


















Hot- and cold-mode accretion at z ∼ 1 1193

Figure 1 – Continued

associated uncertainty of ∼125. Despite this, the galaxy is well fit
by a template with a stellar mass of 1.6 × 1011 M�.

6C 1011+36 has a best-fitting model with AV ∼ 65, and a stellar
mass of Mgal � 1.3 × 1010 M�. The high flux of the optical data
points compared to the galaxy model suggests that these shorter
wavelengths might be contaminated by scattered light as discussed
in Section 4.

6C 1129+37 is not detected at 8.0 and 5.8 µm at a 2σ level. The
best-fitting model is found for AV ∼ 164 and a stellar mass of
Mgal = 1.4 × 1011 M�.

6C *0128+39 is not detected at 24, 8.0 or 5.8 µm at the 2σ level,
which makes the fitting of the quasar light difficult. We find the best-
fitting quasar model to converge to an AV = 4, with a likelihood that
decreases up to values of AV ∼ 50 but then maintains a constant
likelihood for higher values of AV. The estimated dispersion for
this parameter is thus extremely high σAV

∼ 85 and the χ2 for the
combined model diverges to infinity. Even though there are not
many data points constraining the stellar emission in the SED, the
best-fitting model appears to provide a good fit to the data, with a
stellar mass of Mgal � 1.3 × 1011 M�, and thus we do not exclude
this object from our analysis.

6C 1212+38 is not detected at 8.0 and 5.8 µm at a 2σ level. The
best-fitting model is found for a high AV ∼ 39, with a standard
deviation of the same order of magnitude, σAV

∼ 34, and for a
stellar mass of Mgal � 1.6 × 1011 M�.

6C *0133+48 is not detected at 24, 8.0 or 5.8 µm at the 2σ level, and
thus the quasar light component fit is not reliable, with a likelihood
very similar to that for 6C* 0128+39. The best-fitting model was

found for AV = 3.0 with a much higher standard deviation of σAV
∼

42. However, the stellar-dominated part of the SED appears well
fitted by a stellar mass of Mgal � 5 × 1010 M�.

5C 6.24 has a best-fitting model with AV ∼ 84, and a stellar mass
of Mgal � 5.7 × 1011 M�.

5C 7.23 is not detected at 8.0, 5.8 and 4.5 µm at a 2σ level, and
the quasar light component fit does not converge to a specific value
of AV. We determine a lower limit for the visual dust extinction of
AV > 5. The stellar mass is constrained mainly with the 3.6 µm and
K-band data points and a best value of Mgal � 1.1 × 1011 M� is
found.

5C 7.82 is not detected at 8.0 and 5.8 µm at a 2σ level, and the
quasar light component fit has a rather high error associated. The
best-fitting parameter values is AV = 146. The stellar-dominated
part of the SED looks well constrained by a model with stellar mass
Mgal = 6.8 × 1011 M�.

5C 7.242 is not detected at 8.0 and 5.8 µm at the 2σ level, and
thus the quasar light component fit is not entirely reliable. The
best-fitting model was found for an extremely high value of vi-
sual extinction, AV = 355, and a stellar mass of Mgal � 1.8 ×
1011 M�.

5C 7.17 is not detected at 8.0, 5.8 and 4.5 µm at the 2σ level,
and the quasar light component fit is quite problematic. The best
model was found with an extremely high value of visual extinction,
AV = 353. The stellar mass value that produces the best model
is Mgal � 6 × 1010 M�, with a set of data that is also rather hard
to fit, and thus with a large associated error. The high fluxes of the
optical data points compared to the stellar population model suggest
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that these might be contaminated by scattered light as discussed in
Section 4 or have ongoing star formation.

TOOT00_1267 has a best-fitting model with a visual extinction
value of AV = 103, and a stellar mass of Mgal � 8.5 × 1011 M�.
The high fluxes of the optical data points compared to the galaxy
light model suggest that these might be contaminated by scattered
light or ongoing star formation.

TOOT00_1140 is not detected at 8.0, 5.8 and 4.5 µm at the 2σ

level. The best-fitting model has AV ∼ 20. The stellar component
is well constrained by a model with a stellar mass of Mgal � 5.9 ×
1011 M�.

TOOT00_1066 is not detected at 8.0 and 5.8 µm at the 2σ level. The
best-fitting model is found with a high AV ∼ 232, and for a stellar
mass of Mgal � 1.9 × 1011 M�.

6 D ISCUSSION

The SED fitting provides a good estimation for important physical
properties of the radio galaxies such as bolometric luminosity, ex-
tinction properties and stellar mass. The stellar mass, in particular,
grants, for elliptical galaxies, an accurate estimation of its super-
massive black hole mass. Together with the bolometric luminosity,
the Eddington weighted accretion rates of the sample can be in-
ferred. In this section, first the extracted physical properties of our
sample of radio galaxies are discussed and then the classification of
each galaxy into HEG or LEG is used to investigate the HEG/LEG
dichotomy at z ∼ 1.

6.1 Physical properties of the sample

6.1.1 Visual extinction

Our visual extinction estimations are complicated by the fact that
at z ∼ 1, the 24 µm data point lies on the edge of the 10 µm
silicate feature and thus more data points, or spectroscopic data,
would be desirable to better constrain the values of AV. Nonetheless,
previous works in the literature, such as Cleary et al. (2007), agree
reasonably well with the values found. In their study of galaxies and
quasars from the 3CRR survey at 0.4 ≤ z ≤ 1.2, Cleary et al. (2007)
fit Infrared Spectrograph (IRS) and MIPS Spitzer data, and other
measurements from the literature, using models with a synchrotron
and a dust component. They consider two variations of the dust
component, one with a screen of cooler dust, and another with
a mixture of warm dust emitting in the mid-IR and cooler dust.
The visual extinction of their sample ranges 0 < AV < 40 for the
screen dust component model, and 0 < AV < 150 for the mixed
dust component model. In particular, for the common objects in our
sample and their sample, we find that the values of AV for 3C 268.1,
3C 280 and 3C 22 agree well with those of Cleary et al. (2007) for
a screen dust component. For 3C 343 our model is best fit with a
dust component with an AV = 158, whereas Cleary et al. (2007)
find an AV ∼ 31 for a mixed dust component and AV ∼ 22 for a
screen dust component, both of them much lower than our value.
However, we note that this object does exhibit a steeply rising slope
towards mid-IR wavelengths in the Spitzer-IRS data, similar to what
we find with our photometry. Our estimated high AGN extinction is
inconsistent with the classification of 3C 343 as a quasar by Cleary
et al. (2007). However, it is possible that this difference results from
an AV overestimation of our model due to the proximity of the 24 µm
data point to the 10 µm feature.

6.1.2 Stellar mass and black hole mass

Pioneering studies like those of Kormendy & Richstone (1995),
Faber et al. (1997) and Magorrian et al. (1998) established that the
hot stellar component of galaxies – i.e. the bulge – is proportional
to their black hole mass. This relation became known as the MBH–
Mbulge relation, and Magorrian et al. (1998) found the black hole to
bulge mass ratio to be approximately 0.006. More recent studies of
this relation (e.g. Häring & Rix 2004) find that the median black
hole mass is 0.14 per cent of the bulge mass for nearby galaxies,
MBH = 0.0014Mbulge. We note that including the intrinsic scatter of
the MBH–Mbulge relation does not make any difference to our results,
as the uncertainties in our stellar mass estimates dominate the error
budget.

We can use the stellar mass of the galaxy, Mgal, provided by the
SED fitting, along with the MBH–Mbulge relation to estimate the black
hole mass, MBH. We assume that there is no significant evolution
of the MBH–Mbulge relation at z ∼ 1 from the local MBH/Mbulge.
In fact, McLure et al. (2006) show that for low-redshift (z � 1)
radio-loud AGN the black hole to spheroid mass ratio lies within
the uncertainties of that found in the local Universe. Sarria et al.
(2010) also find that obscured AGN at z ∼ 1–2 are fully consistent
with the local MBH–Mbulge relation. We thus use the local Universe
relation MBH ∼ 0.0014Mbulge. The values found for Mgal and MBH

are presented in Table 3.
The SED models of the observed photometry bands provide a

very good fit for the stellar mass of our objects. In fact, in simi-
lar studies to this, Seymour et al. (2007) found that, for a sample
of 70 radio galaxies at 1 < z < 5.2, their broad-band photometry
implied stellar masses in the range 1011−1012 M�, with a mean
mass of ∼1011.55 M� up to redshifts of z = 3. The radio galaxies
in our sample have an average stellar mass of 1011.59 M� (ex-
cluding 3C 268.1, for which the stellar mass estimation is poorly
constrained), consistent with the study of Seymour et al. (2007).

McLure et al. (2006) estimated the black hole mass of pow-
erful radio quasars from the 3CRR survey with redshifts in the
range 0 < z < 2 using the virial mass estimator for Mg II emis-
sion line (McLure & Jarvis 2002; McLure & Dunlop 2004), and
estimated black hole masses in the range 108.3−1010.1 M�. The
radio galaxies in our sample at z ∼ 1 have black hole masses in
the range 107.8−109.4 M� if we exclude 3C 268.1. These are con-
sistent with the range of values found in the literature for similar
objects. This reinforces the view that powerful radio sources re-
side in the most massive galaxies with the most massive black
holes.

6.1.3 Accretion rate

The bolometric radiative power of an AGN, Lbol, is proportional
to the accretion rate of the black hole, Ṁ , and to the fraction of
accreted mass that is radiated, i.e. the radiative efficiency, ε, through
the expression

Lbol = εṀc2. (9)

Assuming that ε takes the fiducial value of 0.1 (e.g. Marconi et al.
2004; Shankar et al. 2004; Martı́nez-Sansigre & Taylor 2009), we
can determine the accretion rate of our sources using their estimated
bolometric luminosity, Lbol. We calculate the values of Lbol from the
rest-frame 12 µm luminosity, as in Fernandes et al. (2011), using a
bolometric correction of 8.5 (e.g. Richards et al. 2006, fig. 12), i.e.
Lbol = 8.5λL12 µm. Our estimated values for the accretion rate are
shown in Table 3.
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Table 3. Column (1) gives the object name; column (2) gives the black hole masses; column (3) gives the bolometric luminosity; column (4) gives the accretion
rate; column (5) gives the Eddington ratio; column (6) gives the optical classification of the object according to the literature. ‘HEG’ stands for high-excitation
radio galaxy, ‘LEG’ stands for low-excitation radio galaxy, RQ stands for reddened quasar; column (7) gives the reference for the optical classification in
column 6 (for the 3CRR, 6CE and 6C* objects) or the reference for the optical spectra (for the 7CRS and TOOT00 objects). References are as follows: Grimes,
Rawlings & Willott 2004; J01 – Jarvis et al. 2001b; JR97 – Jackson & Rawlings 1997; REL01 – Rawlings et al. 2001; W03 – Willott et al. 2003; V10 –
Vardoulaki et al. 2010.

Object log10(MBH/M�) log10(Lbol/W) log10(Ṁ/M� yr−1) λ Opt. class Ref
(1) (2) (3) (4) (5) (6) (7)

3C 280 8.346 ± 0.425 39.707 ± 0.012 0.953 ± 0.012 1.765+0.882
−0.710 HEG JR97

3C 268.1 7.476 ± 4.204 38.689 ± 0.057 − 0.065 ± 0.057 1.257+104.822
−1.245 HEG JR97

3C 356 8.746 ± 0.425 39.435 ± 0.021 0.681 ± 0.021 0.375+0.178
−0.155 HEG JR97

3C 184 8.966 ± 1.062 38.608 ± 0.110 − 0.146 ± 0.110 0.034+0.065
−0.024 HEG JR97

3C 175.1 8.726 ± 0.425 38.578 ± 0.088 − 0.176 ± 0.088 0.055+0.027
−0.022 HEG JR97

3C 22 9.366 ± 0.425 39.813 ± 0.010 1.059 ± 0.010 0.215+0.103
−0.088 RQ JR97

3C 289 9.096 ± 0.255 39.271 ± 0.020 0.517 ± 0.020 0.115+0.026
−0.034 HEG JR97

3C 343 8.776 ± 0.467 39.594 ± 0.014 0.840 ± 0.014 0.506+0.286
−0.219 HEG Grimes

6C 1256+36 9.036 ± 0.297 39.005 ± 0.040 0.251 ± 0.040 0.072+0.020
−0.024 HEG? REL01

6C 1217+36 8.446 ± 0.297 38.331 ± 0.151 − 0.423 ± 0.151 0.059+0.022
−0.020 HEG? REL01

6C 1017+37 8.206 ± 0.340 38.855 ± 0.051 0.101 ± 0.051 0.343+0.127
−0.118 HEG REL01

6C 0943+39 8.306 ± 0.297 39.082 ± 0.033 0.328 ± 0.033 0.459+0.123
−0.154 LEG? REL01

6C 1257+36 8.718 ± 0.263 38.678 ± 0.056 − 0.076 ± 0.056 0.070+0.016
−0.021 HEG REL01

6C 1019+39 8.346 ± 0.212 38.182 ± 0.263 − 0.572 ± 0.263 0.053+0.017
−0.019 LEG? REL01

6C1011+36 8.276 ± 0.297 38.911 ± 0.049 0.157 ± 0.049 0.332+0.096
−0.108 HEG REL01

6C 1129+37 8.306 ± 0.340 38.740 ± 0.061 − 0.014 ± 0.061 0.209+0.072
−0.074 HEG? REL01

6C* 0128+39 8.246 ± 0.849 37.795 ± 0.328 − 0.959 ± 0.328 0.027+0.040
−0.018 HEG? J01

6C 1212+38 8.346 ± 0.425 38.097 ± 0.164 − 0.657 ± 0.164 0.043+0.023
−0.019 LEG REL01

6C* 0133+48 7.846 ± 0.849 37.690 ± 0.702 − 1.064 ± 0.702 0.054+0.108
−0.038 LEG? J01

5C 6.24 8.906 ± 0.425 38.682 ± 0.072 − 0.072 ± 0.072 0.046+0.023
−0.019 HEG W03

5C 7.23 8.196 ± 0.500 38.640 ± 0.115 − 0.114 ± 0.115 0.214+0.134
−0.098 HEG W03

5C 7.82 8.976 ± 0.382 38.278 ± 0.167 − 0.476 ± 0.167 0.015+0.007
−0.006 LEG? W03

5C 7.242 8.406 ± 0.382 39.036 ± 0.035 0.282 ± 0.035 0.328+0.144
−0.122 HEG? W03

5C 7.17 7.926 ± 1.699 38.811 ± 0.056 0.057 ± 0.056 0.590+2.798
−0.503 HEG W03

TOOT00_1267 9.076 ± 0.255 38.743 ± 0.049 − 0.011 ± 0.049 0.036+0.007
−0.011 HEG V10

TOOT00_1140 8.916 ± 0.255 37.779 ± 0.294 − 0.975 ± 0.294 0.006+0.002
−0.002 LEG V10

TOOT00_1066 8.436 ± 0.340 38.136 ± 0.130 − 0.618 ± 0.130 0.039+0.016
−0.014 LEG? V10

As reviewed by Peterson (1997, section 3.1), according to the
most widely accepted model, radiatively efficient AGN are powered
by gravitational infall of material on to a supermassive black hole,
with this material achieving high temperatures in the dissipative
accretion disc (e.g. Salpeter 1964). For the material in the galaxy to
be in hydrostatic equilibrium, the inward gravitational force needs
to be balanced by the outwards radiation pressure. The Eddington
luminosity, LEdd, is the maximum luminosity that a body needs
to be radiating to remain in hydrostatic equilibrium in the case
of spherical accretion, assuming a pure ionized hydrogen plasma.
This energy is a function of the mass of the system and is given
by LEdd = 1.3 × 1031( MBH

M� ) W. The Eddington ratio, λ, is therefore

simply

λ ≡ Lbol

LEdd
. (10)

This gives an estimate of the actual accretion rate of the AGN,
compared to the maximal Eddington accretion rate.

Having the black hole mass and the accretion rate, we use equa-
tions (9) and (10) to estimate the Eddington ratio of the sources in
our sample. The values obtained are shown in Table 3. The accretion
rate properties of our sample are detailed in the following section.

6.2 The HEG/LEG dichotomy

Table 3 shows how the radio galaxies in our sample are distributed
in terms of their optical/near-IR spectral classification. This classi-
fication was either taken from the literature, where available (see
references in Table 3), or determined by inspecting the optical spec-
tra of the objects. We label the reddened quasar 3C 22 (Rawlings
et al. 1995; Simpson et al. 1999), and distinguish it as a different
class (RQ).
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6.2.1 Relation between L151 MHz and λ

First we discuss the relationship between the jet activity and the
accretion rate. In Fig. 2 we show the distribution of the Eddington
ratio versus 151 MHz radio luminosity, where objects of distinct
optical classifications are displayed in different colours.

The full sample shows a modest positive correlation between
151 MHz radio luminosity and Eddington ratio. The Spearman co-
efficient for this correlation is ρ = 0.42 and the standard deviation
in the Spearman rank correlation is σρ = 0.03.

Apart from objects 6C 0943+39 and 6C* 0128+39, which have
the most uncertain classification into HEG/LEGs, there is a clear
trend for the most luminous radio galaxies, with the highest Ed-
dington ratios to be HEGs, or reddened quasars, and, conversely,
for LEGs to have lower λ and L151 MHz values. The complete HEG
population in our sample have a mean Eddington ratio of λ ≈ 0.33
whereas LEGs have a lower mean of λ ≈ 0.09. Excluding the
two outliers that have uncertain classification, 6C 0943+39 and
6C* 0128+39, though, the mean ratio for HEGs is λ ≈ 0.35 and
LEGs is λ ≈ 0.03. We used a Kolmogorov–Smirnov (K–S) test to
evaluate whether the HEGs have a statistically different distribu-
tion in their accretion rate compared to LEGs, and found, for the
full sample, D = 0.66 with an associated probability of p = 0.01,
rejecting the null hypothesis that the two populations are drawn
from the same underlying distribution at a 99 per cent level. A
Mann–Whitney test also yields a 97 per cent probability that the
null hypothesis that the two populations HEGs and LEGs come
from the same distribution is not supported by the data. The tran-
sition from LEG to HEG appears to occur around λ ∼ 0.04, which
is in excellent agreement with the theoretical expectations of where
accretion rate becomes radiatively inefficient (e.g. Rees et al. 1982;
Narayan & Yi 1995; Esin et al. 1997).

The distribution of HEGs and LEGs with respect to radio lu-
minosity seems indistinguishable up to 151 MHz luminosities of
∼3 × 1027 W Hz−1 sr−1. For higher luminosities HEGs fully dom-
inate the sample. Even though the literature generally states a bias
for Fanaroff–Riley class I (FRI) radio galaxies to be predominantly
LEGs, and Fanaroff–Riley class II (FRIIs) a mix of both HEGs and

Figure 2. Relation between low-frequency radio luminosity and Eddington
ratio. Symbols are the following: circles for the 3CRR survey objects, dia-
monds for the 6CE and the 6C* surveys, triangles for the 7CRS and squares
for the TOOT00 survey objects. Objects coloured in red are classified as
LEGs, objects in dark blue are HEGs and those in light blue are reddened
quasars. ‘?’ denotes objects whose classification is uncertain. The two out-
liers to the general trend are identified with their names. Both of them have
an uncertain classification.

LEGs (e.g. Hine & Longair 1979; Laing et al. 1994), there have
been recent studies showing that HEGs and LEGs span a similar
range of radio luminosities (e.g. Best & Heckman 2012) in the lo-
cal Universe. If the radio properties of HEGs and LEGs are indeed
indistinguishable, and the HEG and LEG distinction is due to the
accretion process, this means that the mechanism that generates the
jets in both HEGs and LEGs is not solely related to the accretion
rate, and other physical processes must also play an important role,
such as black hole spin.

6.2.2 Relation between MBH and Ṁ

From equations (9) and (10), the black hole mass and accretion rate
can be related through

Ṁ = λ

εc2
1.3 × 1031

(
MBH

M�

)
W. (11)

If we assume the radiative efficiency to be constant, then the
slope of the relationship between black hole mass and accretion
rate should provide information on the Eddington ratio. The Ed-
dington ratio is thus proportional to the radiative efficiency times
Ṁ/MBH. The distribution of the inferred accretion rate and bolo-
metric luminosity versus black hole mass is shown in Fig. 3.

We observe a general trend for more massive black holes to have
higher accretion rates. The sources in our sample of galaxies have
Eddington ratios of 0.005 < λ < 1.7 with only 3C 280 measured to
be accreting above Eddington, albeit with a large uncertainty.

The distribution seen in Eddington ratios could either be due to
the accretion rate, or to the black hole mass. Fig. 3 shows that ac-
cretion on to the black hole is the dominant factor for the separation
between the two classes, given the large overlap in black hole mass.
Therefore, acknowledging HEGs and LEGs as being powered by
different modes of accretion – i.e. radiatively efficient and radia-
tively inefficient, respectively – the rate at which matter is being
accreted on to the supermassive black hole is determinant for the
accretion mode. Furthermore, the HEGs in our sample have similar
accretion rates to quasars at z ∼ 1 selected from the SDSS which
have log10(λ) ∼ −0.5 (McLure & Dunlop 2004), compared to a
mean of log10(λ) = −0.47+0.009

−0.03 for the HEG radio galaxies in our
sample. This is consistent with unified models in which radio-loud
quasars and HEGs are similar objects viewed at different orienta-
tions (e.g. Barthel 1989).

Figure 3. Black hole mass and accretion rate distribution for HEGs and
LEGs. Symbols are as in Fig. 2. The right axis shows Lbol estimated from
Ṁ using equation (9). Object 3C 268.1 is identified as it has an unreliable
mass estimation (see Section 5).
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Hot- and cold-mode accretion at z ∼ 1 1197

Figure 4. Distribution of stellar mass for the two populations HEGs and
LEGs. Symbols are as in Fig. 2. Object 3C 268.1 is identified as it has an
unreliable mass estimation (see Section 5).

6.2.3 Host galaxies of HEGs and LEGs

For a large sample of radio galaxies in the local Universe, Best
& Heckman (2012) find evidence that HEGs are hosted by less
massive galaxies relative to LEGs. At z ∼ 1, we do not observe any
clear difference between the host galaxy masses of HEGs and LEGs
in our much smaller sample (see Fig. 4). Given that our sample was
selected to include the most powerful radio sources, we can expect
it to be biased towards the largest masses.

McLure et al. (2004) and Herbert et al. (2011) have found that
for a similar sample of radio galaxies at z ∼ 0.5, HEGs demonstrate
a significant correlation between MBH and L151 MHz. McLure et al.
(2004) also note that the TOOT objects deviate from the MBH and
L151 MHz correlation, and have higher mean galaxy masses than other
subsamples, such as 7CRS and 6CE, which probe higher radio
luminosities. With a larger redshift span, however, Seymour et al.
(2007) find only a weak correlation between stellar mass and radio
luminosity.

In our sample we do not find a strong correlation between Mgal

and L151 MHz for the full sample of HEGs. Even dismissing 3C 268.1,
which has an unreliable mass estimation (see Section 5), the corre-
lation between Mgal and L151 MHz has a Spearman rank correlation
coefficient of ρ = 0.39 and a standard deviation of σρ = 0.09, not
highly significant.

6.2.4 Accounting for the jet power in the accretion rate

Most studies in the literature define the Eddington ratio as in Sec-
tion 6.1.3, however, some studies consider a more physical approach
is to include the contribution of the jet mechanical energy in the out-
put of the accretion energy, i.e. the total energy produced due to the
accretion process should equal the sum of the radiative luminos-
ity and the jet mechanical luminosity (e.g. Hardcastle et al. 2007;
Best & Heckman 2012; Mingo et al. 2014). Considering the Ed-
dington luminosity as a normalization factor to compare systems
over a wide range of luminosities, the total Eddington ratio is in
fact an Eddington-scaled accretion rate. The radiative output alone
does not account for the total Eddington accretion, hence neglecting
the contribution of the jet kinetic energy would underestimate the
energy output from the accretion process. This may be particularly
important in LEGs, for which the radiative energy is much lower
and the jet power is an important component of the total energy
budget.

Figure 5. Relation between low-frequency radio luminosity and Eddington
ratio, including the jet power contribution in the Eddington ratio calculation
as detailed in the text. Symbols are as in Fig. 2.

Fig. 5 shows the Eddington ratio distribution with radio 151 MHz
luminosity, as in Fig. 2, but including the contribution of Qjet, i.e.

λrad+mec ≡ Lbol + Qjet

LEdd
, (12)

where λrad+mec is the Eddington ratio accounting for both the ra-
diative energy and the jet mechanical energy. We estimate the jet
power using the relation Qjet � 3 × 1038f 3/2(Lν151 MHz/1028)6/7 W
(Willott et al. 1999), where 1 ≤ f ≤ 20 represents several uncer-
tainties associated with estimating Qjet from Lν151 MHz. Following
Fernandes et al (2011), we chose f = 10 as this is the expectation
value of a flat prior in natural space.

The Spearman rank test, with a Spearman coefficient of ρ ∼ 0.59
and σρ = 0.001, reflects a tighter correlation between 151 MHz
radio luminosity and Eddington ratio with the inclusion of Qjet than
when accounting solely for the Lbol.

The separation between HEGs and LEGs is not as clear as when
we consider the Eddington scaled accretion rate to be solely dic-
tated by the radiated luminosity Lbol. Indeed, the K–S test now
shows a much lower 64 per cent probability that the two populations
come from distinct distributions (p = 0.36 and D = 0.38). Given
that our sample contains the strongest radio galaxies at z ∼ 1,
the jet power is not negligible when compared to the radiative
energy.

Fig. 6 shows the distribution of accretion rate with black hole
mass, where the contribution of the jet mechanical energy is taken
into account in the calculation of the accretion rate. The separation
between HEGs and LEGs is not as clear as when considering only
the radiated energy for the calculation of the accretion rate, however,
it is still clear that HEGs have on average higher accretion rates than
LEGs. The inclusion of the contribution of Qjet has given rise to a
transition in the range 0.1 � log10(Ṁ/M� yr−1) � 0.8, with both
HEGs and LEGs found at these accretion rates. Only LEGs are
found at lower accretion rates log10(Ṁ/M� yr−1) < 0.1, and only
HEGs above log10(Ṁ/M� yr−1) > 0.8.

As expected, an Eddington ratio that only takes into account
the radiated luminosity to balance the gravitational pull shows
a more clear separation between HEGs and LEGs. Because of
the fact that the sources in our sample span a wide range in ra-
dio luminosities, and include some of the strongest radio sources
at z ∼ 1, it is expected for the jet mechanical energy of these
sources to significantly contribute to the energy balance. This
is particularly true for LEGs, where the radiated emission is
weaker.

MNRAS 447, 1184–1203 (2015)

 at U
niversity of Portsm

outh L
ibrary on O

ctober 22, 2015
http://m

nras.oxfordjournals.org/
D

ow
nloaded from

 

http://mnras.oxfordjournals.org/


1198 C. A. C. Fernandes et al.

Figure 6. Black hole mass and accretion rate distribution for HEGs and
LEGs, including the jet power contribution in the accretion rate calculation.
Symbols are as in Fig. 2. The right-hand axis shows Lbol estimated from Ṁ

using equation (9).

Figure 7. Eddington ratio distribution of HEGs and LEGs. Solid lines are
for the Eddington ratio estimated using λ = (Lbol + Qjet)/LEdd; dashed lines
are for the Eddington ratio estimated using λ = Lbol/LEdd.

Fig. 7 shows the Eddington ratio distribution of HEGs and LEGs
obtained with both methods of calculating the Eddington ratio.
Solid lines are for λ = (Lbol + Qjet)/LEdd and dashed lines for
λ = Lbol/LEdd. The total accretion energy for both HEGs and LEGs
is significantly increased, however, the trend for HEGs to show
higher Eddington ratios than LEGs remains.

7 C O N C L U S I O N S

We have used Spitzer 24 µm MIPS and 3.6, 4.5, 5.8 and 8 µm
IRAC data, as well as near-IR and optical data from the literature,
to constrain the SEDs of the sample of radio galaxies previously
studied by Fernandes et al. (2011). We applied a dust extinction law
to a quasar template to approximate the mid-IR region of the SED,
and a template of an elliptical galaxy.

From these fits we are able to determine the black hole masses
through Mbulge–MBH relation, the quasar bolometric luminosity, the
accretion rate and the Eddington ratio. Our analysis revealed the
following.

(i) We find a significant correlation between the Eddington ratio
and the radio luminosity, with more luminous radio sources yielding
higher Eddington ratios, and thus higher accretion rates.

(ii) We find that HEGs tend to have higher Eddington ratios and
radio luminosities, whereas the LEGs in our sample predominantly

gather towards the lowest values of λ and L151 MHz. We find the
HEG/LEG division to lie approximately at λ ∼ 0.04, which is
in excellent agreement with theoretical predictions of where the
accretion rate becomes radiatively inefficient and also with other
studies (Best & Heckman 2012; Mingo et al. 2014). This result
further confirms the suspicion that the differences between HEGs
and LEGs arise due to the different modes of accretion, which result
in different accretion rates. Higher accretion rates are observed
with the radiatively efficient ‘cold mode’ accretion, whereas lower
accretion rates can be explained with the radiatively inefficient ‘hot
mode’ of accretion, such as ADAFs.

(iii) By including the contribution of the jet power to the Ed-
dington ratio instead of solely accounting for the radiated power,
the HEG/LEG dichotomy becomes less clear. Indeed, the contribu-
tion of the jet power is expected to have a significant weight for
LEGs, which have a weaker radiated power. Moreover, given that
our sample consists of some of the most powerful radio sources, the
jet power contribution appreciably increases the Eddington ratios
of HEGs as well. The trend for HEGs to have higher accretion rates
than LEGs remains.

(iv) We find that the more massive black holes have higher accre-
tion rates for the HEGs population. HEGs and LEGs are similarly
distributed in terms of black hole mass. This relation further dis-
plays the dichotomy between HEGs and LEGs in accretion rate,
meaning that the dichotomy seen in Eddington ratio is due to the
accretion rate and not a dichotomy in black hole mass.

(v) We do not find a strong correlation between the host galaxy
mass, or equivalently the black hole mass, and the radio luminosity
of the sample. Similarly to Seymour et al. (2007), there is only a
slight trend for the highest mass galaxies to host the most powerful
radio sources.

(vi) Recent studies in the local Universe find evidence that LEGs
are hosted by more massive galaxies than HEGs. However, at z ∼ 1
we do not observe any difference in terms of host galaxy mass
distribution for HEGs and LEGs, although we note that our sample
is much smaller than those used in the local Universe.

(vii) It is important to ascertain whether the radio properties of
HEGs and LEGs are indistinguishable or not. Our study hints that, at
least up to radio luminosities of ∼3 × 1027 W Hz−1 sr−1, HEGs and
LEGs span the same range of radio luminosities. If HEGs and LEGs’
radio properties are indeed indistinguishable, and the HEG and LEG
distinction is due to the accretion process, this means that the power
being channelled into the jets is most likely not solely dependent on
the accretion rate and an additional process must be influencing the
jet formation. Understanding the HEG/LEG dichotomy may thus
bring important new constraints on the relation between accretion
process and jet formation.
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Table A1. J-, H- and K-band magnitudes found in the literature. ‘Aper. corr.’, ‘Line cont.’ and ‘Gal. ext.’ stand for the
magnitude values after being corrected for aperture, emission-line contamination and Galactic extinction, respectively. An
error of 25 per cent was assumed for each magnitude value subjected to any of these corrections. The references to the
literature magnitudes are the following: B97 – Best et al. (1997); DP93 – Dunlop & Peacock (1993); E97 – Eales et al.
(1997); I03 – Inskip et al. (2003); I06 – Inskip, Best & Longair (2006); J01 – Jarvis et al. (2001b); L84 – Lilly & Longair
(1984); Leb81 – Lebofsky (1981); LRL83 – Laing et al. (1983); W98 – Willott et al. (1998); W03 – Willott et al. (2003);
V10 – Vardoulaki et al. (2010).

Object Correction J Ref H Ref K Ref

3C 280 Literature 18.07 ± 0.05 B97 18.10 ± 0.15 (4) I06 16.70 ± 0.04 B97
Aper. corr. 17.84
Line cont. 18.36

3C 356 Literature – – 17.35 ± 0.13 L84 16.75 ± 0.13 L84
3C 184 Literature – – 17.87 ± 0.12 Leb81 16.80 ± 0.10 Leb81

Gal. ext. 17.85 16.79
3C 175.1 Literature – – – – 17.56 ± 0.30 (5) DP93

Aper. corr. 17.35
Gal. ext. 17.32

3C 22 Literature 17.53 ± 0.08 (4) I06 16.95 ± 0.09 (4) I06 15.66 ± 0.05 (4) I06
Aper. corr. 17.32 16.79 15.62
Line cont. 17.45

3C 289 Literature 18.19 ± 0.06 B97 17.25 ± 0.33 L84 16.66 ± 0.07 B97
Line cont. 18.23

6CE 1256+3648 Literature 19.11 ± 0.16 I03 18.11 ± 0.14 I03 17.45 ± 0.07 I03
Line cont. 19.18

6CE 1217+3645 Literature 19.26 ± 0.16 I03 17.95 ± 0.13 I03 17.22 ± 0.08 I03
Line cont. 19.28

6CE 1017+3712 Literature 19.35 ± 0.2 I03 18.98 ± 0.19 I03 18.31 ± 0.08 I03
Line cont. 19.65

6CE 0943+3958 Literature 19.14 ± 0.12 I03 18.64 ± 0.17 I03 18.03 ± 0.11 I03
Line cont. 19.31

6CE 1257+3633 Literature 19.15 ± 0.17 I03 18.04 ± 0.17 I03 17.17 ± 0.05 I03
Line cont. 19.22 ± 1.92

6CE 1019+3924 Literature 18.00 ± 0.06 I03 17.37 ± 0.09 I03 16.41 ± 0.04 I03
Line cont. 18.03

6CE 1011+3632 Literature 19.59 ± 0.28 I03 18.6 ± 0.24 I03 17.67 ± 0.09 I03
Line cont. 19.65

6CE 1129+3710 Literature 19.38 ± 0.2 I03 18.24 ± 0.23 I03 17.63 ± 0.11 I03
Line cont. 19.61

6C* 0128+394 Literature – – – – 17.72 ± 0.22 J01
6CE 1212+3805 Literature – – – – 17.35 ± 0.08 E97
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Table A1 – continued

Object Correction J Ref H Ref K Ref

6C* 0133+486 Literature – – – – 18.69 ± 0.27 (5) J01
Aper. corr. 18.51

5C 6.24 Literature – – – – 17.25 ± 0.13 W03
5C 7.23 Literature – – – – 17.98 ± 0.09 W03
5C 7.82 Literature – – – – 17.01 ± 0.09 W03
5C 7.242 Literature – – – – 17.24 ± 0.09 W03
5C 7.17 Literature – – – – 17.37 ± 0.07 (5) W98

Aper. corr. 17.20
TOOT 1267 Literature 18.90 ± 0.13 V10 18.00 ± 0.10 V10 16.90 ± 0.05 V10

Line cont. 18.92
TOOT 1140 Literature 18.70 ± 0.12 V10 17.8 ± 0.09 V10 16.7 ± 0.04 V10

Line cont. 18.70
TOOT 1066 Literature 19.30 ± 0.15 V10 18.30 ± 0.09 V10 17.60 ± 0.07 V10

Line cont. 19.34

Table A2. HST F606W-, F702W- and F814W-band magnitudes found in the literature. ‘Aper. corr’ and ‘Line
cont.’ stand for the magnitude values after being corrected for aperture, and emission-line contamination, respec-
tively. An error of 25 per cent was assumed for each magnitude value subjected to any of these corrections. The
references to the literature magnitudes are the following: B97 – Best et al. (1997); I03 – Inskip et al. (2003); I06
– Inskip et al. (2006).

Object Correction F606W Ref F702W Ref F814W Ref

3C 280 Literature – – 20.92 ± 0.06 (4) I06 19.78 ± 0.04 B97
Aper. corr. 20.41
Line cont. 20.53

3C 356 Literature – – 21.22 ± 0.09 I06 20.60 ± 0.03 I06
Aper. corr. 20.68 20.22
Line cont. 20.73

3C 22 Literature – – 20.00 ± 0.15 (4) I06 19.95 ± 0.03 B97
Aper. corr. 19.57
Line cont. 19.62

3C 289 Literature – – 21.49 ± 0.07 (4) I06 20.02 ± 0.13 B97
Aper. corr. 20.92
Line cont. 20.99

6CE 1256+3648 Literature – – 22.23 ± 0.16 I03 22.60 ± 0.16 (4) I06
Aper. corr. 21.94
Line cont. 22.29

6CE 1217+3645 Literature 22.26 ± 0.32 I03 21.91 ± 0.25 I06 20.59 ± 0.12 I03
Aper. corr. 21.31
Line cont. 22.26 21.32

6CE 1017+3712 Literature – – 21.53 ± 0.16 I03 21.10 ± 0.14 (4) I06
Aper. corr. 20.57
Line cont. 21.64

6CE 0943+3958 Literature – – 21.78 ± 0.38 I03 21.55 ± 0.20 (4) I06
Aper. corr. 20.98
Line cont. 21.88

6CE 1257+3633 Literature 22.04 ± 0.26 I03 21.55 ± 0.30 (4) I06 20.55 ± 0.12 I03
Aper. corr. 20.98
Line cont. 22.05 21.00

6CE 1019+3924 Literature 21.89 ± 0.25 I03 21.04 ± 0.29 (4) I06 19.86 ± 0.1 I03
Aper. corr. 20.52
Line cont. 21.90 20.53

6CE 1011+3632 Literature – – 21.59 ± 0.19 I03 21.23 ± 0.15 (4) I06
Aper. corr. 20.69
Line cont. 21.61

6CE 1129+3710 Literature – – 21.52 ± 0.14 I03 21.64 ± 0.16 (4) I06
Aper. corr. 21.06
Line cont. 21.60
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Table A3. U-, B-, V-, R- and I-band magnitudes found in the literature. ‘Aper. corr’, ‘Line cont.’ and ‘Gal. ext.’ stand for the magnitude values after being
corrected for aperture, emission-line contamination and Galactic extinction, respectively. An error of 25 per cent was assumed for each magnitude value
subjected to any of these corrections. The references to the literature magnitudes are the following: J01 – Jarvis et al. (2001b); LRL83 – Laing et al. (1983);
W98 – Willott et al. (1998); V10 – Vardoulaki et al. (2010).

Object Correction U Ref B Ref V Ref R Ref I Ref

3C 280 Literature – – – – 22.00 ± 1.00 LRL83 21.50 ± 0.50 LRL83 – –
Line cont. 22.12 21.76
Gal. ext. 22.08 21.72

3C 356 Literature – – – – – – 21.50 ± 1.00 LRL83 – –
Line cont. 21.59
Gal. ext. 21.50

3C 184 Literature – – – – – – 22.00 ± 0.50 LRL83 – –
Line cont. 22.30
Gal. ext. 22.22

3C 175.1 Literature – – – – – – 22.00 ± 0.50 LRL83 – –
Line cont. 22.20
Gal. ext. 21.96

3C 22 Literature – – – – – – 20.50 ± 1.00 LRL83 – –
Line cont. 20.59
Gal. Ext. 19.98

3C 289 Literature – – – – – – 23.00 ± 0.50 LRL83 – –
Line cont. 23.42
Gal. ext. 23.39

3C 343 Literature – – 21.06 ± 0.50 LRL83 20.61 ± 0.50 LRL83 19.55 ± 0.50 LRL83 – –
Line cont. 21.06 20.61 19.55
Gal. ext. 20.97 20.54 19.50

6C* 0133+486 Literature – – – – – – 23.39 (5) J01 – –
Aper. corr. 22.66
Line cont. 22.72

5C 7.17 Literature – – 22.08 ± 0.17 (5) W98 – – 21.59 ± 0.14 W98 – –
Aper. corr. 21.88 21.40
Line cont. 21.89 21.44

TOOT 1267 Literature 23.50 ± 0.23 V10 24.60 ± 0.23 V10 24.00 ± 0.23 V10 23.00 ± 0.23 V10 21.70 ± 0.23 V10
Line cont. 24.64 24.03 23.04
Gal. ext. 22.20 23.60 23.24 22.40 21.48

TOOT 1140 Literature – – – – 25.20 ± 0.38 V10 22.80 ± 0.38 V10 21.00 ± 0.38 V10
Line cont. 25.22 22.81
Gal. ext. 24.93 22.58 20.83

TOOT 1066 Literature – – 25.30 ± 0.29 V10 24.60 ± 0.05 V10 23.50 ± 0.05 V10 22.50 ± 0.05 –
Line cont. 25.39 24.68 23.58
Gal. ext. 24.38 23.91 22.96 22.05

Table A4. u-, g-, r-, i- and z-band magnitudes found in the literature. ‘Line cont.’ and ‘Gal. ext.’ stand for the magnitude values after being corrected for
emission-line contamination and Galactic extinction, respectively. An error of 25 per cent was assumed for each magnitude value subjected to any of these
corrections. The references to the literature magnitudes are the following: L84 – Lilly & Longair (1984); SDSS-DR7 - Abazajian et al. (2009).

Object Correction u Ref g Ref r Ref i Ref z Ref

3C 280 Literature – – – – 21.57 ± 0.07 L84 – – – –
3C 356 Literature – – – – 21.84 ± 0.22 L84 – – – –
3C 184 Literature – – – – 21.94 ± 0.14 L84 21.14 ± 0.3 L84 – –
3C 175.1 Literature – – – – 21.59 ± 0.15 L84 – – – –
3C 289 Literature 23.0 ± 0.92 SDSS 23.07 ± 0.32 SDSS 21.65 ± 0.14 SDSS 20.86 ± 0.1 SDSS 20.14 ± 0.2 SDSS

Line cont. 23.19
Gal. ext. 22.93 23.15 21.62 20.83 20.12

6CE 1217+3645 Literature 23.32 ± 0.64 SDSS 22.77 ± 0.19 SDSS 22.08 ± 0.12 SDSS 21.84 ± 0.15 SDSS 20.77 ± 0.19 SDSS
Line cont. 22.78
Gal. ext. 23.23 22.71 22.03 21.80 20.74
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Hot- and cold-mode accretion at z ∼ 1 1203

Table A4 – continued

Object Correction u Ref g Ref r Ref i Ref z Ref

6CE 1019+3924 Literature 22.66 ± 0.51 SDSS 22.37 ± 0.40 SDSS 21.78 ± 0.15 SDSS 20.37 ± 0.06 SDSS 19.54 ± 0.09 SDSS
Line cont. 22.39
Gal. ext. 22.58 22.34 21.74 20.34 19.51

6CE 1011+3632 Literature 22.37 ± 0.31 SDSS 23.24 ± 0.23 SDSS 22.25 ± 0.16 SDSS 22.14 ± 0.26 SDSS 21.54 ± 0.46 SDSS
Line cont. 23.26
Gal. Ext. 22.30 23.21 22.21 22.11 21.51
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