
The Astrophysical Journal, 722:1333–1341, 2010 October 20 doi:10.1088/0004-637X/722/2/1333
C© 2010. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

THE ORIGIN OF THE INFRARED EMISSION IN RADIO GALAXIES. III. ANALYSIS OF 3CRR OBJECTS

D. Dicken
1
, C. Tadhunter

2
, D. Axon

1,3
, A. Robinson

1
, R. Morganti

4,5
, and P. Kharb

1
1 Department of Physics and Astronomy, Rochester Institute of Technology, 84 Lomb Memorial Drive, Rochester, NY 14623, USA;

dxdsps@rit.edu, djasps@rit.edu, axrsps@rit.edu
2 Department of Physics and Astronomy, University of Sheffield, Hounsfield Road, Sheffield, S3 7RH, UK; c.tadhunter@sheffield.ac.uk

3 Department of Physics and Astronomy, University of Sussex, Pevensey 2, University of Sussex, Falmer, Brighton, BN1 9QH, UK
4 ASTRON, P.O. Box 2, 7990 AA Dwingeloo, The Netherlands; morganti@astron.nl

5 Kapetyn Astronmical Institute, University of Groningen, Postbuss 800, 9700 AV Groningen, The Netherlands
Received 2010 January 29; accepted 2010 August 15; published 2010 September 29

ABSTRACT

We present Spitzer photometric data for a complete sample of 19 low-redshift (z < 0.1) 3CRR radio galaxies as part
of our efforts to understand the origin of the prodigious mid- to far-infrared (MFIR) emission from radio-loud active
galactic nuclei (AGNs). Our results show a correlation between AGN power (indicated by [O iii]λ5007 emission
line luminosity) and 24 μm luminosity. This result is consistent with the 24 μm thermal emission originating from
warm dust heated directly by AGN illumination. Applying the same correlation test for 70 μm luminosity against
[O iii] luminosity we find this relation to suffer from increased scatter compared to that of 24 μm. In line with our
results for the higher-radio-frequency-selected 2 Jy sample, we are able to show that much of this increased scatter
is due to heating by starbursts that boost the far-infrared emission at 70 μm in a minority of objects (17%–35%).
Overall this study supports previous work indicating AGN illumination as the dominant heating mechanism for
MFIR emitting dust in the majority of low-to-intermediate redshift radio galaxies (0.03 < z < 0.7), with the
advantage of strong statistical evidence. However, we find evidence that the low-redshift broad-line objects (z <
0.1) are distinct in terms of their positions on the MFIR versus [O iii] correlations.
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1. INTRODUCTION

Identifying the origin of prodigious thermal mid- to far-
infrared (MFIR) emission is a key component for a compre-
hensive understanding of active galactic nuclei (AGNs). How-
ever, this task is not trivial, because the thermal MFIR emitting
dust structures cannot be resolved in most of these galaxies.
Therefore, past studies have favored a statistical approach to in-
vestigations, focusing on samples of radio galaxies, which can
be selected without bias with respect to orientation (Golombek
et al. 1988; Impey & Gregorini 1993 Heckman et al. 1992,
1994; Hes et al. 1995; Haas et al. 2004; Shi et al. 2005; Cleary
et al. 2007). Although these studies suggested that the mid-IR
(5–30 μm) emitting structures are heated by AGN illumination,
the lack of sample completeness and the low mid-IR detection
rate meant that the AGN heating hypothesis could not be sup-
ported with a full statistical analysis.

Additionally, in the past, linking the active nucleus with
the origin of the far-IR (>30 μm) emission from cool dust
components proved difficult. The failure of uniform compact
dust torus models to produce the observed far-IR spectral energy
distributions (SEDs) of AGNs (Pier & Krolik 1992) led to the
proposal of clumpy dust torus geometries (Nenkova et al. 2002,
2008) which produce the required dust temperatures through
cloud shadowing. Alternatively, other studies argued that the
cool dust producing the far-infrared emission is predominantly
heated by starbursts (Rowan-Robinson 1995; Schweitzer et al.
2006). However, the idea that starbursts dominate the heating of
the far-IR emitting dust in AGNs has yet to be firmly established
with solid observational evidence.

To address the problems associated with previous MFIR in-
vestigations of radio-loud AGNs, that suffered from biased,
incomplete, and/or inhomogeneous samples, we carried out

a program of deep Spitzer/MIPS MFIR photometric observa-
tions for a complete sample of 47 2 Jy radio galaxies with
redshifts 0.05 < z < 0.7 (Program 20233: PI Tadhunter). The
results from these data are published in T07, D08, and D09.
The results have shown that [O iii] optical emission line lumi-
nosity (L[O iii]) is significantly correlated with both the mid-
(24 μm) and far-infrared (70 μm) luminosities (L24 μm and
L70 μm, respectively). The AGN-photoionized narrow-line re-
gion (NLR) is emitted on a small scale (�5 kpc), therefore the
[O iii]λ5007 emission from the NLR is likely to provide a good
indication of the intrinsic power of the illuminating AGN (e.g.,
Rawlings & Saunders 1991; Tadhunter et al. 1998; Simpson
1998; and discussion in D09). Consequently, the correlations
between isotropic MFIR luminosity and [O iii] optical emission-
line luminosity provide strong empirical evidence to support
AGN illumination as the dominant heating mechanism of
the thermal MFIR emitting dust. Moreover, since radio-loud
quasars, broad-line, and narrow-line galaxies follow similar
correlations between MFIR and [O iii] luminosities, without
significant offsets between the two groups, the results also pro-
vide strong support for the orientation-based unified schemes
for powerful, radio-loud AGNs (Barthel 1989).

In addition, we carefully considered the starburst contribution
to the AGN heating of dust. We found that the objects showing
optical evidence for starburst activity from spectral synthesis
modeling of their spectra, appear to have enhanced far-IR
emission compared to the general sample. Our interpretation
of these results is that, while AGN illumination is the primary
heating mechanism for both the warm (mid-IR emitting, 24 μm)
and cool (far-IR emitting, 70 μm) dust in most powerful radio
galaxies, heating by starbursts acts to substantially boost the
70 μm luminosity in the 20%–30% of objects in the 2 Jy sample
with optical evidence for star formation activity.
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The above results support the conclusions for previous studies
of powerful radio galaxies (Heckman et al. 1994; Hes et al. 1995;
Haas et al. 2004; Shi et al. 2005; Cleary et al. 2007) with the
advantage of a thorough statistical analysis afforded to us by the
complete and well-detected sample. Having established these
results for the 2 Jy sample, which represents radio-loud AGN at
intermediate redshifts (0.05 <z < 0.7), it is natural to investigate
whether we find similar results for other samples of radio-loud
AGNs.

The low-frequency (≈ 170 MHz) selected 3C sample of radio-
loud AGNs has been favored by many previous investigators,
because the low selection frequency means that it is unlikely
to be affected by an orientation bias. Recently, deep optical
spectroscopic data at both high and low resolution have been
published for 3CR sources (Buttiglione et al. 2009), allowing
us to create a sample that is complete in both MFIR and
[O iii] observations. Furthermore, the 3CR objects make an
ideal comparison to the higher frequency-selected (2.7 GHz)
2 Jy sample. Investigation of a low selection frequency sample
allows us to test whether the selection frequency of the 2 Jy
sample leads to any biases that may affect our understanding of
the MFIR emission from radio-loud AGNs.

We present here the analysis of Spitzer photometric observa-
tions for a complete sample of 3CRR radio galaxies (Laing et al.
1983) with z < 0.1. The following investigation serves to test
our previous conclusions concerning the origin of the thermal
MFIR, based on the southern 2 Jy sample, using a sample of
radio-loud objects with, on average, lower redshifts and radio
powers, as well as a different selection frequency.

2. SAMPLES AND DATA REDUCTION

This paper presents results for a complete sub-sample of 19
3CRR radio galaxies selected from the sample of Laing et al.
(1983; see Table 1). We have limited these data for completeness
to objects with FRII radio morphologies and redshifts z �
0.1. This leads to a sample with a high level of completeness
in both Spitzer/MIPS detections and [O iii] λ5007 emission-
line flux measurements. In the following discussion, we will
refer to this sample as the 3CRR sample. Note that although
two objects in the sample (3C277.3, 3C293) have uncertain
radio morphological classifications and cannot be confidently
characterized as either FRI or FRII types, they are included here
for completeness.

All of the 3CRR sample objects have been previously ob-
served with Spitzer/MIPS. These data were downloaded as raw
MIPS images from the Spitzer Reserve Observation Catalogue
(ROC) and reduced in an identical way to the 2 Jy sample dis-
cussed in detail in D08. The MFIR flux and data and associated
errors presented in Table 2 were extracted using aperture pho-
tometry, again using identical methods to those used for the
2 Jy sample described in D08. The [O iii] fluxes were ob-
tained from published deep optical spectra at both high and low
resolution taken using Dolores on the TNG (Buttiglione et al.
2009), except DA240, 4C73.08, 3C321, and 3C445 a (see note in
Table 2). We detect 100% of the 3CRR sample at 24 μm and 89%
at 70 μm.

For comparison, we also discuss here the 2 Jy sample from
our previous study. This sample consists of 46 powerful radio
galaxies and steep-spectrum quasars (Fν ∝ ν−α, α4.8

2.7 > 0.5)
selected from the 2 Jy sample of Wall & Peacock (1985) with
redshifts 0.05 < z < 0.7. A full discussion of the selection
and MFIR data reduction for this sample is published in D08
along with tables of MFIR fluxes and luminosities (D09). Note

Table 1
3CRR Sample Data

Name z R.A.(J2000) Decl.(J2000) Opt. Class Rad. Class SB SB ref

3C33 0.060 01 08 52.8 +13 20 14 NLRG FRII No 6
3C35 0.067 01 12 02.2 +49 28 35 WLRG FRII No 7
3C98 0.030 03 58 54.4 +10 26 03 NLRG FRII No 2
DA240 0.036 07 48 36.9 +55 48 58 WLRG FRII No 2
3C192 0.060 08 05 35.0 +24 09 50 NLRG FRII No 7
4C73.08 0.058 09 49 45.9 +73 14 23 NLRG FRII No –
3C236 0.101 10 06 01.7 +34 54 10 WLRG FRII SB 1,4
3C277.3 0.085 12 54 11.7 +27 37 33 WLRG FRI/FRII No 8
3C285 0.079 13 21 17.8 +42 35 15 NLRG FRII SB 1,2
3C293 0.045 13 52 17.8 +31 26 46 WLRG FRI/FRII SB 5
3C305 0.042 14 49 21.6 +63 16 14 NLRG FRII/CSS SB 5
3C321 0.096 15 31 43.4 +24 04 19 NLRG FRII SB 1,3
3C326 0.090 15 52 09.1 +20 05 24 NLRG FRII No 9
3C382 0.058 18 35 03.4 +32 41 47 BLRG FRII U 10
3C388 0.092 18 44 02.4 +45 33 30 WLRG FRII No 9
3C390.3 0.056 18 42 09.0 +79 46 17 BLRG FRII U 10
3C403a 0.059 19 52 15.7 +02 30 23 NLRG FRII No 9
3C445a 0.057 22 23 49.6 −02 06 12 BLRG FRII U 10
3C452 0.081 22 45 48.8 +39 41 16 NLRG FRII No 7

Notes. The basic parameters for the 3CRR sample are presented. Note that two
of the objects in the 3CRR sample are in common with the 2 Jy sample: 3C403
(PKS1949 + 02), 3C445 (PKS2221 − 02). Fluxes were measured from Spitzer
observations downloaded from the Spitzer archive. Definitions for Column 5
are: NLRG: narrow-line radio galaxy, BLRG: broad-line radio galaxy, WLRG:
weak-line radio galaxy. Definitions for Column 7 are—No: no optical starburst,
U: uncertain starburst objects, SB: optical starburst objects. SB references are:
(1) Holt et al. (2007); (2) Aretxaga et al. (2001); (3) Tadhunter et al. (1996);
(4) O’Dea et al. (2001); (5) Tadhunter et al. (2005); (6) Robinson (2001);
(7) Wills et al. (2002); (8) Clark (1996); (9) C. Tadhunter 2009, private
communication; (10) Osterbrock et al. (1976). Note that, as well as the evidence
based on optical spectroscopy, the presence of energetically significant star
formation activity in 3C285, 3C293, 3C321, and 3C305 is supported by the
detection of PAH features in their mid-IR Spitzer/IRS spectra (D. Dicken et al.
2010, in preparation; Shi et al. 2007).

that two objects overlap between the 3CRR and 2 Jy samples
(3C403, 3C445).

In addition, published deep optical spectra have allowed us to
identify the objects in the two samples with evidence for young
stellar populations at optical wavelengths. The references for
the stellar population analysis are given in Table 1.

3. THE ORIGIN OF THE MID-TO-FAR-IR EMISSION

We first consider the 3CRR sample alone. In Figures 1(a)
and (b), we plot the L24 μm and L70 μm against L[O iii] for the 19
objects in the 3CRR sample. A visual inspection of Figure 1(a)
identifies a correlation between L24 μm versus L[O iii]λ5007. This
correlation is statistically confirmed in Section 4 and is consis-
tent with the results found previously for the 2 Jy sample (D09).
Such a correlation supports the hypothesis that the warm, 24 μm
emitting dust is heated by direct AGN illumination, assuming
that the [O iii] luminosity is a good indicator of intrinsic ra-
diative AGN power. Second, a visual inspection of Figure 1(b),
plotting L70 μm versus L[O iii]λ5007, reveals less correlation in the
3CRR data compared to the result at L24 μm, also consistent with
the results for the 2 Jy sample (D09).

We compare these results with the 2 Jy sample in Figures 1(c)
and (d) which show L24 μm and L70 μm plotted against L[O iii] for
the 3CRR and 2 Jy samples plotted together.

Firstly, Figure 1(c) (L[O iii] versus L24 μm) reveals a strong
correlation for the combined sample, with good continuity
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Table 2
3CRR Sample Luminosities

Name z S24 μm(mJy) σ L24(W Hz−1) S70 μm(mJy) σ L70(W Hz−1) L[O iii](W) L5 GHz
radio (W Hz−1)

3C33 0.060 99.4 0.2 9.0 × 1023 145.5 3.4 1.3 × 1024 2.0 × 1034 3.4 × 1025

3C35 0.067 0.9 0.2 1.1 × 1022 18.7 6.4 2.3 × 1023 1.0 × 1033 6.5 × 1024

3C98 0.030 45.5 0.6 9.2 × 1022 36.4 3.5 7.4 × 1022 1.0 × 1034 7.0 × 1024

DA240 0.036 3.9 0.4 1.2 × 1022 32.1 4.6 9.7 × 1022 6.0 × 1032 5.2 × 1024

3C192 0.060 6.3 0.4 5.2 × 1022 15.1 6.7 1.3 × 1023 2.2 × 1034 1.6 × 1025

4C73.08 0.058 44.6 0.4 3.2 × 1023 23.2 2.3 1.7 × 1023 9.4 × 1033 4.5 × 1024

3C236 0.101 17.3 0.3 4.5 × 1023 64.6 5.5 1.7 × 1024 8.1 × 1033 4.1 × 1025

3C277.3 0.085 9.0 0.3 1.6 × 1023 18.8 3.3 3.4 × 1023 8.6 × 1033 2.1 × 1025

3C285 0.079 46.2 0.4 7.2 × 1023 200.6 2.7 3.2 × 1024 3.6 × 1033 9.2 × 1024

3C293 0.045 31.1 0.3 1.5 × 1023 303.0 6.7 1.5 × 1024 6.4 × 1032 9.0 × 1024

3C305 0.042 44.0 0.1 1.8 × 1023 311.5 2.3 1.3 × 1024 1.1 × 1034 4.3 × 1024

3C321 0.096 264.0 0.1 6.1 × 1024 897.1 5.7 2.1 × 1025 2.1 × 1035 2.7 × 1025

3C326 0.090 0.7 0.1 1.5 × 1022 < 9.0 · · · < 2.0 × 1023 2.5 × 1033 9.5 × 1024

3C382 0.058 98.8 0.2 7.2 × 1023 56.3 4.3 4.1 × 1023 6.0 × 1034 1.8 × 1025

3C388 0.092 2.6 0.2 5.4 × 1022 < 11.1 · · · < 2.5 × 1023 5.2 × 1033 3.8 × 1025

3C390.3 0.056 217.1 0.2 1.5 × 1024 162.9 3.1 1.1 × 1024 1.2 × 1035 3.2 × 1025

3C403a 0.059 193.0 0.2 1.6 × 1024 348.4 3.7 2.7 × 1024 7.2 × 1034 1.9 × 1025

3C445a 0.057 232.1 0.3 1.7 × 1024 186.4 5.2 1.3 × 1024 1.7 × 1035 1.7 × 1025

3C452 0.081 55.6 0.1 4.3 × 1023 55.7 4.7 4.3 × 1023 1.1 × 1034 1.9 × 1025

Notes. Columns 3–8 present the 24 and 70 μm fluxes, errors and luminosities for the 3CRR sample calculated from fluxes. Column
9 presents the [O iii] luminosities calculated from fluxes taken from Buttiglione et al. (2009), except for the cases of 3C321, DA240,
and 4C73.08 which were taken from Saunders et al. (1989), and 3C445 taken from an average of data presented in Osterbrock et al.
(1976), Tadhunter (1986), Morris & Ward (1988), and Buttiglione et al. (2009). Column 10 presents the 5 GHz radio luminosities
taken from Laing et al. (1983). Luminosities were again calculated using Ho = 71 km s−1 Mpc−1, Ωm = 0.27, and Ωλ = 0.73 along
with spectral indices derived from the F(70)/F(24) flux ratios for the MFIR data, and the high-frequency radio spectral index α4.8 GHz

2.7 GHz
for the radio data.
aAlso in the 2 Jy sample.

between the 3CRR and 2 Jy samples at the low luminosity
end of the correlation. Second, plotting L70 μm versus L[O iii] for
the combined sample also reveals a strong correlation, that is
not apparent when plotting the 3CRR sample alone. Again these
correlations are confirmed, statistically, in Section 4.

However, there is notable additional scatter in the L70 μm
versus L[O iii] correlation compared to that involving L24 μm.
The crosses in the bottom right corners of Figures 1(c) and (d)
show the maximum error for the points, demonstrating that the
scatter is real and not purely a consequence of observational
uncertainties (discussed further in Section 5). In this context,
the apparent lack of a correlation between L[O iii] and L70 μm
for the 3CRR sample alone is plausibly explained in terms of
a combination of the high intrinsic scatter of the L70 μm versus
L[O iii] correlation and the small redshift and [O iii] luminosity
range of the 3CRR sample.

4. CORRELATION STATISTICS

The high rate of Spitzer detections at MFIR wavelengths
for the two samples allows us to conduct statistical tests on
the significance of the correlations, discussed in the previous
section and presented in Figure 1, using the Spearman rank
correlation coefficient. However, although the overall detection
rate is high for the observations of the two samples it is important
to consider the effect of the seven remaining upper limits in
70 μm luminosity and four upper limits in the [O iii] emission
line luminosity.

In order to remove the effect on the statistical tests of the 4
upper limits in [O iii], the 2 Jy sample is limited to z > 0.06
and one object with an upper limit in [O iii] (PKS1839-48)
was removed, leaving 38 of the original 46 2 Jy objects. In
addition, we applied a bootstrap method for dealing with six

remaining 70 μm upper limits. For this we replaced the upper
limits with 70 μm fluxes derived using the measured 24 μm
flux of each object and a 70 μm/24 μm flux ratio chosen at
random from the distribution of measured flux ratios for the
detected sample objects. These 70 μm estimates were then
converted to luminosities and included in the rank correlation
test. This process was repeated 1000 times and the median
of the correlation coefficients for those cycles was used for
the correlation statistics involving 70 μm (see D09 for further
details). Also, for the purposes of comparison, we investigated
the correlations with upper limits using the ASURV (Isobe
et al. 1986; Lavalley et al. 1992) package implemented in
IRAF, including all upper limits in [O iii]. The survival analysis
statistics used in ASURV have been acknowledged as a powerful
tool for analyzing samples with upper or lower limits.

The results of the Spearman rank tests for the correlations
shown in Figure 1 are presented in Table 3. As well as the
percentage levels of significance, we also present the rs statistic,
where a value of rs close to 1 is rated highly significant.

First, considering the 3CRR sample alone (Columns 2 and
3), we find that the L24 μm versus L[O iii] correlation is highly
significant: we reject the null hypothesis that the variables are
unrelated at a >99.5% level. On the other hand, the L70 μm
versus L[O iii] correlation for the 3CRR sample alone is the least
significant correlation we have examined: we only reject the
null hypothesis that the variables are unrelated at a >80% level.
The additional scatter in the correlation between L[O iii] versus
L70 μm is further discussed in Sections 5.1 and 6.

Inspecting the results for the combined 3CRR and 2 Jy sample
presented in Columns 4 and 6 of Table 3 we find that all the
tests show a correlation significance of better than 99.9%, and
the ASURV results reinforce those obtained using the bootstrap
technique outlined above. These combined sample statistical
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Figure 1. Luminosity correlation plots: (a) L24 μm vs. L[O iii]λ5007 and (b) L70 μm vs. L[O iii]λ5007 for the 3CRR sample alone. (c) L24 μm vs. L[O iii]λ5007 and (d) L70 μm
vs. L[O iii]λ5007 for the combined 3CRR and 2 Jy samples.

Table 3
3CRR and 2 Jy Sample Statistical Analysis

Rank Correlation rs (3CRR) Significance rs (3CRR + 2 Jy) Significance rs (ASURV) Significance

(1) L24 versus L[O iii] 0.74 >99.5% 0.89 >99.9% 0.90 >99.9%
(2) L70 versus L[O iii] 0.3 >80% 0.77 >99.9% 0.76 >99.9%

Partial rank correlation with z

(3) L24 versus L[O iii] 0.78 >99.9%
(4) L70 versus L[O iii] 0.47 >99.9%

Notes. Results of various Spearman rank correlation statistics for the 3CRR plus the combined 3CRR and 2 Jy sample for the correlations presented
in Figure 1. Values of 0 < rs < 1 are given for each test, where a value close to 1 is highly significant. Columns 2 and 3 present the statistics for the
3CRR sample alone. Columns 4 and 5 present the statistics for the combined 2 Jy and 3CRR sample undertaken with a z limited sample z > 0.06
for the 2 Jy sample, but including all the 3CRR sample; in this test the remaining upper limits were handled in a bootstrap method described in
Section 4. Columns 6 and 7 present statistics for all the objects in the combined sample, handling the upper limits using survival analysis statistics.

tests strongly support the relation between the thermal MFIR
emission and the [O iii] emission in radio galaxies for a broad
range of redshift and radio powers. Because we believe that the

[O iii] emission is a good indicator of AGN power, the combined
3CRR and 2 Jy sample statistical results provide some of the
strongest empirical evidence to date that the dominant heating
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Figure 2. Plots showing the correlations between MFIR and [O iii] luminosity for the combined 3CRR and 2 Jy sample at (a) 24 μm and (b) 70 μm, with optical
starbursts marked with separate symbols (blue stars). The regression line is fitted to the entire 3CRR sample as well as the 2 Jy sample objects with z > 0.06 in order
to avoid most of the objects with upper limits in [O iii]. The fitting also does not include the 11 optical starburst objects and PKS1839−48 which has an upper limit in
[O iii] flux.

(A color version of this figure is available in the online journal.)

mechanism for the MFIR continuum emission dust is AGN
illumination.

Moreover, the second part of Table 3 (rows 3 and 4) shows
the results of a Spearman partial rank correlation test. This
tests the hypothesis that the correlations are not intrinsic but
arise because L[O iii] and LMFIR are independently correlated
with redshift. However in both cases the null hypothesis that the
variables are unrelated is still rejected at the >99.5% level of
significance.

5. ORIGIN OF THE FAR-INFRARED EMISSION

We now consider the cause of the additional scatter in the
correlations in the far-IR 70 μm luminosities. In particular, it
is important to consider whether starbursts heat the cool dust
that radiates at far-infrared wavelengths, since morphological
evidence suggests that at least some powerful radio galaxies
are triggered in major gas-rich galaxy mergers (e.g., Heckman
et al. 1986). Such mergers are predicted to be associated with
powerful starbursts (e.g., di Matteo et al. 2005). Moreover,
understanding the connection between starbursts and AGNs is
important for the interpretation of sub-millimeter observations
in the context of the star formation history of radio-loud AGNs
at high redshift (Archibald et al. 2001).

5.1. Evidence for Starburst Heating in the Far-IR Continuum

By using results from our own spectral synthesis modeling
work, as well as the literature, we have identified objects in both
the samples that show clear evidence for recent star formation
activity at optical wavelengths6 (see Table 1 for 3CRR and

6 In the following discussion, we will label these objects as optical starbursts.
However, we emphasize that while some of these objects do contain genuine,
current, starburst activity, others are in fact in a post-starburst phase. See
Tadhunter et al. (2005), Holt et al. (2007), and Wills et al. (2008) for further
discussion.

D09 for the 2 Jy sample). Therefore, in Figure 2 we plot the
L24 μm and L70 μm data against L[O iii] for the combined 3CRR
and 2 Jy sample, in this case highlighting the 12 objects in
the two samples that have been identified as having optical
starbursts. It is evident from a visual inspection of Figure 2
that much of the additional scatter in the L70 μm versus L[O iii]
correlation compared to the L24 μm versus L[O iii] correlation is a
consequence of enhanced far-IR emission in the optical starburst
objects. This confirms the result for the 2 Jy sample presented
in T07 and D09, using an increased sample of starburst radio
galaxies (a total of 12 optical starburst objects compared with
the 7 in the 2 Jy sample alone).

In order to evaluate the degree of enhancement in the far-IR
emission above the main correlation, we have fitted regression
lines on both plots (a) and (b) in Figure 2. The lines shown
are the bisectors for objects without optical starburst of a linear
least-squares fits of x on y and y on x (see Figure 2 for details).
On the 70 μm plot in Figure 2(b) it can be seen that 11 out of
12 of the optical starburst objects lie more than 0.3 dex (i.e., a
factor of two) above the regression line.

We have also used a one-dimensional Kolmogorov–Smirnoff
(K-S) two-sample test to compare the cumulative distributions
of the vertical displacements from the fitted regression line in
the L70 μm versus L[O iii] plot (Figure 2). The test calculates the
probability that the starburst and non-starburst objects are drawn
from the same distribution. The null hypothesis that the optical
starburst and non-optical starburst are drawn from the same
parent population is rejected at a better than 0.01% level. This
result further supports our interpretation that the far-infrared
emission is boosted in the optical starburst objects.

5.2. Color Differences at Low Redshifts

A detailed inspection of the L70 μm versus L[O iii] plots in
Figures 1(d) and 2(b), identifies the six objects that lie on
the bottom edge of the correlation (NLRG: 3C98, 3C192;
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BLRG:3C227, 3C382, 3C390.3, 3C445), the latter are displaced
by 1σ–3σ based on the distribution of the residuals from the
fitted regression line. The amount by which these objects lie
below the regression line is much less than that by which the
starburst objects are boosted above the correlation. However, it
is interesting that these objects are all at low redshift z < 0.09
and all (apart from 3C192) have much warmer colors than the
rest of the objects in the 3CRR and 2 Jy samples. Intriguingly,
this group includes all four of the objects in the original papers
that defined BLRG as a class (Osterbrock & Miller 1975 and
Osterbrock et al. 1976) and notably all three of the broad-line
objects in the 3CRR sample.

In Figure 3, we present the 70 μm/24 μm color versus
redshift, L5 GHz and L[O iii] for the 3CRR and 2 Jy samples.
In this figure, we have marked in red the four BLRGs that lie
1σ–2σ below the correlation between L70 μm and L[O iii]. These
four objects also have warm colors; 0.6 < F (70)/F (24) < 0.8
compared to a median of F (70)/F (24) = 2.3. To begin with,
Figure 3 shows clearly that the 3CRR sample objects have,
on average, lower redshifts and radio powers than the 2 Jy
sample. However, it is interesting that the four BLRGs with
warm colors all tend to higher L[O iii] luminosity than all but
two (3C321, 3C403) of the low-redshift 3CRR objects. Indeed,
the fact that these objects tend to higher [O iii] emission than
objects of similar redshift and radio luminosity explains their
position under the correlation between L[O iii] and L70 μm. In
addition, the fact that the BLRG do not fall below the L24 μm
versus L[O iii] correlation is explained by an enhancement in
their 24 μm emission as well as that in their [O iii] emission.
This is consistent with their warm colors (see Figure 3), and the
tendency of their Spitzer IRS spectra to peak at around 24 μm
(D. Dicken et al. 2010, in preparation).

6. DISCUSSION

6.1. Origin of the Mid- and Far-infrared Emission

From the plots of [O iii] emission line versus MFIR luminosi-
ties, as well as from thorough statistical analysis, we have shown
that the origin of the MFIR emission in 3CRR radio galaxies is
most likely AGN illumination of the thermal emitting dust for
the majority of objects.

Considering the far-IR (cool dust), there are two main heating
mechanism candidates: AGN illumination and starburst heating.
However, the similar slopes of the 24 and 70 μm correlations
(gradients of the fitted regression lines are 0.83 ± 0.05 and
0.82 ± 0.08 for 24 μm and 70 μm, respectively7) presented
in Figure 2 indicate a common heating mechanism, for the
warm and cool MFIR emitting dust components, i.e., AGN
illumination. This is consistent with models that are capable
of producing the broad MFIR SEDs by AGN illumination
of near-nuclear clumpy tori (Nenkova et al. 2002, 2008).
Alternatively, we showed in D09 that it is possible to account
for the observed far-IR emission from the re-radiation of AGN-
illuminated narrow-line clouds. Such a scenario is attractive as
it does not require special or complex torus geometries for the
circumnuclear dust structures.

Many previous studies have acknowledged the benefits of a
statistical approach to understanding the origin of the thermal
MFIR emission from radio-loud AGNs, given the impossibility
of resolving the MFIR emitting dust structures in the majority

7 The slopes calculations do not include the identified optical starburst
objects.
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Figure 3. Plots of 70 μm/24 μm MFIR color vs. redshift, 5 GHz total radio
power and [O iii] luminosity (from top to bottom, respectively). Symbols are the
same as Figure 1. The four BLRG lying below the L70 μm vs. L[O iii] correlation
with the warmest colors are marked with red.

(A color version of this figure is available in the online journal.)

of objects. Such investigations began with exploratory IRAS
studies investigating the contributions of thermal and non-
thermal emission (Neugebauer et al. 1986; Golombek et al.
1988; Knapp et al. 1990; Impey & Gregorini 1993). However,
it were the studies of Heckman et al. (1994) and Hes et al.
(1995) that first provided evidence for a link between the
MFIR emission and the AGN, finding 60 μm luminosities and
extended radio luminosity to be correlated over three orders of
magnitude. However, the detection rate in the far-IR of these
IRAS observations was low (<30%). Therefore, Heckman et al.
(1994) based their results on groups of objects averaged in
redshift bins, and Hes et al. (1995) plotted only the objects
that were detected. In further work, Haas et al. (1998) suggested
that the broad range of temperatures of dust emitting the MFIR
emission argues in favor of AGN heating although this cannot
rule out a starburst heating contribution. Subsequently, with
Infrared Space Observatory (ISO) data, Haas et al. (2004)
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found that the ratios of MFIR was higher for radio-loud AGNs
compared with ULIRGS. As AGNs are likely to have hotter
dust temperatures, this is consistent with, but does not prove, an
AGN origin to the MFIR emission.

One of the first studies to take advantage of sensitive MFIR
data from Spitzer was that by Shi et al. (2005). They found
that a subset of the radio-loud AGN in their heterogeneous
sample fall in the region of the MFIR color versus [O iii]/Hβ
diagnostic diagram normally occupied by AGNs (i.e., relatively
warm colors and large [OIII/Hβ, see Kewley et al. 2001), thus
providing evidence that the cool dust is heated by AGN illumi-
nation rather than by starbursts. In addition, Cleary et al. (2007)
found a correlation between MFIR luminosity (corrected for
non-thermal contamination) and low-frequency radio luminos-
ity, suggesting AGN heating of the dust, based on a sample of 33
intermediate-redshift 3CR radio galaxies with a relatively low
detection rate at far-IR wavelengths (60%). The results we have
presented are based on the combined 3CR and 2 Jy complete
sample of 63 objects with a 92% detection rate at 70 μm. Along
with our previous work, these results strongly reinforce the idea
that the heating of the cool, far-IR emitting dust in the majority
of radio galaxies is dominated by AGN illumination.

6.2. Starburst Contribution to the Far-infrared Emission

We have shown that the additional scatter above the main
correlation between L70 μm and L[O iii] seen in 3CRR sample
is accounted for by starburst boosting of the 70 μm far-IR
emission. This enhancement is not seen for optical starburst
objects at 24 μm. The results from the 3CRR sample add
statistical weight to our previous study with only 7 optical
starburst objects in the 2 Jy sample to 12 optical starburst objects
in the combined 3CRR and 2 Jy sample.

It is possible to estimate the rate of energetically significant
starburst activity in the 2 Jy and 3CRR samples by considering
the main optical and infrared indicators of starbursts. The results
are then: 12 (19%) of the objects in the combined sample show
unambiguous spectroscopic evidence for recent star formation
activity at optical wavelengths; 12 (19%) have cool MFIR colors
(L70 μm/L24 μm > 5); 22 (35%) of the objects lie more than
0.3 dex (factor × 2) about the regression line in the L70 μm
versus L[O iii] correlation in Figure 2; and 22 objects (35%)
show at least one of these indicators. Therefore an estimate of
the proportion of powerful radio-loud AGNs showing evidence
for energetically significant recent star formation activity in the
combined 2 Jy plus 3CRR sample is in the range 19%–35%. This
result is also consistent with the study of Shi et al. (2007), who
find starburst-tracing polycyclic aromatic hydrocarbon (PAH)
features in only 2 of the 10 3CRR objects that overlap with
the sample presented in this paper, and that of Fu & Stockton
(2009) who do not find evidence for PAH features in any of the
12 objects in their FRII radio galaxies.

It is generally accepted that the dust producing the continuum
emission at 24 μm in AGNs is heated almost exclusively by
AGN illumination. In order for the cool dust emitting in the
far-IR to be dominated by starburst rather than AGN heating, a
remarkable degree of coordination between AGN and starburst
activity would be implied, given the strong correlations between
L24 μm, L70 μm, and L[O iii], and the similarity between the slopes
of the L24 μm versus L[O iii] and L70 μm versus L[O iii] correlations.
Although such coordination cannot be entirely ruled out, we
consider it less likely. It is a fact that only a minority of objects
in the 2 Jy and 3CRR samples show any evidence for recent star
formation activity, therefore, the current phase of AGN activity

seen in these objects is unlikely to be fueled by the gas flows
that occur at the peaks of major gas-rich mergers.

6.3. Unified Schemes

Thermal MFIR continuum emission can be used to test the
orientation-based unified schemes for powerful radio sources
(e.g., Barthel 1989), under the assumption that the MFIR emis-
sion is isotropic. For orientation-based unification to hold, cor-
relations between MFIR emission and other isotropic wave-
length emission such as low-frequency radio or the [O iii],
should reveal no differences between the relative positions
of the different optical classes of objects. This tests the hy-
pothesis that all the objects contain the same central engine,
however, the optical classes arise because the optical emis-
sion is not emitted isotopically and can be obscured. In Fig-
ure 1, we have labeled the objects by their optical class as
broad-line radio galaxies and quasars (BLRGs/Qs), narrow-
line radio galaxies (NLRGs), and weak-line radio galaxies
(WLRGs).8 Applying such a test to the combined 3CRR and
2 Jy sample in Figure 1(c) and (d), in general, little differ-
ence between the MFIR luminosities of BLRGs/Qs compared
to NLRGs is found. This result is in contrast to studies based
on lower sensitivity IRAS data (Heckman et al. 1994; Hes et al.
1995), which suggested that BLRGs/Qs have enhanced MFIR
emission compared with NLRG objects of similar radio power.

However, as discussed above, it is apparent that all three
3CRR BLRGs and one of the two BLRGs in the 2 Jy sample
with z < 0.19 lie below the correlation between L70 μm and
L[O iii]. On the basis of Figure 3 it is likely that this displacement
is due to their relatively strong [O iii] emission and not sub-
luminous 70 μm emission. The fact that this group of low-z
BLRGs falls within the main body of the points in the L24 μm
versus L[O iii] correlation is consistent with anisotropic [O iii]
emission, provided that the 24 μm emission is also enhanced in
these objects by a similar degree to the [O iii]. Such enhancement
is consistent with the warm colors of the low-z BLRGs, as well
as the tendency of their Spitzer IRS spectra to peak at around 24
μm (D. Dicken et al. 2010, in preparation).

In order to reconcile the position of the low-z BLRGs in
the MFIR correlation plots with the orientation-based unified
schemes, both the [O iii] emission and the 24 μm emission
must be anisotropic, and subject to significant dust extinction
by the torus. Such anisotropy in mid-infrared emission above
15 μm has been seen for Seyfert galaxies when comparing the
data from type 1 to type 2 (Buchanan et al. 2006). The required
degree of anisotropy for the [O iii] emission is a factor of ∼3–7.
In this case, a significant proportion of the [O iii] emission must
be emitted on a relatively small (∼ pc) scale in these objects.
For at least one of the low-z BLRGs—3C390.3—such a small
scale for the NLR is supported by the evidence for significant
variability in the narrow-line CIV and [O iii] emission on a
timescale of a few years (Clavel & Wamsteker 1987; Zheng
et al. 1995).

The fact that there is no difference between the relative
positions of higher redshift (>0.1) BLRGs/Qs and NLRGs
in the [O iii] emission line versus MFIR luminosity plots
supports the assumption that the [O iii] emission is isotropic

8 See Tadhunter et al. (1998) for definition and D09 for further detailed
discussion.
9 Of the five low-redshift (z < 0.1) BLRGs in the combined sample, only
PKS1733-56 (z = 0.098) falls above the correlation. However this object has a
significant starburst component, as indicated by the detection of strong PAH
features in its mid-IR spectrum (D. Dicken et al. 2010, in preparation).
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for these objects in the combined sample. However, there is
some evidence for mild anisotropy in the [O iii] emission of
the—generally higher redshift—BLRGs/Qs in the 2 Jy sample
as discussed in detail in D09. However, the displacement for
the 2 Jy BLRGs/Qs below the L70 μmversus L[O iii] correlation
is not statistically significant (D09). Such a difference could
reflect a change in the properties of the torus and/or the spatial
distribution of the NLR gas with the luminosity of the AGN.

van Bemmel & Barthel (2001) compared ISO and IRAS pho-
tometric properties of 10 BLRGs, with those of a heterogeneous
sample of 5 NLRGs detected by IRAS. They found that 7 of the
BLRGs objects have warm MFIR colors with continuum spectra
peaking around 24 μm, and explained this in terms of the BLRG
objects lacking cool dust components in the far-infrared—an
explanation supported by the apparent lack of morphological
features due to dust in the BLRGs relative to the NLRGs in
optical Hubble Space Telescope (HST) images.10 If correct, this
explanation would be inconsistent with the simplest versions of
the orientation-based unified schemes, since it would imply that
BLRGs represent a separate class of radio-loud AGNs that lack
dust or, alternatively, a later evolutionary phase in the evolution
of radio-loud AGN population. Based on the results presented in
this paper (in particular, Figures 1 and 3), we feel that anisotropic
[O iii] and 24 μm emission is a more plausible explanation for
the differences between the properties of the low-z BLRGs and
NLRGs.

Unfortunately, the number of low-z BLRGs in our sample
is small. To further investigate the apparently unusual MFIR
properties of such objects, it will be important in the future to
study observations of a larger sample, and also examine their
mid-infrared spectra in more detail.

7. CONCLUSIONS

In this paper, we have investigated MFIR observations of a
sample of 19 3CRR radio galaxies. The main conclusions are as
follows.

1. From the statistical analysis of the 3CRR sample, corre-
lating MFIR luminosities with the AGN power indicator
[O iii], we conclude that the dominant heating mechanism
for mid-IR emitting dust is AGN illumination. This result is
consistent with our previous work based on the 2 Jy sample
of southern radio galaxies. Moreover, based on our analy-
sis of the combined 2 Jy and 3CRR sample, we conclude
that the dominant heating mechanism for the cooler, far-IR
emitting dust is also likely to be AGN illumination in the
majority of radio-loud AGNs.

2. Following the indications of previous work we have investi-
gated whether additional scatter in the [O iii] versus 70 μm
luminosity correlation for 3CRR objects is a consequence
of starburst heating which boosts the far-IR emission in
some objects. We find that this is indeed the case for the 12
optically identified starburst objects in the combined 2 Jy
and 3CRR sample. We conclude that starburst heating of
the far-IR emitting dust is important in only 17%–35% of
objects.

3. Although we find no statistically significant differences
between the properties of the BLRGs/Qs and NLRGs for
the joint 2 Jy and 3CRR sample, or the 2 Jy sample alone,

10 Note, however, that the NLRG sample of van Bemmel & Barthel (2001) is
heterogeneous and, even with the spatial resolution of the HST, it is difficult to
detect near-nuclear dust features in the BLRGs because, unlike the NLRGs,
they have luminous point-like nuclei at optical wavelengths.

we note that all the classical BLRGs in our 3CRR sample
at z < 0.1 show evidence for enhanced [O iii] emission
and warmer MFIR colors compared with the majority
of NLRGs at similar redshifts. This suggests that torus-
induced anisotropy in [O iii] and 24 μm emission may be
more significant in powerful radio galaxies at low redshifts
than in their higher redshift counterparts. However, larger
samples, along with more detailed comparisons between
the mid-IR spectra of BLRGs and NLRGs, are required to
put this result on a firmer footing.

This work is based (in part) on observations made with the
Spitzer Space Telescope, which is operated by the Jet Propulsion
Laboratory, California Institute of Technology under a contract
with NASA. This research has made use of the NASA/IPAC
Extragalactic Database (NED) which is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under
contract with the National Aeronautics and Space Administra-
tion. Based on observations made with ESO Telescopes at the
Paranal Observatory. D.D. acknowledges support from NASA
grant based on observations from Spitzer program 50588.
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