power (e.g. Mingo et al. 2013; Ogle et al. 2006;
Punsly & Zhang 2011; Fernandes et al. 2011). 3CRR and 2Jy ob-
jects, which are the most radio-luminous sources in the Universe in
their redshift range, are selected to have highest radio luminosity
for a given AGN power.

Considering the LERG/HERG division, the correlation be-
tween the low-frequency radio luminosity and mid-IR luminosity
is very clear for HERGs. However, this correlation disappears for
LERGs. We have used a quantitative test of partial correlation that
takes into account censored data (Akritas & Siebert 1996). The re-
sults of this correlation analysis can be found in Table 5. Weper-
formed the correlation analysis between 22-µm and 151-MHz lu-
minosity for all samples as well as for LERGs and HERGs sepa-
rately. These results confirm the physical relationship between mid-
IR and radio luminosities seen for HERGs (the strength of thecor-
relation is given byτ /σ=6.08). On the other hand, the relationship
is not significant for LERGs (τ /σ=1.89).

In order to highlight the separate positions of HERGs and
LERGs in the radio−mid-IR plane, we re-plotted the 22-µm-,
22-µm−151-MHz luminosities using a different colour scheme.
This can be seen in Figure 8 where HERGs are plotted with pur-
ple colours and LERGs with cyan colours. In this plot, an ap-
proximate empirical cutoff between LERGs and HERGs stands
out, corresponding to a 22-µm luminosity around 5×1043 erg s−1

[Lbol ≈ 10
45 erg s−1, assuming that the bolometric correction

is ∼ 20 (Runnoe et al. 2012)]. A similar dividing luminosity was
also found by Ogle et al. (2006) using a much smaller sample. The
objects lying below this line are almost exclusively LERGs.Some
overlap between LERGs and NLRGs appears in this plot. Classi-
fications of some sources (especially in the 6CE sample, those la-
belled with question mark) are not clear which may cause thisover-

lap. Furthermore, as argued by e.g. Mingo et. al. (2013) somelow-
power objects classified as NLRGs should actually be classified as
LERGs. However, it is important to note that almost all LERGs
above this cutoff are upper limits. An object that is detected and
has a luminosity higher than 5×1043 erg s−1 is almost certainly a
HERG.

The partial correlation test has also been carried out for all
objects and each class in the 3CRR and 2Jy samples using the 5-
GHz luminosity−22-µm luminosity (Figure 9) to see if there is
any significant correlation between these luminosities. Since only
the 3CRR and 2Jy samples have radio core observations, the 6CE
and 7CE samples were not used for the analysis. The results of
this correlation analysis are also shown in Table 5. In Figure 9
NLRGs and BLRGs almost overlap, but quasars have higher lu-
minosities at both wavelengths which can be attributed to some
other (non-thermal or emission from the disk) contamination seen
in the mid-IR for BLRGs and quasars. Despite the correlationseen
for all sources, owing to the effect of redshift dependency,we do
not see a significant correlation for each population apart from the
LERGs. Our results support the findings of the similar analysis
of Hardcastle et al. (2009). The radio-core luminosity of AGN is
an indicator of instantaneous jet power (e.g. Blandford & K¨onigl
1979). The significant correlation between radio-core emission and
mid-IR emission seen in LERGs strengthens the idea that the mid-
IR power in LERGs can originate in jets instead of the standard
accretion mechanism (e.g. Chiaberge et al. 2002).

As seen in Figure 8, LERGs exhibit very weak mid-IR emis-
sion and some have only upper limits. This can obviously be at-
tributed to lack of obscuring structures. Our results also reinforce
the prediction that different accretion modes govern HERGsand
LERGs. What drives these different modes is a crucial question.

As discussed in Section 1, one of the hypotheses for the differ-
ence between HERGs and LERGs is that there is a limiting value
of the Eddington-scaled accretion rate above which radiatively ef-
ficient accretion takes place. In order to test this hypothesis we use
availableWISEdata; using 22-µm luminosity as a proxy for the
total radiative luminosity of AGN and the 3.6-µm luminosity for
stellar luminosity (∼stellar mass), which is correlated with black-
hole mass and thus with the Eddington luminosity for LERGs and
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Figure 6. Plot of 12µm luminosity (top) and 22µm luminosity (bottom) versus redshift. Upper limits are indicated as arrows.

NLRGs. Quasars and BLRGs can be contaminated by non-thermal
emission in both bands. Moreover, the nuclear quasar emission can
overwhelm the stellar light measured at 3.4-µm. For these reasons,
quasars and BLRGs are excluded from the plots. The ratio of 22-
µm to 3.6-µm then should provide a proxy of the Eddington-scaled
accretion rate for NLRGs and LERGs. The results of this test can
be seen in Figure 10. In Figure 10 (left) all NLRGs and LERGs
are used, independent of upper limits. In order to see the effect

of upper limits, we also show the distribution of the ratio excluding
upper limits (Figure 10-right). Although the result does not change,
the overlap between NLRGs and LERGs is reduced in the plot. It
is clear that while NLRGs show high values of this ratio (∼ 0.3-
10) LERGs have much lower values (∼ 0.01-0.3). Similarly, differ-
ent accretion rates for HERGs and LERGs were obtained in recent
studies (Mingo et al. 2013; Best & Heckman 2012; Russell et al.
2013). It is worth noting that in both histograms there are some
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overlaps but since we are only using rough estimators for calcula-
tion of the accretion rates this is expected. Furthermore, the clas-
sifications of some sources are not clear (such as some sources in
the 6CE sample) and this can also lead to some overlap. Neverthe-
less, this suggests that the 22-µm/3.4-µm luminosity ratio can give
a good empirical NLRG/LERG classification. A more detailed dis-
cussion of the Eddington-scaled accretion rate in radio galaxies is
given by Mingo et al. (2013) and Fernandes et al. (in preparation).

4 SUMMARY AND CONCLUSIONS

We have usedWISEto establish the near and mid-IR properties of
four radio samples; 3CRR, 2Jy, 6CE and 7CE. The main results are
as follows.

• We evaluated our objects inWISE colour-colour diagrams.
Various WISE colour cuts and criteria have been suggested for
selecting AGN (Assef et al. 2010; Jarrett et al. 2011; Mateoset al.
2012; Stern et al. 2012; Assef et al. 2013). Although these criteria
are detecting some AGN, they are not successful for coveringall
types of AGN. It can be seen in the diagrams (Figure 3) that LERGs
and many NLRGs cannot be selected using a simpleWISEcolour
cut or by other criteria proposed in the literature.
• The near-IR luminosity−redshift relation reinforces the pic-

ture in which radio galaxies are hosted by giant ellipticalsthat
formed their stars at high redshifts and evolved passively thereafter.
At high redshifts (z>0.7) 3CRR objects differ from 6CE and 7CE
object having higher near-IR luminosities. This suggests that 3CRR
galaxies are more massive systems with higher masses of stars at
high redshifts compared to 6CE and 7CE radio galaxies.
• Our investigations of quasar-radio galaxy unification indicate

that quasars are systematically more luminous in the mid-IRthan
radio galaxies, and more so at 12-µm than 22-µm. Our results are
consistent with the predictions of smooth torus models which show
a strong effect of anisotropy (e.g. Schartmann et al. 2005).
• We have shown for the first time with a large complete sam-

ple that low- and high- excitation radio-loud AGN have com-
pletely different mid-IR luminosities. While LERGs have ex-
tremely weak mid-IR luminosities−in fact many of them are not
detected and have only upper limits−HERGs are mostly luminous
sources in the mid-IR. Our results obviously favour previously es-
tablished accretion models (e.g. Hine & Longair 1979; Lainget al.
1994; Evans et al. 2006; Ogle et al. 2006; Hardcastle et al. 2007;
Janssen et al. 2012; Best & Heckman 2012; Russell et al. 2013);
LERGs do not hold any conventional AGN properties and accrete
in a radiatively inefficient manner, while HERGs are poweredby
radiatively efficient accretion. This accretion-mode classification
can now beexplicitly identified in the mid-IR−radio plane.

The distribution of each population is quite distinct in the22-
µm−151-MHz luminosity plot. An empirical cutoff stands out in
the radio-IR plane (Figure 8), which leads to the conclusionthat any
object below 4-5×1043 erg s−1 at 22-µm is a LERG. Classification
of radio sources, hitherto, have relied on expensive optical spec-
troscopy. Here, we propose thatWISEdata can be effectively used
to identify radiatively inefficient and efficient radio-loud AGN.
• One model of the difference between LERGs and HERGs

is that there is a limiting value of the Eddington-scaled accretion
rate above which radiatively efficient accretion takes place. Us-
ing the 22-µm and 3.4-µm luminosities we calculated the ratio of
22-µm/3.4-µm as a proxy of the Eddington-scaled accretion rates
for NLRGs and LERGs. Although there is some overlap, LERGs
(∼ 0.01-0.3) and NLRGs (∼ 0.3-10) differ from each other in

this ratio. Different accretion rates for LERGs and HERGs were
also found by others (Mingo et al. 2013; Best & Heckman 2012;
Russell et al. 2013). Since the classification of some objects in the
6CE and 7CE sample is not complete and secure, we may expect
to have some overlap in the accretion-rate histograms. Other un-
certainties such as the effect of different environments onthe radio
power of radio galaxies as well as the calculation of black hole
mass can contribute to this overlap (see Mingo et al. 2013).
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Figure 7. Plot of 12µm luminosity (right) and 22µm luminosity (left) versus 151-MHz radio luminosity. Upperlimits are indicated as arrows.

Figure 8. Plot of 22µm luminosity versus 151-MHz radio luminosity. Upper limitsare indicated as arrows. In order to show the distribution ofHERGs and
LERGs clearly, HERGs are plotted as purple filled circles andLERGs are as cyan filled circles.

Abscissa Ordinate Subsample Number Correlationτ /σ

L151 L22µm All 335 Yes 7.97
LERGs 69 No 1.89
HERGs 266 Yes 6.08

L5 L22µm All 219 Yes 9.38
LERGs 47 Yes 4.67
BLRGs 23 No -0.12
NLRGs 101 No 2.41
Quasars 48 No 2.96

Table 5. Results of partial correlation analyses. All sources and subsamples that have relevant luminosities used for the analysis are given in column 3. The
number of objects included in the analysis can be seen in column 4.τ /σ gives an indication of the strength of the partial correlation in the presence of redshift;
a cutoff ofτ /σ is adopted asτ /σ>3 for a significant correlation.
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Figure 9. Plot of 22µm luminosity versus 5-GHz core luminosity. The 6CE and 7CE samples do not have radio core observations so we only present the 3CRR
and 2Jy samples.

Figure 10. Histogram of the distribution of 22µm luminosity over 3.4µm luminosity (a proxy of the Eddington-scaled accretion rate) versus redshift. In the
left plot all sources are used and in the right objects with upper limits are excluded.
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