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ABSTRACT

We present an analysis of four complete samples of radid-RBN (3CRR, 2Jy, 6CE
and 7CE) using near- and mid-IR data taken by Wiele-Field Infrared Survey Explorer
(WISB. The combined sample consists of 79 quasars and 273 raldigigm and covers a
redshift rangd®.003 < z < 3.395. The dichotomy in the mid-IR properties of low- and high-
excitation radio galaxies (LERGs - HERGS) is analysed ferfitst time using large com-
plete samples. Our results demonstrate that a divisiondimderetion modes of LERGs and
HERGs clearly stands out in the mid-HRadio plane {22,,,,=5x10"* erg s'!). This means
thatWISEdata can be effectively used to diagnose accretion modeslin-toud AGN. The
mid-IR properties of all objects were analysed to test thiéiaation between quasars and
radio galaxies, consistent with earlier work and we arga¢ $mooth torus models best re-
produce the observation. Quasars are found to have highleiRniuminosities than radio
galaxies. We also studied all the sources in the near-IRitoigsights into evolution of AGN
host galaxies. A relation found between the near-IR lunmitp@d redshift, well-known in
the near-IR, is apparent in the two near\RSEbands, supporting the idea that radio sources
are hosted by massive elliptical galaxies that formed ttairs at high redshifts and evolved
passively thereafter. Evaluation of the positions of thaga objects inWISEcolour-colour
diagrams shows that widely us&dISEcolour cuts are not completely reliable in selecting
AGN.

Key words: galaxies: active- galaxies: nuclei- infrared: galaxies

1 INTRODUCTION obscuring structure is expected to re-radiate stronghhérid-

. . . . infrared (Meisenheimer etial. 2001; Whysong & Antonuicci 200
The nature of the energy source in active galactic nucleiNAGas Ogle et all 2006)
been a matter of debate for a long while. In commonly accepted ~~ ‘ '
models, the energy is generated by accretion of cold materta The simple unification scheme of quasars and radio galaxies
black holes in the centre of active galaxies (Kormendy & Riche developed by Barthel (1989) is based on orientation deperefe
1995;| Magorrian et al. 1998; Ferrarese & Merritt 2000). Tiee a  fects. According to this model, radio galaxies and quasegstee
cretion produces photoionizing ultra-violet (UV) radatj and same objects seen at different angles. If a source is vievithihw
gives rise to X-ray emission via Compton scattering. Hoghhi a cone of half-angle approximately 4% is called a quasar or
velocity gas clouds located withinn 1pc of the obscuring torus  broad-line radio galaxy (BLRG); if a source is viewed edge-o
produce the broad emission lines that can be observed irsies- where the nucleus is blocked by the dusty torus, the sourteis
tra while narrow emission lines are produced by the loweoael identified as a radio galaxy (narrow-line radio galaxy - NDRG

ity gas clouds situated further away &t 10-100 pc |(Antonucci On the other hand, Hine & Longair (1979) pointed out the exis-
1984 Urry & Padovani 1995). Different classes of AGN, hoargv tence of a population of radio galaxies that do not preseat th

present different observational features in optical, Xaad radio strong emission lines conventionally seen in powerful AGII{-
bands. An orientation effect is the main ingredient of bohi-o excitation radio galaxies - HERGs). This class of objectdled
cal and radio unification schemes: in the optical, radia&GN low-excitation radio galaxies (LERGSs), are predominaritiynd
are classified according to whether they have broad emifisies to be at low-radio luminosities. This population poses efem
in their spectra, which can be obscured by dust and gas Jtorus for simple unification, falling outside the generic view @dio-
at certain angles (e.g. Antonucci & Miller 1985). In this eathe loud AGN. They do not exhibit any expected feature of unified

AGN; radiatively efficient accretion disk, X-ray emittingpmona
(Evans et dl. 2006; Hardcastle etlal. 2006) and obscurings tior
* E-mail:g.gurkan-uygun@herts.ac.uk the mid-IR (Whysong & Antonucci 2004; Ogle etlal. 2006).
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Hardcastle et al.| (2007) suggested that a different source isotropic or quasars are intrinsically different sourcésnid-IR
of fuel for the accretion process may be responsible for this than radio galaxies with the same radio power, which would im
difference. In this picture, HERGs (quasars, BLRGs and NL- ply that the simple unification scheme needs to be revised: Si
RGs) accrete in ‘cold mode’; in which accretion of cold matte ilar results were also obtained in various subsequent esuas-
onto a super-massive black hole via an optically thick ggeme ing Spitzer(e.g..Cleary et al. 2007; Haas etlal. 2008) and different
rically thin accretion disk produce radiation efficientlyhereas reasons were suggested for the excess magnitudes seersargjua
LERGs (alternatively called weak-line radio galaxies, oW in the mid-IR such as non-thermal emission and dust absorpti
RGs) are thought to be fuelled by the accretion of the hot gas On the other hand, some other studies provided oppositésesu
in haloes of their host galaxies through advection domihate suggesting that quasars and radio galaxies show identicalRn
flows (Narayan & Y| 1995; Best et al. 2006; Hardcastle €t ab720 magnitudes (e.g. Meisenheimer ef al. 2001; Haaslet al| 200%,
Janssen et al. 2012) and release the accretion energy iortne f |Siebenmorgen et al. 2005; Shi etial. 2005; Dicken et al.|2009)

of jets or winds |(Chiaberge etlal. 2002; Merloni & Heinz_2007) Mid-IR studies of radio sources hitherto have been based on
[see also_McNamara etlal. (2011); Martinez-Sansigre & Res| single sources or small or incomplete samples. In additiahis,
(2011)]. The relation between accretion rate and jet powas w due to the lack of complete mid-IR observations of radio sam-
studied by Allen et &l. (2006) and Bondi accretion rates Hseen ples, many investigations were carried out using incohedara

evaluated for LERGs and HERGs|by Hardcastle et al. (2008yTh  sets where the mid-IR observations were taken for a varigiyie
showed that the majority of LERGs have jet powers comparable poses. One of the motivations of the current paper is to remov
to the available Bondi power while many NLRGs have jet pow- this deficit in radio-loud AGN research, providing a comeplatid-

ers higher than Bondi accretion level, emphasising theilpibss IR study of the complete and relatively large sample. Here we
ity that LERGs are powered by accretion from the hot phase. Re present, for the first time, the mid-IR properties of four qbate
cently a similar conclusion was reached|by Russelllet all3P0 samples, namely 3CRR, 2Jy, 6CE and 7CE, which overall cover a
It is worth noting that studies of AGN environments suppbe t wide redshift range((0029 < z < 3.93). For the analysis, the
idea of a different origin of the accreting gas; LERGs occupy mid-IR data taken byide-Field Infrared Survey Explor€WVISE
gas-rich environments and redder, lower star-formatiolaxies (Wright et al! 2010) have been used. The objective of thiskvi®r

in comparison to HERGs at comparable redshifts [(e.g Hatidcas to evaluate the utility of mid-IR data to investigate raulialy ef-
2004; Kraft et all 2007; Tasse et al. 2008; Best & Heckiman 2012 ficient/inefficient radio loud-AGN and the nature of HERGslan
Hardcastle & Krause 2013). However, another hypothesisxto e LERGs withWISEdata. We also examine the mid-IR properties of

plain the diversity in accretion-modes of AGN is that theseai these complete samples by addressing the quasar-radiy gelia
limiting value of the Eddington-scaled accretion rate abatich fication and the near-IR properties by comparing our reswitts
radiatively efficient accretion takes place (e.9. Narayavii£995). previous studies.

It has recently been shown that LERGs and HERGs are plausi- This paper is organised as follows: a description of the sam-
bly separated at a critical value of the Eddington-scaleuiegion ples, the method of determination WISE fluxes and luminosi-

rate (e.gl Best & Heckmen 2012; Russell et al. 2013, Mingd.et a ties and tests of the consistency betw@éi$SEandSpitzerdata are
2013). This model does not require a one-to-one correspaede  given in Section 2. Our key results are given in SectioM3SE

between fuel source and accretion mode, but, since sourebsd colour-colour diagrams of the sources are presented disguthe

by accretion from the hot phase will tend to contain massiaekb available colour cuts in the literature. An investigatidnttee old

holes being fuelled at a low rate, it retains many of the mtiuhs stellar population in our sample is presented and the utidicaf

from the  Hardcastle et al. (2007) model. Further discuseiaihe quasars and NLRGs is discussed. The dichotomy for LERGs and

nature of LERGs and HERGs can be found in a recent review by HERGs is re-evaluated in the light of our results. Finallgc®on 4

Antonucdi (2012). presents a summary of our results and conclusions drawn.
Determining the radiative power of AGN, particularly ob- The cosmological parameters used throughout the papes are a

scured AGN, is observationally difficult. To date, many hid- follows: ©2,,,=0.3,0224=0.7 andH,=70 km s * Mpc™'.
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 istlaeo
way of confirming a hidden nucleus_(Miller & Antonucci 1983;
Antonucci & Miller [1985;/ Ogle et al. 1997). However, it hamli 2.1 Samples
itations because in the case of lack of scattering matéwalgsults
would yield false negatives. Mid-IR data is important inrsbing
for radiatively efficient accretion in radio galaxies andtileg the
unification hypothesis, because in the presence of theiyrithisty
torus, optical-UV emission from quasar nucleus is intetee by
the torus and re-radiated in the mid-IR, which is only mildgn-
sitive to orientation (Whysong & Antonucci 2004; Shi et 2005;
Hardcastle et al. 2009; Dicken etlal. 2009; Fernandes e0l.)2
Many previous authors have used the mid-IR properties of ra-
dio sources to test the unification hypothesis. Heckman ¢1292,
1994) used the Infrared Astronomical SatellitRAS measure-
ments of 3CR radio galaxies and quasars>é0.8, and found that
guasars were: 4 times brighter than radio galaxies in their mid- We used the revised sub-sample of the 3CR catalogue of radio
IR and far-infrared (far-IR) fluxes (at 25-, 60- and 106%). They sources|(Bennétt 1962), which have flux densities greaaer10.9
concluded that either mid-IR emission from radio-loud AGNhot Jy at 178 MHz |(Laing et al. 1983). There are 172 sources with

2 DATA AND ANALYSIS

The 3CRR, 2Jy, 6CE and 7CE samples were chosen for our anal-
ysis. These complete samples are designed to include afl rad
sources brighter than the specified flux density limit in aipar

lar area of sky at the selected frequency. Most of the sanaies
complete redshift measurements and emission-line cleatifns.
Figured shows the low-frequency radio luminosity and rétidrs-
tributions of the objects in the four samples which are dbedrin
more detail in the following subsections.

2.1.1 The 3CRR Sample:
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The WISE properties of complete samples of radio-loud AG8SI

2.1.4 The 7CE Sample:

104 The 7CE sample, drawn from the 7C survey (Visser gt al.|1995),
a complete sample having flux densities greater than 0.5 I¥lat
ol . | MHz (Willott et all|1998| 2002). This sample has 90 perceicsp
e troscopic redshift completeness and 49 radio galaxies hase
1 o oR08PeS ¢ infrared imaging(Willott et &l. 2003). It comprises 74 radburces
. L ' .; WE}* e i covering redshift from 0.086 to 2.982: 4 LERGSs, 46 NLRGs, 2

z LR w%,’ﬁ,pﬁ‘g el BLRGs and 22 quasars.
1043} -Hp. .’rﬁ;’.@( ok 1 Radio sources in the 7CE sample are classified only as NL-

_._'".7-"' ....*w* s RGs, BLRGs and quasars. In order to distinguish LERGs from
N o o | NLRGs, equivalent widths of the [Oll] and [Olll] emissiomés
’;& 5 ‘fg were collected from the literature (Willott etlal. 1998, 200NL-
x RGs were re-classified as LERGs considering the criterigestgd

1044 L ® e

/s

1042 L

1040 bylJackson & Rawlings (1997): sources with equivalent vadih

; <10A in [OllI] or [OH)/[OlIN] ratios of >1 or both. Many NLRGs
10%0° ol do not have [Olll] detections in their spectra; this is mgibke-
2‘]’\, ' cause at higher redshifts the [OIll] is redshifted beyorel\tisible
e | spectral window. For this reason, we note that there may ke mo
7CE LERGs in the 7CE sample classified as NLRGs at 0.8.

151-MHz luminosity (erg
[ ]
e r-X

% o m e

10%}
d

38 L.
10 1.0 2.0 3.0 4.0 5.0

142 2.2 WISE magnitudes

The WISE mission has observed the whole sky in four mid-IR
Figure 1. The 151-MHz radio luminosity distribution of the samplesiagt bands (V1 [3.4-um], W2 [4.6-um], W3 [12-um], W4 [22-pm])
redshift described in section 2.1. The 3CRR sample objeetplatted as with an angular resolution of 6.1, 6.4, 6.5 and 12 arcsepe®s
red circles, the 2Jy sample as blue squares, the 6CE samplarae stars  iyely, The WISE all-sky catalogue was searched for all objects
and the 7CE sample as green diamonds. in our samples. This was done by searching the cataloguénwith
10 arcsec.The expected number of sources within 10 arcsec is
) ) around 3.4%10~* so that a source detected within the search re-
0.0029 < z < 2.012 including 37 LERGS, 82 NLRGs, 10 BLRGs gion of a given position is very unlikely to be a false asstioia
and 43 quasars. 3C231 was excluded from the analysis aslits ra  the total expected number of false detections is 0.12. Omr- sa
emission is due to a starburst. ple sources are away from the Galactic plane, where the tglensi
of WISE sources is highest. Since powerful radio galaxies tend
to be the dominant objects in any group or clusters they imhab
2.1.2 The 2Jy Sample: we do not expect any excess source density due to clustering t

h | i le ch ; vsis i affect our results. In the search, we used the optical coates
Another complete radio sample chosen for our analysis isha sU ¢ w0 gCE [(Allington-Smith et Al. 1982; Ealles 1985a: 198

sample of the 2Jy objects which has homogeneous spectioscop [z e g Rawlings 1993) and 7CE samples_(Willott etlal. 1998,

observations| (Wall & Peacock 1985; Tadhunter etal. 1998 T 2003), and radio coordinates of the 3dkamd 2y sampl&radio
complete sample was generated selecting radio objectsfluith core coordinates provide accurate positions of AGN but BE 6

dtensmes atbove 2y at 2.7b.Gth.dOur. sutb-dsaé)mple FOUS'S;"S of 4Band 7CE samples do not have high-resolution radio obsensti
Eeep-sg)ecl rum sources Ejo Jects dominated by emlsis,lgmd © capable of resolving the radio cores of the objects). In #we ©f
eamed relativistic jet and core components are excludetiato multiple matches per source, these objects were treatedaely;

we minimise the con@amlnatlon from npn-thermal emls.3|on).1w WISE images of individual sources were obtained and checked
0.05 < = < 0.7, Whlch have.m|d-far infrared (MFIR) imaging against high-resolution radio images to make sure thatitie r
and spectra taken bpitzer(Dicken et al 2008.' 20(.)9' 20.12) 85 source was detected. Matches for all of the 3CRR (172) and 2Jy
well as 98 pgrcent complfe(ehandra/XMMX-ray imaging (Mingo (48) objects were found in the catalogue. However, only 4ifcEs
et.al 2013 (in prep.)). This sample has 10 LERGSs, 20 NLRGs, 13 in the 6CE sample out of 58 and 68 in the 7CE sample (74) had de-
BLRGs and 5 quasars. tections. Sources rejected from MASEall-sky catalogue for vari-
ous reasons (such as low flux signal-to-noise ratios, spsidetec-
tions of image artifacts, or duplicate entries of sourceckns)
2.1.3 The 6CE Sample: are stored in th&VISEall-sky reject table. Th&VISEreject table
was searched to get magnitudes of non-detected sourcesir In o
case, the sources found in the reject table have either lipptror
low flux signal-to-noise ratio. Among 17 non-detected sesrt5
of them had matches or upper limit measurements in the rigect
ble. WISEimages of the remaining two sources were checked. Be-
cause of a very low signal-to-noise (SNR), we were not abtibto

The 6CE sub-sample is drawn from the 6C survey (Baldwinlet al.
198%) and was designed to select objects fainter than 3Ctsbje
order to investigate the cosmic evolution of radio galaXEales
1985h; Eales et al. 1997). The flux density limit for the sampl
is 2< S151<3.93 Jy. It has virtually complete spectroscopic red-
shift measurements as well as infrared imaging (Eales &BAlr;
Rawlings et al. 2001). The 6CE sample has 58 sources ingudin
LERGS, 28 HERGs and 9 quasars, whose redshift ranges between nttp://3crr.extragalactic.info/
0.105 and 3.395. 2 http://2jy.extragalactic.info/
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tain their magnitudes, so these sources (6CE-1143+3708@Eé
1148+3638) were excluded from the analysis. Almost all & th
sources in these samples had matches with SRR the shorter 10t
WISEbands (3.4 and 4.6m). Most of the upper-limit measure-

ments (SNR:2) were obtained in the 12 and 2@ WISEbands. *
Upper limits are indicated as arrows in the plots presemeithe
rest of the paper. Our detections are summarised in Tabl&ighw
also presents the quantity of upper-limit measurementspgr ac- Sk %
cording to source classification. T8l SEmeasurements are given N ”
in Vega magnitudes so the magnitudes of the sources were cor
verted into Jy using the standaMISEzero-poin@.

WISE 22-pm fluxes (Jy)

2.3 Consistency betweelVl SE and Spitzer

Many sources in the samples considered here have mid-IF
imaging or spectroscopy, taken by tlpitzer Space Telescope

(Werner et al. 2004), therefore, we are able to check thastensy e  Spitzer 24-micron fluxes (3CRR)
betweenVNISEandSpitzerdata. In order to do this, we us&gpitzer % Spitzer 15-micron fluxes (3CRR)
measurements of 3CRR and 2Jy sources. In the 3CRR sampli " Spitzer 24-micron fluxes (2]y)

92 sources have 1pm rest-framel(Ogle et al. 2006; Cleary et al. 10’16_4 103 102 101 100 1ot
2007 Hardcastle et al. 2009) and 49 objects havgi®ebserved- Spitzer fluxes (Jy)

frame, while all 2Jy objects (48) have 24n observed-frame

Spleen‘neasurements..Our results can be seen in Figure 2. A COM-Figure 2. To show the consistency betwedWISE and Spitzerdata we

parison of the 24sm Spitzerand 22um WISEquxes of both sam- used sources in the 3CRR and 2Jy samples that Bpiteermeasurements
ples show excellent agreement betwespitzerand WISE data. (Ogle et al! 2006} Cleary etlal. 2007; Dicken €eflal. 2008; dastle et 2l.

There is also a good agreement betweenufrb{rest-frame) and 2009). Stars indicate 24m and circles 15:m Spitzerfluxes of sources

22-um (lab-frame) fluxes although as expected, it shows a larger from the 3CRR sample, and squares indicatg:@4Spitzerfluxes of the 2Jy

scatter in the correlation. sample sources. The 22n WISEmagnitudes were plotted vers8gpitzer
magnitudes. A good agreement between the fluxes measuréd Staand
Spitzeris clearly seen.

2.4 WISE luminosities

. T 3 RESULTS
Before computingNVISEluminosities in the fouWISEbands, the

12-uym—22-um spectral indicesH, o v~ %) were calculated. The 3.1 Colour—colour diagrams
mean index value (2.45, SD=0.88) corresponding to NLRG#;twh
should not be affected by contamination from direct quagaise
sion, of the 3CRR population where we have good detections in
both bands was used fét-corrections of the whole sample. The
luminosities of the objects in the 12 and 28 (observed) bands
were then calculated. The same process has been implenfented
computing the 3.4 and 4.6m luminosities of the sources using the
3.4-um—4.6-um spectral indices (the mean index value is 0.14).
K-corrections were not derived using Spectral energy bigions
(SED) because different components (old stellar populatiorus
and non-thermal emisshare included in the mid-IR. However,

it should be noted that this method of calculating the K-ectibn

in 3.4-um band may not provide the best results because it does not
take into account any curvature below 3.4 which is expected for
radio galaxies; thus 3i4m luminosities should be treated with cau-
tion. 151-MHz luminosities were extrapolated for the 3CRRl a
2Jy samples using the radio spectral indices and 178-MH2®r 4
MHz flux density measurements from the catalogues. 5-GHe cor
flux densities regarding the 3CRR and 2Jy objects in theazals

are used.

Various methods have been developed for separating AGN from
normal galaxies in the mid-IR (e.n. Lacy etlal. 2004; Sterallet
2005%). In particular, WISE colours have been utilised to select
AGN (e.g. Assef et al. 2010; Jarrett etlal. 2011; Mateos |@&Cdl2;
Stern et al. 2012; Wu et al. 2012; Assef e al. 2013). Beforgyea
ing out our main quantitative analysis, we investigatedbstions

of our objects inWISE colour—colour diagrams. Figurel 3 shows
colour-colour plots produced by usiMJISEW'1, W2, W3 (3.4,
4.6, 12um—Vega magnitudes) and/ISEW1, W2, W4 (3.4, 4.6,
22-um—Vega magnitudes). Upper limits are indicated as arrows in
the plots.

The W1,W2 and W3 colours are widely used for selecting
AGN (e.g..Mateos et al. 2012). For comparison in Fidure Z)lef
we show the AGN wedge with the black solid box defined by
Mateos et al.|(2012). It can be seen in Figure 3 that theselwide
used colour cuts are not reliable for selecting all typesGfNAAII
LERGSs and almost half of NLRGs are omitted if these colous cut
are used. This suggests thdtSEcolour cuts should be used with
care for selecting AGN: in particular the fact that many NL&RaBe
not selected suggests that such colour cuts may be biasgtiaga
heavily obscured type-2 AGN.

In both plots quasars and BLRGs have similar colours. NL-
3 The relation used for the conversion can be found at RGs occupy a range of cqlou_rs, \_NhiCh is suggestive of varying
hitp : //wise2.ipac.caltech.edu/docs/release/allsky/expsup/ amounts of quasar contamination in W4SEnear-IR bands. Us-

4" Although our objects are steep-spectrum sources, a mirgffedt of ing W4 instead ofi¥ 3 leads to a better separation of LERGs and
non-thermal contamination may still be observed. NLRGs. To determine the separation quantitatively, the bega-
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The WISE properties of complete samples of radio-loud AGSHI
Source z Mag(3.4p,rn) Error(3.4p,rn) Mag(4.6u7n) Error(4.6u7n) Mag(12u7n) Error(lQp,rn) Mag(22u7n) Error(22u7n)
name (Vega) (Vega) (Vega) (Vega) (Vega) (Vega) (Vega) (Yega
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 8.848 530.3
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 plusebsite.
Source z F(3.4um) Ermor s aum) Fa.6um) Ermor 4. 6.m) Fl12um) Error12,m) F22um) Erroraa,m)
name ) Jy) ) ) ) ‘) ) Jy)
4C12.03 0.156 1.4410~3  4.08x10~° 9.34x10~% 3.16x107° 5.74x10~% 1.17x10~% 2.9x10~3 0.0
3C6.1 0.840 4.1810~*  1.34x10°5 4.48<10~* 1.67x10~°  7.10x10~* 8.64x10~° 2.39x10~3  7.78x10~*
3C9 2.012 7.8810~* 251x107° 1.11x1073  4.22x107°  2.34x10~3  1.65x10~%  3.2x10~3  1.07x1073
3C13 1.351 1.6810~* 7.47x10~% 1.67x10~* 1.20x10~5  7.54x10~%* 9.03x10~° 3.28x10~3  6.63x10~*
3C14 1.469 9.1210~% 2.7910~5 1.78x10~3  5.19x10~° 5.19x10~3  1.87x10~% 1.15x10~2 1.07x10°3

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

ration line was chosen &2 — W3 = 2andW2 — W4 = 4.9.

e journalsiteb

(e.g.LLilly 1989; McLure & Dunlop 2000; Jarvis etlal. 2001)u©O

The number of LERGs and NLRGs were counted in each side. For results provide no motivation for doubting this conclusion

W2 — W3 < 2the number of LERGs is 40 and of NLRGs is 16,
and forW2 — W3 > 2 there are 30 LERGs and 159 NLRGs. For
W2 — W4 < 4.9 there are 41 LERGs and 10 NLRGs, the number
of LERGs is 29 and of NLRGs is 165 fét'2 — W4 > 4.9. Thus,
the W2 — W4 selection is slightly better at rejecting NLRGs from
the LERG region. This shows that the effect of the torus msfer

in 22-um band, as expected.

3.2 Investigation of the old stellar population

Since the near-IR emission from radio galaxies is dominhyettie

old stellar population of the host galaxies, studies ofcaihjects
over a wide redshift range in the near-IR provide insights the
evolution of stellar components underlying such objecte distri-
bution of 3.4xm magnitudes versus redshift is shown in Fiddre 4.
In this figure a relationship between near-IR band and réclsimi
increase in magnitude with redshift, which is identicalle K-z
relation of radio galaxies seen in previous studies of veri@dio
samples (e.g Lilly & Longalir 1982; Eales et al. 1997; Jarviale
2001 Willott et all 2003;; Inskip et &l. 2010). The relatiogtween
3.4-um and redshift is modelled by fitting a second-order polyno-
mial (15.46 + 2.85log2-0.13(10g 0 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-stellarprass
sion. A tight correlation between K magnitudes and redsiaf
been interpreted as showing that the radio galaxies are @-hom
geneous population associated with giant elliptical gakxon-
taining old stellar populations at lower redshifts. Theynied the
majority of their stars at high redshifts £ 3, but see_Best et al.
(1998);. van Breugel et al. (1999)) and evolved passivelyethfter

(© 2011 RAS, MNRASD00, [TH15

In Figure[® we also show the 3;4n luminosity and 4.6:m
luminosity versus redshift of the sources. 3CRR and 2Jycssur
display almost identical near-IR luminosities. On the othand,
6CE and 7CE objects lie close to each other and they havefaint
host galaxies than the 3CRR sample at high redshife( 0.7).

To quantify this, we calculated the ratio of median fluxesh# t
samples for different redshift bins. The ratio of median dsior
the 3CRR and 2Jy samples’ galaxies in the @mdwaveband 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 retbhif

A similar trend was seen in other studies (e.9. Eales|éet 817,19
Best et all. 1998; Jarvis et|al. 2001; Inskip et al. 2002; Wik al.
2003 McLure et al. 2004).

A possible explanation for this is that 3CRR sources are
hosted by more massive systems (and proportionally moré lum
nous) compared to the 6CE and 7CE radio galaxies|(e.q. Bakt et
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 tothos
high mass black black holes. As many observational studies h
shown (e.gl_Kormendy & Richstane 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 an
2Jy galaxies would be expected to tend to reside in more weassi
galaxies which are brighter at 3.t 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-IRds.
They could be either intrinsically weak AGN or reddened quss
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Samples Class Quantity 3én 4.6um 124um 22um
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 #MiBEbands. LERG and HERG with question mark indicate that thes@fiaation is not certain.

Many of the sources had upper-limit measurements in theelohdSEbands (12 and 22:m). Among the samples, mostly NLRGs and LERGs have upper

limits at long wavelengths.
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Figure 3. WISEcolour-colour diagrams of all objects in the combined sa&npi the left plot for comparison we also show the three-bagd wedge
(W2 —-W3>2517, W1—-W2>0.315 x (W2—-W3)—0.222andW1 - W2 < 0.315 x (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 This is most plausibly due to non-stellar quasar emissiahdbn-
the redshift range. The 6CE sample is classified mainly asGE&ER

and HERGs so HERGs will include some NLRGs and BLRGs.

tributes to the near-IR band.

In both plots, we see that HERGs (6CE) mostly appear close to
NLRGs (6CE) which is not surprising since they will most like
be narrow-line objects. Quasars are more luminous at bah ne
IR wavelengths in comparison with radio galaxies in eachmam

3.3 The possibility of a starburst contribution?

In Figure[® we show the mid-IR luminosity distribution (obgsd
frame 12um luminosity and 22:m luminosity) of different class
of sources as a function of redshift. It is important to cdesi

© 2011 RAS, MNRASD0O [THI5
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Figure 5. Plot of 3.4um luminosity (left) and 4.6m luminosity (right) versus redshift. Upper limits are icgdied as arrows.

whether any of this mid-IR emission could originate from mar
dust heated by star formation. Therefore, we investigatgccan-
tribution of a starburst at the 22m waveband. In the most ex-
treme case the integrated IR luminosity of a starburst isirado
10% erg s! (Elbaz etal 2011). We used the relation bg()

a continuum between the properties of sources above and belo
10* erg s'! is apparent in the 12- and 2am luminosity versus
redshift plots. We conclude that star-formation activiayoot con-
tribute significantly to the observed mid-IR emission andttae

on the assumption that it is related primarily to AGN activit

= 1.02+0.97%log(L12.m) given byl Takeuchi et all (2005) to es-
timate the luminosity at 22sm band. This value is around 4Oerg

s~ L. Any object brighter than this cannot be a starburst. Thiswsl

us to rule out this possibility for most of our objects. Mo$tiwe
remaining sources are LERGs and NLRGs, but these do notjirese
starburst colours on the colour-colour diagrams of Figliretar-
bursts would occupy the right bottom corner. LERGs have eedd
colours and sit in the bottom left region on the plots. Funtiare,

(© 2011 RAS, MNRASD00, [THI5

3.4 Quasar-radio galaxy unification

In standard AGN models, optical/UV emission obscured bytydus
structures around the accretion disc is re-radiated in thelR
Thus, hidden quasars can be inferred by means of mid-IR wdser
tions. It can be clearly seen in Figurk 6 that there is moréesca
in the 12:m luminosities than in the 2@n luminosities. The old
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stellar population has a slight contribution at A2, but possibly
more importantly PAHs have a strong effect at this wavelefgg.
Weedman et al. 2006, and references therein), thus thertégae
ter may be attributed to this.

A comparison of the mid-IR properties of different classés o
AGN reveals that quasars have higher mid-IR luminositigh vé-
spect to NLRGs. To quantify any excess in quasar mid-IR emis-
sion, median values of 12m and 22um luminosities in 4 red-
shift bins were obtained for both quasars and NLRGs. Since we
have upper limits, to calculate median values we use sufviva
analysis statistics which are used for data sets with cedsiata.
The median values were derived using the ASURV (Schimitt|1985
Feigelson & Nelsan 1985; Isobe el al. 1986) computer package
which is uses the Kaplan-Meier estimator. Errors for theveses
of the median values were obtained using the bootstrappiciy t
nique. The ratios of the median values then quantify thisgsc
emission in quasars. Calculated median values with theirgrse-
lected redshift bins and the ratios are given in Table 4. LER&e
lower mid-IR luminosities than the other class of objectsseen in
both plots. Although BLRGs tend to have higher mid-IR lunsiro
ties than NLRGs, an overlap between NLRGs and BLRGs is seen.
To show this quantitatively median values of the 22-fluxes in
3 redshift bins for both BLRGs and NLRGs were obtained. These
values were used to calculate the flux ratios. The ratios.&rg24),

0.8 (0.07) and 1.0 (0.05) for the redshift bins= 0.05 — 0.75,
z=0.75 — 1.45 andz = 1.45 — 2.15, respectively.

In all redshift bins, quasars exhibit stronger mid-IR enaiss
than NLRGs. Since re-radiated UV-optical emission from AGN
dominates the 22:m flux, ratios of the median values regarding
the objects for this waveband can give the best indicatidheoflif-
ference in the mid-IR emission between quasars and raciaigal
In the first redshift bins quasars are about 10 times morenons
than radio galaxies. The ratio decreases towards highshifesi
although quasars still have stronger behaviour in theiriRidu-
minosities & 3-2 times more luminous than radio galaxies). The
decrease in the ratio towards high redshifts does not appdze
a simple effect of redshifting non-evolving SEDs of quasand
radio galaxies. Obtaining the distribution of SEDs as a fiemcof
luminosity and redshift would allow us to study this partantrend
in more detail, but this is beyond the scope of this paper.

A significant difference ¥ 2) in the mid-IR magnitudes of
guasars and radio galaxies was also reported by severa@sted.
Heckman et al. 1992, 1994; Haas etlal. 2005; Clearylét al.|;2007
Honig et al.l 2011). Other authors (el.g. Meisenheimer |€2G0.1 ;
Haas et al. 2004) used small samples and found a slight efifter
between the properties of quasars and galaxies in the IRsb¥ad
ious interpretations (such as torus anisotropy, effecthefenvi-
ronments) were used to explain this. Dicken etlal. (2009%iobd
no difference between the mid-IR luminosities of the broadd
narrow-line objects from the 2Jy sample. However, althotigy
used a complete sample, it is small in size. Our work is thetfirs
use large, complete samples with coherent mid-IR data and go
coverage of the redshift range where quasars and radioigaleo-
exist in large numbers.

Different torus models have been proposed to explain differ
ent properties of quasars and radio galaxies (e.g. Pier 8ikro
1992, 11993;| Nenkova etlal. 2002, 2008alb; Schartmann et al.
2005; | Lawrence 1991; Simpson 1998; Grimes etal. 2003) and
anisotropic emission due to the torus is expected in all ssiggl
models. In order to evaluate our results in terms of diffeterus
models we first calculated the critical anglés-(:) which is the an-
gle to the line of sight separating quasars and radio gaaXeedo

that, as described [n Barthel (1989) we used the probalbilitg-
tion of finding a source within an angle to the line of sight éor
randomly distributed set of sources and the number of qeasat
radio galaxies found in a given redshift bin. The charastierian-
gles (the expected angle to the line of sight) for quass3 &nd
radio galaxies{rc) were computed for each redshift bin. These
results are also shown in Talble 4.

We then examined our results with regard to the predic-
tions of well-known torus models such as torus with smooti de
sity distribution (Schartmann etlal. 2005) and torus withngbs
(Nenkova et &l. 2008b). Our results for both 12 andu22-wave-
bands are in agreement with the predictions of smooth tod m
els which show a relatively strong effect of anisotropy canegl to
clumpy torus models. For instance, there is a higher diffegen
the luminosities of quasars and radio galaxies at lowerhiéds
compared to the higher redshifts. Figure 8Lin_Schartmanh et a
(2005) shows an inclination angle study for a range of wangtles
considering a smooth torus model; according to this figunettfe
first two redshift bins, we expect to see a strong anisotrape
mid-IR luminosity for calculated characteristic anglesqoisars
and radio galaxies at a corresponding wavelength (fromlgéea
around 30 to 70° approximately a factor of four decrease is ex-
pected at 11um (rest-wavelength)). A similar study for clumpy
torus models| (Nenkova etlal. 2008b, their Figure 10) showsg on
a slight difference in the mid-IR magnitudes for expectedles
of quasars and radio galaxies (the difference in the mid-dgmi
tudes between the angles around 2@d 70 is a factor of 1.2 at
12um (rest-wavelength)). As previously mentioned there areeth
components that contribute to the mid-IR: re-radiatiomfriorus;
emission from the old stellar population and non-thermatami-
nation that can be seen in quasars/BLRGs. Any effect fromldén o
stellar population is expected to be the same for both qaasat
NLRGs. In clumpy torus models, substantial non-thermatawn
ination in quasars/BLRGs would have to be present to exgain
results.

3.5 Dichotomy for LERGs and HERGs

Our primary aim in this section is to investigate how LERGg ca
fit into unification models and to what level mid-IR radiatioan

aid us in classifying LERGs and HERGs. The low-frequency ra-
dio luminosity is related to the time-averaged jet kinetievpr but
also the age of the source and to the properties of the ekterna
environment (e.d. Hardcastle & Kralise 2013). The mid-IRitum
nosity gives information about the torus emission (if it iegent)
and can be considered as a proxy for the intrinsic AGN luminos
ity (e.g.lFernandes etlal. 2011). There may be some conttioripa
such as emission from the old stellar population and anyiposs
ble anisotropy in the torus emission, as mentioned in theipre
ous section. There can also be contributions from jet rélatmn-
thermal emission, Doppler boosted due to low inclinationaifily

in quasars and BLRGS).

In Figure[T we present the mid-IR luminosity versus low-
frequency radio luminosity (at 151-MHz) for the radio sa@sdn
our samples. In both plots we see a correlation between the 15
MHz and mid-IR luminosities. This is expected as presumbbth
luminosities are roughly isotropic indicators of AGN nual@ctiv-
ity. The 12um plot has higher scatter than the;2@ one; this is
ascribable to strong PAH features and emission from an elthst
population which still contributes at 12m band. Further examina-
tion of each of the samples in both plots shows that there ¢af s
ter in the correlation due to selection biases. The 3CRR3BjBcts

© 2011 RAS, MNRASD00,[THI5
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Redshift bins Class N 3 4.6um 12um 22um Ocrit (6] Orc
& Ratio ergls erg/s ergls erg/s
0.2<z<0.621 Quasars 15 1.365(0.350) 1.531(0.432) 2.983(0.62858.951 (0.913) 32.2
NLRGs 49 0.142(0.017)  0.090 (0.015) 0.137 (0.0885) 0.2356(0 70.4
Ratio 9.612 (2.720) 17.011(5.623) 21.773 (14.794) 16.321109) 49
0.621<z<1.00 Quasars 20 1.645(0.633) 1.913(0.5325) 6.298 (1.329) 0.232 (2.538) 36
NLRGs 38 0.270(0.042) 0.154 (0.0305) 0.437 (0.112) 1.43B7(D) 73
Ratio 6.092 (2.533) 12.422(4.243) 14.411 (4.797) 7.14868). 55
1.00<z<1.517 Quasars 23 1566 (0.458) 1.738(0.424) 8.852 (1.671) 7.07T (2.233) 45.4
NLRGs 25 0.264(0.036) 0.288 (0.061) 1.553 (0.510) 4.95288). 80.1
Ratio 5.931(1.881) 6.034 (1.957) 5.699 (2.160) 3.449 @00 70
151%z<1.96 Quasars 11  2.782(0.397) 3.231 (0.374) 35.475 (3.866)2.618 (8.610) 44.8
NLRGs 21 0.556(0.052) 0.431 (0.094) 2.826 (1.874) 16.1084B 79.6
Ratio 5.003 (0.856)  7.496 (1.850) 12.553 (8.043) 2.6460@).7 69

Table 4. Median values of the 3.4m, 4.6.um, 22.um and 12:m luminosities were derived using the ASURV (Schrnitt 1986igElson & Nelsan 1985;
Isobe et al. 1986) computer package for four different rétlbims. Redshift bins are shown in column 1, N indicates benof sources included to calculate
median values, shown in column 3. Classes and ratios cochjuéegiven in column 4, 5, 6, 7 for the 3.4-, 4.6-, 12- andu®24uminosities respectively.
Errors in calculations are given in parentheses. Columno8/shhe critical angles calculated and characteristicemnfpund for quasars as well as radio
galaxies are given column 9 and 10.

have high radio luminosities in comparison to 6CE/7CE disjéar lap. Furthermore, as argued by e.g. Mingo et. al. (2013) dome

a given mid-IR luminosity. The 6CE/7CE objects exhibit lovjet power objects classified as NLRGs should actually be classi$
powers in comparison to the 3CRR/2Jy sources for a chosémrad LERGs. However, it is important to note that almost all LERGs
tive power (For a given 22-micron luminosity 4,,., = 10'® erg above this cutoff are upper limits. An object that is detdcaad

s~ 1) the corresponding 151-MHz luminosity for the 3CRR sample has a luminosity higher than8L0** erg s™! is almost certainly a

is 3x 10" erg s !, this value is 410" erg s'* for the 6CE sam- HERG.

ple and 10" erg s* for the 7CE sample.). This suggests that The partial correlation test has also been carried out for al
we may not necessarily see a one-to-one correlation betvaeé objects and each class in the 3CRR and 2Jy samples using the 5-
tive power and jet power (e.g. Mingo et al. 2013; Ogle et a0&20 GHz luminosity-22-um luminosity (Figure[P) to see if there is
Punsly & Zhang 2011; Fernandes etial. 2011). 3CRR and 2Jy ob- any significant correlation between these luminositiesc&ionly

jects, which are the most radio-luminous sources in the éfaein the 3CRR and 2Jy samples have radio core observations, the 6C
their redshift range, are selected to have highest radidnsity and 7CE samples were not used for the analysis. The results of
for a given AGN power. this correlation analysis are also shown in Tdble 5. In FE¢@ir
Considering the LERG/HERG division, the correlation be- NLRGs and BLRGs almost overlap, but quasars have higher lu-
tween the low-frequency radio luminosity and mid-IR lurnsiip minosities at both wavelengths which can be attributed taeso
is very clear for HERGs. However, this correlation disappdar other (non-thermal or emission from the disk) contamimatieen
LERGs. We have used a quantitative test of partial cormiatiat in the mid-IR for BLRGs and quasars. Despite the correlatimen
takes into account censored data (Akritas & Siébert|19969.r€- for all sources, owing to the effect of redshift dependemay,do
sults of this correlation analysis can be found in TéBle 5.pake not see a significant correlation for each population aparhfthe
formed the correlation analysis between 2#-and 151-MHz lu- LERGSs. Our results support the findings of the similar analys
minosity for all samples as well as for LERGs and HERGs sepa- of Hardcastle et al! (2009). The radio-core luminosity of M\@&
rately. These results confirm the physical relationship/bet mid- an indicator of instantaneous jet power (&.9. Blandford énigl
IR and radio luminosities seen for HERGs (the strength ottre 1979). The significant correlation between radio-core simisand
relation is given byr/c=6.08). On the other hand, the relationship mid-IR emission seen in LERGs strengthens the idea that ithe m
is not significant for LERGs7{/c=1.89). IR power in LERGs can originate in jets instead of the staghdar
In order to highlight the separate positions of HERGs and accretion mechanism (elg. Chiaberge €t al. 2002).
LERGs in the radiemid-IR plane, we re-plotted the 22m-, As seen in Figurgl8, LERGs exhibit very weak mid-IR emis-

22-um—151-MHz luminosities using a different colour scheme. sion and some have only upper limits. This can obviously be at
This can be seen in Figuré 8 where HERGs are plotted with pur- tributed to lack of obscuring structures. Our results akdnforce
ple colours and LERGs with cyan colours. In this plot, an ap- the prediction that different accretion modes govern HERGd
proximate empirical cutoff between LERGs and HERGs stands LERGs. What drives these different modes is a crucial qoesti
out, corresponding to a 22m luminosity around 510* erg s* As discussed in Section 1, one of the hypotheses for tha-diffe
[Lvor = 10% erg s !, assuming that the bolometric correction ence between HERGs and LERGs is that there is a limiting value
is ~ 20 (Runnoe et al. 2012)]. A similar dividing luminosity was of the Eddington-scaled accretion rate above which radilgtief-
also found by Ogle et al. (2006) using a much smaller sampie. T ficient accretion takes place. In order to test this hypashes use
objects lying below this line are almost exclusively LERGeme availableWISE data; using 22:m luminosity as a proxy for the
overlap between LERGs and NLRGs appears in this plot. Glassi total radiative luminosity of AGN and the 36m luminosity for
fications of some sources (especially in the 6CE samplegtlaes stellar luminosity {stellar mass), which is correlated with black-
belled with question mark) are not clear which may causeoes- hole mass and thus with the Eddington luminosity for LERG® an

(© 2011 RAS, MNRASD00, [THI5
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Figure 6. Plot of 12um luminosity (top) and 22m luminosity (bottom) versus redshift.
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Upper limits areigaded as arrows.

NLRGs. Quasars and BLRGs can be contaminated by non-thermalof upper limits, we also show the distribution of the raticlexling
emission in both bands. Moreover, the nuclear quasar esnissin
overwhelm the stellar light measured at 3. For these reasons,
quasars and BLRGs are excluded from the plots. The ratio -of 22
wm to 3.6.um then should provide a proxy of the Eddington-scaled
accretion rate for NLRGs and LERGs. The results of this tast ¢
be seen in Figure_10. In Figufe]10 (left) all NLRGs and LERGs
are used, independent of upper limits. In order to see thexteff

upper limits (Figur@_10-right). Although the result does cltange,

the overlap between NLRGs and LERGs is reduced in the plot. It
is clear that while NLRGs show high values of this ratio (.3-

10) LERGs have much lower values (.01-0.3). Similarly, differ-

ent accretion rates for HERGs and LERGs were obtained imtece

studies (Mingo et al. 2013; Best & Heckman 2012; Russell.et al

2013). It is worth noting that in both histograms there armao
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overlaps but since we are only using rough estimators fauta
tion of the accretion rates this is expected. Furthermdre ctas-
sifications of some sources are not clear (such as some sdorce
the 6CE sample) and this can also lead to some overlap. Nevert
less, this suggests that the 2#/3.4um luminosity ratio can give
a good empirical NLRG/LERG classification. A more detailést d
cussion of the Eddington-scaled accretion rate in radiexges is
given by Mingo et al. (2013) and Fernandes et al. (in prepmarat

4 SUMMARY AND CONCLUSIONS

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

e \We evaluated our objects WISE colour-colour diagrams.
Various WISE colour cuts and criteria have been suggested for
selecting AGN|(Assef et al. 2010; Jarrett et al. 2011; Maedc.
2012;| Stern et al. 2012; Assef efjal. 2013). Although theierta
are detecting some AGN, they are not successful for coveiing
types of AGN. It can be seen in the diagrams (Fiilire 3) thatGER
and many NLRGs cannot be selected using a sirdgiSEcolour
cut or by other criteria proposed in the literature.

e The near-IR luminosityredshift relation reinforces the pic-
ture in which radio galaxies are hosted by giant ellipticdiat
formed their stars at high redshifts and evolved passivelyeafter.

At high redshifts (z-0.7) 3CRR objects differ from 6CE and 7CE
object having higher near-IR luminosities. This suggdsis 3CRR
galaxies are more massive systems with higher masses sfadtar
high redshifts compared to 6CE and 7CE radio galaxies.

e Our investigations of quasar-radio galaxy unification dadé
that quasars are systematically more luminous in the mithéR
radio galaxies, and more so at B3 than 22um. Our results are
consistent with the predictions of smooth torus models twklwow
a strong effect of anisotropy (elg. Schartmann gt al.|2005).

e \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 luminositiesin fact many of them are not
detected and have only upper limiBIERGs are mostly luminous
sources in the mid-IR. Our results obviously favour preslgles-
tablished accretion models (e.g. Hine & Longair 1979; Ladhal.
1994;| Evans et al. 2006; Ogle et al. 2006; Hardcastle|et &l7;20
Janssen et al. 2012; Best & Heckiman 2012; Russell et al.l 2013)
LERGs do not hold any conventional AGN properties and aecret
in a radiatively inefficient manner, while HERGs are powebgd
radiatively efficient accretion. This accretion-mode sifisation
can now beexplicitly identified in the mid-IR-radio plane.

The distribution of each population is quite distinct in th2
pwm—151-MHz luminosity plot. An empirical cutoff stands out in
the radio-IR plane (Figufd 8), which leads to the conclugian any
object below 4-%10*® erg s~! at 22.um is a LERG. Classification
of radio sources, hitherto, have relied on expensive dpsipac-
troscopy. Here, we propose thAtiISEdata can be effectively used
to identify radiatively inefficient and efficient radio-IdlAGN.

e One model of the difference between LERGs and HERGs
is that there is a limiting value of the Eddington-scaledretion
rate above which radiatively efficient accretion takes gldds-
ing the 22um and 3.4zm luminosities we calculated the ratio of
22-um/3.4um 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

(© 2011 RAS, MNRASD00, [TH15

this ratio. Different accretion rates for LERGs and HERGseve
also found by others (Mingo et al. 2013; Best & Heckman 2012;
Russell et al. 2013). Since the classification of some objacthe
6CE and 7CE sample is not complete and secure, we may expect
to have some overlap in the accretion-rate histograms.rQife
certainties such as the effect of different environmenttherradio
power of radio galaxies as well as the calculation of blacle ho
mass can contribute to this overlap (see Mingo et al. 2013).
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Figure 7. Plot of 12um luminosity (right) and 22m luminosity (left) versus 151-MHz radio luminosity. Upgenits are indicated as arrows.
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Abscissa  Ordinate  Subsample Number Correlationr/c
Lis1 LQQMm All 335 Yes 7.97
LERGs 69 No 1.89
HERGs 266 Yes 6.08
Ls Laoym 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 aribamples that have relevant luminosities used for the sisadye given in column 3. The
number of objects included in the analysis can be seen imuoii /o gives an indication of the strength of the partial correlaiin the presence of redshift;
a cutoff of r/o is adopted as/o>3 for a significant correlation.
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