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ABSTRACT

The far-IR/sub-mm wavelength range contains a wealth of diagnostic information that is important for understanding the role of
radio AGN in galaxy evolution. Here we present the results of Herschel PACS and SPIRE observations of/a complete sample of
46 powerful 2Jy radio AGN at intermediate redshifts (0.05 < z < 0.7), which represent the deepest pointed observations of a
major sample of radio AGN undertaken by Herschel. In order to assess the importance of non=thermal synchrotron emission at
far-IR wavelengths, we also present new APEX sub-mm and ALMA mm data. We find that.the overall incidence of non-thermal
contamination in the PACS bands (<200 um) is in the range 28 — 43%; however, this risesito 30= 72% for wavelengths (>200 um)
sampled by the SPIRE instrument. Non-thermal contamination is strongest in objects with’compact CSS/GPS or extended FRI
radio morphologies, and in those with type 1 optical spectra. Considering thermal‘dust emission, we find strong correlations
between the 100 and 160 ym monochromatic luminosities and AGN power indicators, providing further evidence that radiation
from the AGN may be an important heating source for the far-IR emittifig'dust. Clearly, AGN contamination — whether by the
direct emission from synchrotron-emitting lobes and cores, or via.radiative heating of the cool dust — needs to be carefully

considered when using the far-IR continuum to measure the star formation‘rates in the host galaxies of radio AGN.

Key words: galaxies:active - infrared:galaxies

1 INTRODUCTION

Active Galactic Nuclei (AGN) are increasingly recognised as a key
element in the evolution of galaxies of all types. Not only are they
likely to be triggered as a consequence of gas infall as galaxies build
up their mass, but there is growing evidence'that'they also directly
affect the evolution of their host galaxies through AGN feedback
(e.g. Nesvadba et al. 2010; Fabian 2012; Harrison 2017). In contrast
to samples of radio-quiet AGN\inuthe local Universe (e.g. Seyfert
galaxies), radio-loud AGN“drive powerful relativistic jets that are
capable of projecting the power.of the AGN into the gaseous haloes
of the host galaxies and galaxy clusters, directly affecting the cooling
of the hot IGM/IEM gas (McNamara & Nulsen 2007; Best et al.
2006). This makes them particularly important for understanding the
link(s) between galaxy evolution and nuclear activity.

A key question-concerns how powerful radio-loud AGN are trig-
gered. as their host galaxies evolve. A popular approach to investi-
gating this is to examine the detailed optical morphologies and en-
vironments of the host galaxies. For example, work on the southern
2Jy sample (0.05 < z < 0.7) has demonstrated that 95% of nearby
powerful radio AGN classified as strong-line radio galaxies (SLRG:

EWionn > 10A)! show tidal features at high surface brightness
levels (Ramos Almeida et al. 2011, 2012); such sources also tend to
be found in relatively low density, group-like environments (Ramos
Almeida et al. 2013). In contrast, weak line radio galaxies (WLRG:
EWiornn < 10A) show a lower incidence of tidal features and tend
to inhabit richer, cluster-like environments (Ramos Almeida et al.
2011, 2013). Together, these results provide evidence that, whereas
SLRG are predominantly triggered by galaxy mergers and interac-
tions, WLRG are more likely to be fuelled by gas accreted from
the hot X-ray haloes of the host galaxies and clusters. However, the
optical imaging studies alone provide only a limited view of the trig-
gering events. For example, in the case of galaxy mergers it is difficult
to distinguish the nature of the triggering merger (e.g. whether major

1 As a class, SLRG include both type 1 (radio-loud quasars [Q] and broad-
line radio galaxies [BLRG]) and type 2 (narrow-line radio galaxies [NLRG])
radio AGN with high equivalent with [OIII]25007 lines; many, but not all,
would also be classified as high excitation radio galaxies (HERGs) — see
discussion Tadhunter (2016).
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or minor) from the detection of tidal features alone. Therefore, other
observations are required to gain a full picture.

Key additional indicators of the triggering events include the star
formation rates (SFR) and cool ISM contents of the host galaxies,
which can both be measured via far-infrared (far-IR) observations.
Therefore, the sensitivity and resolution at far-IR wavelengths pro-
vided by the Herschel observatory have been particularly important
in this field, and there have been a several Herschel-based studies
of both the star formation rates (Hardcastle et al. 2013; Kalfountzou
et al. 2014; Drouart et al. 2014; Giirkan et al. 2015; Podigachoski
et al. 2015; Westhues et al. 2016) and cool ISM contents (Hard-
castle et al. 2013; Tadhunter et al. 2014; Kalfountzou et al. 2014;
Podigachoski et al. 2015) of the hosts of radio AGN. These have pro-
vided evidence that SLRG have higher levels of star formation than
WLRG (Hardcastle et al. 2013), that radio-loud quasars have higher
SFR than radio-quiet quasars (Kalfountzou et al. 2014), and that a
significant fraction of high-redshift radio galaxies (z > 1) are prodi-
giously star forming, with SFR comparable to or exceeding those of
ultra-luminous infrared galaxies (ULIRGs, Drouart et al. 2014; Podi-
gachoski et al. 2015). However, many of these studies have low far-IR
detection rates (<50%), and some are based on stacking analysis of
shallow, wide-field Herschel data. Therefore, it is not always clear
whether the results apply to the general radio AGN population, or
are biased towards a sub-population that is unusually bright at far-IR
wavelengths.

It is also controversial whether the far-IR continuum truly pro-
vides a “clean” diagnostic of the SFR. In particular, it is often as-
sumed that any dust heated by the AGN is situated in the compact
circum-nuclear torus, is warm and emits predominantly at mid-IR
wavelengths, whereas the dust heated by regions of star formation
is cooler and emits mainly in the far-IR. However, our Spitzer re-
sults for the 2Jy sample challenge these assumptions: not only do we
find that the [OII[]A5007 emission-line luminosity (a proxy for AGN
bolometric luminosity) is strongly correlated with the far-IR 70um
luminosity (Dicken et al. 2009, 2010), but also that some 2Jy radio
galaxies with high 70um luminosities lack independent evidence for
recent star formation activity (RSF), such as the detection of strong
PAH emission features at mid-IR wavelengths (Dicken et al. 2012).
This suggests that the AGN may play a significant role in heating the
cool, far-IR emitting dust.

Furthermore, we face a particular challenge in using far~IR obser-
vations for studies of the host galaxies of radio AGN:"the potential
contamination by the non-thermal synchrotron emission of the’cores,
jets and lobes of the powerful radio sources. In Dicken-et.al. (2008)
we attempted to quantify the degree of non-thermal contamination
in the far-IR, based on the simple power-law extrapolation of high-
frequency (~20 GHz) radio core and lobe fluxes-to the wavelengths
of our Spitzer observations for the 2]y sample. We found that non-
thermal contamination is important at 70um in up to 30% of cases.
However, this study did not coyverrsthe longer far-IR wavelengths
(= 100um), which are crucial for the determining precise star for-
mation rates and cool dust:-masses. Moreover, the extrapolation from
radio to far-IR wavelengths was potentially compromised by the lack
of photometric measurements in the intermediate mm to sub-mm
wavelength region.

Here we ptesent-for the first time Herschel Photodetecting Ar-
ray Camera and Spectrometer (PACS) and Spectral and Photometric
Imaging Receiver (SPIRE) photometric observations for the com-
plete 2Jy,sample of nearby radio AGN. This is the only photometric
survey of a substantial sample of powerful radio AGN undertaken
by Herschel that is sufficiently deep (detection rates of 100 and 89%
at 100 and 160um respectively) to tackle the issues outlined above.

Therefore, it provides an important complement to studies based
on shallower Herschel surveys of radio AGN. We use these Her-
schel observations along with new Atacama Pathfinder Experiment
(APEX) 870um and Atacama Large Millimeter/sub-Millimeter Ar-
ray (ALMA) 100 GHz measurements — which fill an important gap
in the mm to sub-mm SEDs of the sources — to assess the incidence
of non-thermal contamination at far-IR wavelengths. We also revisit
the issue of the heating mechanism for the cool dust by investigating
whether the 100 and 160um luminosities are correlated with AGN
power indicators. In a companion paper (Bernhard et al. 2022), we
use these results to determine SFR and cool ISM masses for the
2Jy sample, and compare with other samples of luminous AGN and
quiescent non-AGN galaxies measured in a similar way; this allows
us to place the triggering of radio AGN in a broader evolutionary
context.

The paper is organised as follows. First, in Sections 2 and 3 a
discussion of the sample selection is followed by a deseription, of
the acquisition and reduction of the Herschel, APEX and ALMA
data. Then, in Section 4 we explore the results by plotting the spec-
tral energy distributions (SEDs) for the full 2Jy/Samplejjand assess
possible contamination of the thermal infrared‘emission by non-
thermal synchrotron cores, jets and lobes of the radio-loud AGN.
Finally, in Section 5 we discuss the origin of the far-IR emission
and the evidence that the cool, far-IR emitting dust is heated by ra-
diation from the AGN. We assume a‘cosmology with H, = 71km
s~ !Mpc~!, Q,, = 0.27 and Q4 =10.73 throughout this paper.

2 SAMPLE SELECTION

The 2]y sample.presented in this work is identical to that presented
in our previous papers relating to the Spitzer Space Telescope obser-
vations, of powerful southern radio galaxies (Tadhunter et al. 2007;
Dicken et'al. 2008, 2009, 2010, 2012). It consists of all 46 powerful
radio AGN selected from the 2Jy sample of Wall & Peacock (1985)
with steep radio spectral indices (a‘z‘_';g > 0.5 for F,, « v~%), inter-
mediate redshifts (0.05 < z < 0.7), flux densities S» 7gHz > 2 Jy,
and declinations 6 < 10degrees. The spectral index cut has been
set to ensure that the radio emission of all the sources in the sample
is dominated by steep-spectrum lobe emission, while the lower red-
shift limit ensures that these galaxies are genuinely powerful radio
sources (PsgH, > TX 1024 W Hz ! ). For reference, the [OIII]215007
emission-line and 5 GHz radio luminosities for the sample objects
are presented in Table Al in the Appendix.

The far-IR SEDs analysed in this paper complement a wealth of
data that has been obtained for the 2Jy sample over the last two
decades. To date, these include: deep optical spectroscopic observa-
tions (Tadhunter et al. 1993, 1998, 2002; Wills et al. 2002; Holt et al.
2007); extensive observations at radio wavelengths (Morganti et al.
1993, 1997, 1999; Dicken et al. 2008); complete deep optical imag-
ing from Gemini (Ramos Almeida et al. 2011, 2012); deep Spitzer
MIPS and Herschel PACS mid- to far-IR photometric observations
(Dicken et al. 2008 and this paper: detection rates 100, 90, 100 and
90% at 24, 70, 100 and 160um respectively). In addition, 98% of the
complete sample has been observed at X-ray wavelengths with XMM
or Chandra (Mingo et al. 2014, 2017); 93% have Spitzer IRS mid-IR
spectra (Dicken et al. 2012, 2014); and 78% have deep 2.2 micron
(K-band) near-infrared imaging (Inskip et al. 2010).

Our full sample of 46 objects includes a range of optical broad-
line radio galaxies and radio-loud quasars (BLRG/Q: 35%), narrow-
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line radio galaxies (NLRG: 43%)2, and weak-line radio galaxies
(WLRG: 22%). In terms of radio morphological classification, the
sample includes 72% Fanaroff-Riley class II (FRII) sources, 13%
Fanaroff-Riley class I (FRI) sources, and 15% compact steep spec-
trum (CSS)/gigahertz peak spectrum (GPS) objects. Detailed infor-
mation on sample is presented in Tables 1, 2 and A13. Covering
the radio power range 10248 < Lsga,; < 1079w Hz™!, it is
representative of the most powerful radio AGN in the local universe.

3 DATA

Of the 46 objects in the southern 2Jy sample defined in this paper 44
were observed at 100 and 160um with ESA’s Herschel (Pilbratt et al.
2010) PACS instrument (Poglitsch et al. 2010) as part of a programme
of "Must Do" observations towards the end of the Herschel mission
(Program ID: DDT_mustdo_4). The remaining two objects in the
sample were observed in separate programs: PKS0915-11 in program
KPOT _aedge_1; and PKS2314+03 in program OT1_pogle0O1_1. In
addition, the 17 brightest objects at far-IR wavelengths, as quantified
by our Spitzer observations, were imaged as part of the program
DDT_mustdo_4 with the Herschel SPIRE instrument (Griffin et al.
2010) at 250, 350 and 500um in order to characterise the shape of
their longer-wavelength SEDs, and two further objects were observed
with SPIRE as part of the other programs mentioned above. There-
fore, 19 objects of the 46 defined in our sample were observed with
SPIRE. Objects that are fainter at far-IR wavelengths, as determined
using Spitzer MIPS observations, were deemed insufficiently bright
to detect with SPIRE. Overall, these observations are the deepest
pointed observations of a major radio galaxy sample taken by the
Herschel Observatory, with integration times ranging from 220 to
1570 seconds for the PACS observations, and 721 seconds integra-
tion times for the SPIRE observations.

For the purposes of assessing the degree of possible non-thermal
contamination of the mid-infrared photometry, we undertook a pro-
gram of sub-mm observations of the sample with APEX at 870um
using the Large Apex BOlometer CAmera (LABOCA). Of the 46
objects in the sample 33 were observed with APEX LABOCA over
3 cycles in periods 88, 89 and 91 from 2011 to 2013 (Program IDs;
088.B-0947(A), 089.B-0791(A) and 091.B-0217(A)). This subset of
33 sources comprises all the objects for which our SEDs.and radio
maps suggested the possibility of a significant non-thermal contfi-
bution to the mid- to far-IR continuum within the AREX LABOCA
or Spitzer beam (based on simple power-law extrapolations from
Dicken et al. 2008). Furthermore, all 29 of thé sources in our sam-
ple with redshifts z < 0.3 have deep ALMA(continuum observations
at ~100 GHz, which were taken as part of ‘projects to investigate
their CO(1-0) molecular gas properties. Details of the new Herschel,
ALMA and APEX observations are shown in Table A2.

In addition to the new photometric results, for completeness we
also present 24 and 70um fluxes from Dicken et al. (2008) in Table
1. Note that, comparison with\the'new Herschel PACS at 100 and
160um photometry revealed that some of the 70um Spitzer MIPS
fluxes are unreliable. In‘thesg’cases, we obtained an unphysical result
when comparing the ratio of the Spitzer 70um fluxes to the 100um
fluxes based<on superior Herschel data, and subsequently found evi-
dence forimage,artifacts and/or confusion that affect the lower S/N

2 Note that the BLRG/Q and NLRG together comprise the SLRG; therefore
SLRG make up 78% of the sample.

3 Further, detailed information on individual 2Jy sample objects can be found
at http://2jy.extragalactic.info.

2Jy radio AGN in the far-IR 3

and resolution Spitzer observations. Such objects are labelled in Ta-
ble 1 and are detailed in the object descriptions in the Appendix.
PKS0915-11 was observed in a different Herschel program that also
included imaging at 70um, therefore we report the updated Her-
schel PACS flux here that benefits from the improved sensitivity and
resolution of the Herschel observatory at these wavelengths.

3.1 Herschel data

The Herschel Space Observatory (Herschel for short) was a far-IR
space telescope that operated between 2009 and 2013. The Herschel
PACS and SPIRE observations of our sample were taken between
October 2012 and March 2013 as part of program DDT_mustdo_4
(see Table A2 for the details of the observations). Preliminary results
on the dust masses measured from these data were first presented in
Tadhunter et al. (2014). The fluxes used in that study, for theddentical
data set, differ from this work due to the version of the Herschel
reduction software package used for the data processing: whereas
the results presented in Tadhunter et al. (2014) were proeessed using
HIPEI10, those used in this work are based on‘data.processed with
HIPE14.2.

The differences between HIPE10 and HIPE14 are numerous, so it
is difficult to identify a single cause for changes in the data quality
between the images; however, it is‘clear that the new processed im-
ages are superior in both the reduction of artefacts and the noise floor
achieved in the imaging. The hew fluxes are in general higher by a fac-
tor of 1.1 to 1.6 (typicallysl=2).both for the PACS and SPIRE bands.
The new processing and calibration also brought down the uncer-
tainty in the background for brighter objects in the sample. However,
despite these changes, the ratios of the PACS 100 to 160um fluxes
that were used in Tadhunter et al. (2014) remain remarkably similar,
indicating that the'calibration changes affect both wavelengths in a
similap*way: thertatios are the same within 10% for most objects,
rising to a difference of 30% for a few of the ratios calculated for
objects'close to the detection limit. Therefore, the conclusions of our
previous study Tadhunter et al. (2014), which relies on this ratio for
the dust mass calculation, still stands with the updated calibration of
the data presented here.

3.1.1 PACS data

The PACS data were obtained in the mini-scan-map mode recom-
mended for the point sources, which is how we expect the 2Jy sample
targets to appear as at these wavelengths. Note that the exposure times
for the observations differ from object to object, and were set using
the Spitzer 70um flux measurements from Dicken et al. (2008) as
a guide, with the goal of achieving adequate S/N detections for all
sources. The data were processed using the ScanmapPhotProject
script provided with the HIPE14 software which combines the two
angled offset images. This script makes use of an iterative high-pass
filtering process of the image timelines to remove the 1/f noise by
masking sources over a set threshold. Because some of our sources
are relatively faint, we set the mask to the position of the primary
source, thereby avoiding fainter targets or the wings of their point
response functions (PRFs), that are not detected automatically, being
filtered out in the image. The output pixel size was set to the default
of 1 arcsecond at 100um and 2 arcseconds at 160um; in comparison,
the FWHM of the point spread functions (PSFs) are 7.7 and 12 arcsec
respectively at the two wavelengths. The PACS calibration used was
72.0.

Aperture photometry was performed on the PACS maps inside

220Z Jaquiaoa( 60 UO Jasn aliyseoue [esua) Jo Alsianiun Ag S9Z5S589/S9rEoRIS/SEIUW/EE0 L "0 /I0P/aoNiB-80UBADPE/SEIUW/WOD dNo-oIWapeoe//:sdny wolj papeojumoq



4  D.Dicken

Table 1. Mid-IR to mm-wavelength photometry for the 2Jy sample. For objects observed but not detected, 3 o~ upper limits are given. All fluxes are in mJy, see
Section 3 for details.The precise frequencies of the ALMA ~100 GHz (~3000um) observations for individual objects are given in Table A2 in the Appendix.

Spitzer Herschel Herschel APEX ALMA
MIPS PACS SPIRE LABOCA  12m array

PKS Flux density (mJy)
Name z 24um 70um 100zm 160um 250pum 350um 500pum 870um  ~3000um
0023-26  0.322 2.4+0.3 26.3+4.1 58.5+4.3 86.6+8.6 71.7£5.0 65.0+6.9 30.0+9.4 65+10 -
0034-01  0.073 7.5+£0.2 17.9+2.8 14.7+3.6 10.5+3.6 - - - - 35+2
0035-02  0.220 12.2+0.1 23.6+5.3 34.4+4.3 38.9+5.3 68.4+6.4  112.7+7.5 157.6+8.6 <225 186+9
0038+09  0.188 25.9+0.3 32.2+5.8 26.0+1.7 23.8+5.0 - - - - 54+3
0039-44  0.346 33.0+0.4 68.7+8.3 72.9+5.6 61.4+8.1 36.8+4.9 23.1+6.5 <22 <15 -
0043-42  0.116 11.1+0.2 9.9+3.2 15.8+3.4 12.9+3.1 - - - - 4.3+0.2
0105-16  0.400 9.7+0.2 <11.8 7.8+1.5 <13 - - - - -
0117-15  0.565 6.1+0.2 20.2+2.7 14.3+1.5 <9.9 - - - - -
0213-13  0.147 40.2+0.1 37.1+4.7 35.2+3.7 20.0+4.1 - - - - 7.4+0.4
0235-19  0.620 11.1+£0.2 14.3+2.99 5.6+0.8 <4.1 - - - - -
0252-71  0.566 2.9+0.1 <9.1 5.9+1.9 13.4+2.8 - - - <24 -
0347405  0.339 3.5+0.2 30.8+5.0 62.8+3.3 84.4+4.5 - - - - -
0349-27  0.066 8.8+0.3 41.9+4.0 50.1+3.8 46.1+4.3 - - - <21 19+1
0404+03  0.089 30.8+0.1 70.9+7.4 99.3+5.3 51.0+9.2 note © - - - 18+1
0409-75  0.693 1.5+0.3 11.2+2.0 45.2+29 52.0+6.0 - - - 23+5 -
0442-28  0.147 22.0+0.3 31.0+5.0 16.0+3.8 <11.7 - - 7 - 29+2
0620-52  0.051 4.5+0.1 47.3+1.44 17.5+1.6 18.1+4.5 - - - 316 81+4
0625-35  0.055 24.7+0.3 44.8+5.0 75.8+4.0 88.6+8.4  104.0£7.5 124.8+8.4 149.3+8.0 205426 208+10
0625-53  0.054 1.7+0.2 <10.8 9.5+1.2 7.1+£2.0 - - - - 18+1
0806—10 0.110  258.3+0.4 490.0+49.0 516.1£6.6  295.0+8.8 115.1+5.6 36.0+6.4 <186 - 4.8+0.2
0859-25  0.305 9.3+0.4 8.4+2.9 4.3+0.9 <9.9 - B - - -
0915-11  0.054 8.9+0.2 110.5+5.6¢ 170.4+6.6  149.0+5.3 93.8+4.5 69.0+6.8 80.0+9.3 106+3 92+5
0945+07  0.086 47.7+£0.3 19.4+4.0¢ 32.7+1.9 30.2+2.8 - - - - 8.9+0.05
1136-13  0.554 13.8+£0.2 23.9+3.7 29.7+2.5 28.9+3.5 - - - 83+5 -
1151-34  0.258 16.4+0.3 51.5+6.0 47.8+2.0 51.2+3.8 31.8+5.8 24.2+74 36.2+7.3 58+5 194+10
1306-09  0.464 4.6+0.2 21.7£3.0¢ 21.5+£3.5 29.7+5.0 - - - 84+5 -
1355-41 0313 53.1+0.3 66.3+6.9 72.2+5.3 57.2+4.2 43.7+7.6 <219 <26.7 - -
1547-79  0.483 7.9+0.1 19.2+3.0 18.4+2.5 22.7+£3.2 - - - - -
1559+02  0.104 242.0+0.3 470.0+47.1  465.5+5.8 257.8+8.4 ~100.0+5.7 44.4+8.1 <21.5 - 6.5+0.3
1602+01  0.462 7.7£0.3 12.3+£2.8 16.1+1.6 11.6+2.4 - - - 22+4 -
1648+05  0.154 2.0+0.2 <18.8 16.1+1.4 22.6+2.8 <17.1 <159 <29.1 - 0.95+0.05
1733-56  0.098 29.2+0.3 151.0+£15.0 286.8+7.2 2925+6:7  155.1+£5.6 67.0+£8.0 34.3+5.5 38+12 59+3
1814-63  0.063 60.6+0.4 142.1£14.0  186.3+5.2  189:.0+7.6 " 135.1+7.7 1283194  140.8+12.6 193+10 339+17
1839-48 0.112 3.1+0.3 10.9+£3.0 12.1+2.1 37.8+3:3 - - - 53+5 53+3
1932-46  0.231 2.5+0.1 17.6+2.0 25.0+34 30.5+3.4 - - - 30+4 20+1
1934-63  0.183 17.4+0.1 19.9+2.2¢ 24.5+1.3 35.4+2.9 - - - 110+109 131+7
1938—-15  0.452 6.8+0.3 19.7+4.6 30.5%1.6 22.3+5.4 - - - - -
1949+02  0.059 193.0+0.2 348.4+35.0  4542+6.5" 330.8+5.2  148.7+7.7 68.3+8.7 <327 - 6.6+0.3
1954-55  0.060 2.7+0.2 8.8+£3.0 97=+1.5 10.8+3.0 - - - - 29+2
2135-14  0.200 104.9+0.2 113.7+4.8%,  140.0+4.9 78.6+7.0 40.3+6.7 19.1+6.2 <219 20+4 56+3
2135-20 0.635 4.3+0.3 37:0£5.7 80.8+5.0 134.3+6.8 91.3+4.4 55.0+6.4 <25.1 43+11 -
2211-17  0.153 0.5+0.1 <94 11.8+2.3 24.7+2.2 - - - - 1.10+0.05
2221-02  0.057 232.1+0.3 186.0+£19.3  158.9+4.6 83.8+6.7 <24.3 <26.7 <273 - 13+1
2250-41  0.310 11.6+0.1 22.0+3.3 31.9+1.0 27.0+3.4 - - - - -
2314+03  0.220 49.9+0.3 5120513 812.4+49 6054+7.3 2859+9.1 118.5+8.7 50.3+10.0 - 3442¢
2356-61  0.096 41:0+0.2 74.7+7.8 81.0+2.5 51.9+5.5  32.2+10.7 <39.0 28.4+9.3 46+6 63+3

4 70um Flux reportédfirstin Dicken et al. (2008) now appears uncertain, see notes on objects in the appendix.

b Bright galactic background prevent reliable SPIRE measurements for this object.
€ New 70um Flux méasured from Hershel PACS data.

d’ This is the' 95GHzAux from Partridge et al. (2016).
€ The ALMA coteAflux is likely to be contaminated by emission from the nearby eastern radio lobe in this source.
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the ScanmapPhotProject script with a fixed aperture of 10 arcsec-
onds radius at both 100 and 160um for most sources; however, for
some sources that are faint at 160um (<20 mJy), we used a smaller
aperture of 5 arcseconds radius to limit the influence of background
noise on those measurements. We also used smaller apertures in
cases where we needed to separate the flux from nearby companions.
Aperture corrections were performed with the photApertureCorrec-
tionPointSource task.

The depths of the PACS observations have allowed >30 detec-
tions of 100 and 89% of the sample at 100 and 160um respectively.
Where the HIPE script could not find the target source automatically
- due to bright nearby companion objects or because the target was
intrinsically faint - the fluxes were measured manually with the Anu-
larSkyAperturePhotometry task within HIPE and using the aperture
corrections from Balog et al. (2014).

The ScanmapPhotProject script also provided the uncertainties
on the PACS measurements, where the 1-sigma uncertainties were
estimated by placing adjacent blank sky apertures on the image sur-
rounding the target, while rejecting apertures with companion ob-
jects. The apertures size used matched the photometry and a total
of 48 apertures were used for the estimation. From these apertures
the uncertainty was calculated in two ways: either the median ab-
solute deviation or the standard deviation of the blank sky aperture
flux measurements, where the larger value of the two methods was
chosen, conservatively, as the uncertainty.

3.1.2 SPIRE data

In Tadhunter et al. (2014) we presented results from the SPIRE data
reprocessed within the HIPE10 environment, however with HIPE14
and the updated calibration we choose to use the default pipeline pro-
cessed point source and extended maps from the Herschel archive
for the analysis, because our reduction was equivalent or no better
than those products. The latter HIPE version, using SPIRE calibra-
tion 14.2, is most notably improved in terms of instrument artefacts
compared with the maps we previously used under HIPE 10.

The photometry on the sources was performed with the sourceEx-
tractorSussextractor task within the HIPE14 environment using the
level 2 data products. This task extracts point sources from an image
using SUSSEXtractor. The script was tailored to fit a point r€sponse
function (PRF) to sources in the region of interest defified as the
position of the target source within the SPIRE imagesy, The script
queries the SPIRE Calibration Tree to obtain the appropriate/values
for the beams, colour corrections and aperture corrections (if used)
for a given spectral index (@) of the continuum‘SED, which was as-
sumed to have a power-law shape (i.e. F,, o'y~ %). The spectral index
was calculated using an iterative process fromsthe 250 and 350um
fluxes themselves, where an initial‘guess was made from previous
flux measurements in older HIPE versions/and then replaced with a
calculation based on the output of the.new HIPE 14 results.

In total, 19 objects were ‘observed with SPIRE, where 17 were
observed in our “must=de”’program and the 2 remaining objects
in other programs as,detailed above. The 30 detection rate was
16/19 at 250umy15/19 at 350m and 10/19 at 500um. One object,
PKS0404+03, could not be measured at SPIRE wavelengths due to
bright Galactic cirrus’emission in the SPIRE images.

In order to represent the flux detections and upper limits with
meaningful uncertainties, we choose to utilise a background aper-
tufe method similar to that used for the PACS data. The choice of
using SUSSEXtractor to measure the flux was driven by the many
background confusing sources at these wavelengths that can make
aperture photometry difficult. Therefore, the PRF fitting method is
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more desirable. The SPIRE uncertainties were derived by placing 48
apertures to the background where the aperture size was chosen to
be equal to the size of the FWHM of the PSF at each of the three
wavelengths: 17.6, 23.9, 35.2 arcseconds for 250, 350 and 500um
respectively. As for the PACS data, the uncertainty quoted is either
the median absolute deviation or the standard deviation on all the
blank sky aperture flux measurements, whichever was greater.

3.1.3 Confused sources

One of the factors that limited previous far-IR observations of dis-
tant AGN was confusion with companion objects in the beam of
the instrument. In order to correctly present the SEDs in studies of
AGN we should carefully consider contaminating sources which may
dominate the flux measured for a point source at longer wavelengths.
Gemini imaging of our 2Jy sample (Ramos Almeida et al®2011,
2012) enables us to identify the optical counterparts of any. sources
that may be confused with our targets at mid- and far-IR'wavelengths.
For many objects, especially those with only PACS datain this study,
contamination of the flux measured from nearby companion objects
can be avoided by using a smaller aperture to“perform the photome-
try, as described above. However, at longer SPIRE ‘wavelengths the
problem of confusion is more apparent. Thanks t6 the excellent sen-
sitivity and resolution of Hersche PACS, we were able to identify
potential contaminating sources that may~affect the measurements
of our SPIRE target images. @ne object, PKS1934-63, has a nearby
companion galaxy that requiressus to deblend the fluxes at PACS
wavelengths (see below). Of the 19 objects observed with SPIRE, we
identify contaminationwef the measured flux by companion galaxies
in 3 targets — PKS1648+05,PKS2221-02 and PKS2356-61, (17% of
the SPIRE sample)= at250um, and 4 objects, adding PKS0915-11,
(22% of the'SPIRE sample) at 350 and 500um. Reduced PACS and
SPIRE images of PKS0915-11 can be seen in Figure 1. This object
appears brighter than its nearby companion in the PACS bands; how-
ever, the companion becomes relatively brighter from 100 to 160um.
Itis'clearthat the companion then dominates in the longer wavelength
SPIRE images.

For the objects that we identified as confused at longer wavelengths
we attempted to de-blend the sources. To do this we used GetSources
(Men’shchikov et al. 2012) which is a multi-scale, multi-wavelength
source extraction algorithm developed for use in far-IR surveys of
star-forming regions with Herschel. The method analyses fine spatial
decompositions of input images across a range of scales and across all
input wavebands. It cleans single images of noise and background,
and constructs wavelength-independent single-scale detection im-
ages that preserve information in both spatial and wavelength di-
mensions. Sources are detected in the combined detection images by
following the evolution of their segmentation masks across all spa-
tial scales. Measurements of the source properties were done in the
original background-subtracted images at each wavelength; the back-
ground was estimated by interpolation under the source footprints
and overlapping sources are de-blended in an iterative procedure.
We tested the GetSources method using PKS1733-56, an object that
did not need de-blending, in order to compare the results. The ex-
tracted fluxes agree well with the aperture photometry for PACS and
with SUSSEXtractor used for the SPIRE images. Therefore, we were
able to use GetSources to extract the fluxes for PKS1934-63 from
the PACS images, and the fluxes for PKS0915-11 and PKS2356-61
from the SPIRE images. In Figure 4 we plot the PACS fluxes of the
source blended with PKS0915-11 so that the reader can get an idea
of the potential contamination at SPIRE wavelengths.

PKS1648+05 and PKS2221-02 are dominated at SPIRE wave-
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70 microns

Figure 1. Herschel PACS (top) and SPIRE (bottom) images for PKS0915-11 and its nearby companion from er:
companion object becomes confused with the source at long wavelengths. Note that the scales are different for the, PA(

100 microns

el archive. The images show how the
and SPIRE images, and the horizontal

bars in the left-hand panels indicate an angular distance of 1 arcminute on the sky. North is to the top and Wz ft.

lengths by their nearby companion, so we were unable to deblend
them even with GetSources. Therefore, we only include upper limits
for the fluxes of these object in the SPIRE bands. For PKS2221-02,
we have plotted in the SED (Figure 7) PACS measurements of the
companion object, so the reader can gauge the degree of contamina-
tion to these upper limits.

NS

3.2 APEX/LABOCA data

APEX is a millimeter/sub-millimeter telescope that co a sin-
gle 12m dish situated on the Chajnantor plate . For this
project we used APEX with the LABOCA ins that operates
at a wavelength of 870um. The data wert en over three cycles in

three programs: from September through No er 2011 for ESO
Project ID E-088.B-0947A-2011; %y through August 2012

for project ID E-089.B-0791A-2012; in April 2013 for project
ID E-091.B-0217A-2013. See for the details of the obser-
vations.

For the majority of
photometry, with a
fast switching (i.€.
offset positio

serving mode used was chopped
ic nod i.e., a wobbler was used for the
between the source of interest and an
cted bolometer. After spending some time

with the so eft beam, the telescope nods to the other side
where it’continues chopping with the source now in the right beam.
The_cyc eated until the desired depth is reached. Despite

y commissioned in 2010 there were several problems with
th ment mode that led to our program being re-observed over
several observing periods. This has led to a data set that is not uniform
across the sample in its completeness and depth, although the ESO

complete our program, taking into account the

staff did thei
i expected sensitivity that they encountered.

reductiomi
@ the LABOCA data we used the free astronomical reduc-
n*software CRUSH, which has been developed by Attila Kovacs
and,especially designed for use with ground-based millimetre wave
ameras. We used CRUSH version 2.31-1, and followed the advice
rom the CRUSH LABOCA photometry guide in that we have not
reported results from data with only one scan, because it is not easy
to determine the reliability in such cases. For multiple scan data we
used the reduced-chi-squared value to estimate the significance of
the flux detection, where for reduced-chi-squared values larger than
unity we scaled the uncertainty by the reduced-chi-squared value. We
also removed scans that by eye appeared inconsistent with the rest.
These are likely due to long-timescale systematic effects that degrade
the photometric precision, such as pointing drifts, changes in focus
quality, and transient presence of emission in the "OFF’ beam as
the sky rotates relative to the chopping direction. The estimated un-
certainties on the LABOCA photometry include: the high-frequency
scatter in the data after correlated components and bad data have been
removed; the scatter in the chopped measurements within a nod; and
the observed scan to scan scatter.

PKS0023-26 and PKS2135-20 fluxes were measured from
LABOCA maps taken as part of the data run, rather from the wob-
bler mode data. Aperture photometry was performed on the maps
using a 49 arcseconds diameter circular aperture (2.5 beam FWHM),
and taking the uncertainty as the standard deviation of the fluxes
measured in eight blank sky apertures.

To complement the LABOCA results we also added flux mea-
surements from the literature: mm data from Steppe et al. (1995)
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and Partridge et al. (2016) for PKS0023-26 and PKS1934-63 respec-
tively.

3.3 ALMA data

The ALMA 12m interferometer operates at millimeter and sub-
millimeter wavelengths and comprises an array of at least 43 (and up
to 50) 12m dishes situated on the Chajnantor plateau in Chile. All
but one of the 29 objects in our sample with redshifts z < 0.3 were
observed at ~100 GHz (~3 mm) with ALMA in October/November
2019, as part of a project to characterise the molecular CO(1-0)
emission in the host galaxies (Programme: 2019.1.01022.S, PI Tad-
hunter); the remaining z < 0.3 source — PKS0915-11 — was observed
in October 2016 as part of ALMA programme 2017.1.00629.S (PI
Edge). The CO observations will be presented in future publications.
Here we concentrate on the continuum observations that were taken
as a by-product of the molecular line observations.

The observations were made in 4 baseband windows of frequency
width ~1.875 GHz, one of which was centred on the expected fre-
quency of the redshifted CO(1-0) line (3840 frequency channels),
and the others on nearby continuum regions (128 frequency chan-
nels each). Because of the different redshifts of the targets, the mean
frequency of the continuum windows varies from object-to-object, as
reported in Table A2. The observations were taken in compact con-
figurations of the 12m array, and this resulted in beam FWHM in the
range 1.4 — 3.7 arcsec. The typical rms sensitivities achieved in the
combined continuum images are in the range 0.01 — 0.03 mJy/beam.

Non-thermal core continuum fluxes for the observed 2Jy sources
were measured from the standard pipeline-processed average contin-
uum images available from the ALMA archive. Cores were detected at
~100 GHz (~3 mm) for all the targets. Since these point-like cores —
with spatial FWHM comparable with those of the ALMA beams for
the observations of individual sources — were clearly distinguishable
from any extended jet/lobe emission in the maps, we took the peak
mJy/beam measurement as the core flux. The ALMA continuum flux
measurements are presented in Table 1. The uncertainties in these
fluxes are dominated by the accuracy of the absolute flux calibration,
which is estimated to be approximately 5% for the frequency of the
observations (Warmels et al. 2018).

4 SPECTRAL ENERGY DISTRIBUTIONS

The radio-to-infrared spectral energy distributions (SEDs) of the 46
objects in our full 2Jy sample are shown in Figures 2 to 7. The
new Herschel data represent an improvement bothjin terms of wave-
length coverage and image quality (resolutiongcosmetics, S/N) on
our Spitzer programme (Dicken et al, 2008), which first determined
the SEDs for the 2Jy sample objects, including mid- to far-IR pho-
tometry and high frequency radio core,data from the VLA and ATCA
observatories. The SEDs now_include Spitzer IRS spectra from 5 to
30um presented in Dickenetal.(2012), along with the new Herschel,
APEX LABOCA and ALMA continuum data presented in this paper.

The 2Jy SEDs”(Figures 2 to 7) demonstrate the importance of
the new Herschel, APEX LABOCA and ALMA data spanning the
wavelength range»100 through 3000um (1 X 101! - 3 x 102 Hy),
where previouslysthe SEDs suffered a lack of data. The 37% of the
sample with SPIRE data are particularly important, since they help
to/characterise the shape of the longer-wavelength (>200um), far-IR
continuum SEDs. With these new data, we are sampling the cool dust
components of the powerful radio galaxies, which contain most of
the dust mass.
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The diversity in the shapes of the far-IR SEDs of powerful ra-
dio AGN is striking. The most prominent features include: objects
with strong black-body thermal signatures at far-IR wavelengths (e.g.
PKS1559+02: Figure 5), objects dominated by non-thermal core
emission at both far-IR and sub-mm wavelengths (e.g. PKS0625-35:
Figure 4), and objects whose SEDs show a thermal bump, but
for which there is significant contamination by non-thermal emis-
sion from the radio lobes at the longer far-IR wavelengths (e.g.
PKS1151-34: Figure 5). Despite this apparent diversity, we will
show in the next section that many of the differences seen in the SEDs
can be explained by varying degrees of non-thermal synchrotron con-
tamination of the thermal dust emission at far-IR wavelengths.

4.1 Non-thermal contamination

We first investigated the possibility of non-thermal contamination,of
the thermal infrared SED emitted by dust in Dicken€tal: (2008).
Potentially, the relatively high selection frequency of the 2Jy.sample
(2.7GHz) could introduce an orientation bias inur results, because
at GHz frequencies the radio emission is more likely to contain a
component of beamed (flat-spectrum) nonsthermal emission than at
the lower selection frequencies used for other.samples of power-
ful radio galaxies (e.g. 3CR). Therefore; injorder to avoid such an
orientation bias, we defined our sample with a steep-spectrum se-
lection (a% > 0.5, F), o« 2% ), which excludes 16 sources with
flatter spectra within the redshiftrange of the 2Jy sample. However,
from examination of the SEDs, it is clear that objects remain in the
2Jy sample that are dominated-at far-IR wavelengths by non-thermal
emission from the radio cores (see Section 4.1.2 below). Of these
objects, only PKS0625-35 has a radio spectral index close to the cut-
off for the sample, a% = 0.53. Therefore, it is clear that selection
on the basis of\a steep radio spectrum does not entirely avoid the
inclusion iniradio AGN samples of some objects that are dominated
by\non-thermal emission at far-IR wavelengths. There is also the
potential for more subtle contamination, in which the non-thermal
emission has a significant effect on the far-IR SED shape, while not
dominating the flux at these wavelengths. Clearly, we must consider
carefully the potential for non-thermal contamination of the thermal
infrared emission.

We consider two types of non-thermal contamination of the ther-
mal infrared emission for the 2Jy sample: lobe/hotspot contamination
due to the steep-spectrum, extended radio lobes and hotspots that fall
within the beam of the instrument(s); and radio core contamination
due to the emission of the inner jets which, due to self-absorption
effects, often has a flat spectrum at radio wavelengths. We defer dis-
cussion the potential effects of variability of the non-thermal core
emission to the end of section Section 5.1.

With the Herschel, APEX and ALMA data added to the SEDs,
we now investigate the degree of non-thermal contamination of the
far-IR dust emission of the 2Jy sample. We present the results of the
new analysis in Table 2, in which objects are ordered according to
their optical and radio classes; we also distinguish between longer
(>200um) and shorter(<200um) far-IR wavelengths, because of the
possible wavelength dependence in the contamination.

For each wavelength range, we mark objects in which the non-
thermal emission dominates in a particular wavelength range with a
“D”, those with a potential for non-thermal contamination with a “P”,
and those with non-thermal contamination that can be corrected by a
“C”. Organised in this way, the table reveals clear trends in the degree
of non-thermal contamination that are related to the classifications
of the sources.
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Figure 2. Long-wavelength SEDs for 2Jy objects. The black.lines-at short wavelengths represent the Spitzer MIPS spectra, the grey straight lines show the
power-law fits to the high frequency radio to sub-mm‘data“(where relevant), and the grey filled circles the non-thermal corrected Herschel fluxes (only some
objects). Note that the 90 GHz and ~170 GHz fluxes for PKS0023-26 are taken from Steppe et al. (1995) and Morganti et al. (2021) respectively.

4.1.1 Non-thermal contamination by\extended jets, lobes or
hotspots

Contamination of the thermal infrared emission by the non-thermal
synchrotron radiation .ofsthe.exténded lobes, jets and hotspots is
only important for those objects in which the extended radio compo-
nents fall withinthe beam of the infrared or sub-mm instrument(s).
Moreover, it is more likely to affect the longer infrared wavelengths,
first because the beam of the instrument tends to be larger at long
wavelengths, and-second because the steep-spectrum synchrotron
emission is stronger at such wavelengths. Therefore, we investigated
such contamination for all the 2Jy objects with extended non-thermal
components within the Herschel SPIRE diffraction limited beams of
FWHM 18, 25 and 36 arcseconds for the 250, 350 and 500um bands
respectively, although PACS and Spitzer data will potentially be af-

fected as well, as we will discuss. To make this assessment we used
both our high frequency ATCA/VLA radio maps and ALMA 100GHz
continuum images (where available).

From columns 6 and 7 in Table 2 it is striking that five out of the
seven compact steep-spectrum (CSS) or gigahertz-peak spectrum
(GPS) (column 5) sources in the 2Jy sample are affected by non-
thermal contamination from their radio lobes or hotspots at far-IR
wavelengths. For all these compact (D < 20kpc) radio sources the
radio lobe/hotspot emission is entirely contained within the Herschel
beam for all SPIRE and PACS wavelengths; consistent with the results
of Murgia et al. (1999), the new data demonstrate that such sources
do not show the high frequency spectral steepening that is sometimes
observed for the lobes of more extended radio sources (Cleary et al.
2007).
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Figure 3. Long-wavelength SEDs for 2Jy objects continued (see Figure 2 for details).

For many of the objects with compact sadio sources we see
non-thermal contamination at bothsshorter (<200um) and longer
(>200um) far-IR wavelengths; however, for four of the seven
CSS/GPS objects (PKS0023-26;-PKS1151-34, PKS1814-63 and
PKS2135-20) it is possible.to corréct at least the shorter-wavelength
far-IR fluxes for this contamination’by using a simple power-law ex-
trapolation of the radio-to-sub-mm SEDs (marked with a “C”in Table
2). The correctedfluxes, are“shown in Table 3, which benefit from
the added constraints<on’/the SEDs of the non-thermal component
provided bythe LABOCA and longer-wavelength SPIRE data. The
power-law~fits to the radio and sub-mm data used to calculate the
results“are plotted on the SEDs of each object.

For two of the remaining three CSS/GPS (PKS0252-71 and
PKS1934-63), we find that the non-thermal contamination is likely

to be negligible in the PACS bands*. However, in the case of the
third object (PKS1306-09) non-thermal emission completely dom-
inates the infrared SED, so it is not possible to clearly identify a
thermal dust component. We note that the presence of a dominant
non-thermal component in this source is consistent with its optical
polarization properties (see Tadhunter et al. 1994).

We have also identified nine additional objects where there is a po-
tential for contamination by extended non-thermal components, but
for which this contamination is uncertain. These objects are marked
with a “P” in Table 2 columns 6 and 7. Four of them (PKS0035-
02, PKS0625-35, PKS1136-13, PKS1839-48) also have strong non-

4 Note that, although the non-thermal contamination is likely to be negligible
in PACSs band for these objects, it could be significant at longer far-IR
wavelengths, but we lack the SPIRE data to test this.
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Figure 4. Long-wavelength SEDs for 2Jy objects continued (see Figure 2 for details). The grey triangles plotted in the SED of PKS0915-16 are for the companion
object that is confused with the target at SPIRE bands«"Also for this object, the grey line shows the power-law fit to the non-thermal core emission, which was

derived using the LABOCA and 500m<SPIRE data points.

thermal contamination from their cores, as discussed below. In such
objects, while the core contamination dominates, there may also
be a contribution from extended jets, lobes or hotspots, based on
their radio size and the extrapolation of the extended radio emission
through to the infrared part of the SED. Indeed, two of these ob-
jects show.prominent, one-sided jets in optical images (PKS0625-35,
PKS1136-13: Ramos Almeida et al. 2011), and three (PKS0035-02,
PKS0625-35, PKS1839-48) show relatively strong emission from
their jet/lobes/hotspots on the scale of the Herschel PACS beam in
ourALMA ~100GHz images.

For the remaining five objects with uncertain extended

jet/lobe/hotspot contribution (PKS0034-01, PKS0039-44, PKS0409-
75,PKS1938-15, PKS2250-41), the uncertainty is exclusively for the
longer wavelengths >200um. Of these, all but PKS0034-01 are at
the higher redshift end of the sample (0.34 < z < 0.7). Indeed, the
NRLG/FRII PKS0409-75 (z = 0.693) is both the most distant radio
source and the most powerful at radio wavelengths in the 2Jy sample.
Although not observed with SPIRE, the LABOCA sub-mm flux falls
directly on a power-law extrapolation of the high frequency radio
SED for this object. Because of the relatively small angular extent
of the source (largest angular size = 9 arcsec or 85 kpc), which is
dominated by two lobes of emission (Morganti et al. 1999), we might
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Figure 5. Long-wavelength SEDs for 2Jy objects continued\(see Figure 2 for details). Note that PKS1648+05 was not observed with Spitzer IRS, and the

230 GHz flux for PKS1151-36 was taken from Steppe‘et al(1995).

expect the radio lobes to contribute at the longer far-IR wavelengths.
This emphasises that the powerful, steep-spectrum emission from the
lobes of high-z radio galaxies caftmake a substantial flux contribution
at the longer far-IR wavelengths, potentially compromising SFR and
dust mass estimates based on fluxes measured at those wavelengths.
See further discussion in\Section 5.

To summarises a totalyof 9/46 objects in our sample (20%) suf-
fer clear or possible contamination by non-thermal lobe/jet/hotspot
emission at’shorterfar-IR wavelengths (i.e. PACS bands: <200um).
For one”of these-objects the non-thermal emission dominates in
the far-IR to the extent that a thermal dust component cannot be
identified, but for four of the remaining sources it is possible to
correct the non-thermal contamination, based on a simple power-
law extrapolation of the longer-wavelength data. However, a higher
proportion of the sample (16/46 or 35%) show clear or poten-

tial lobe/jet/hotspot contamination at longer far-IR wavelengths (i.e.
SPIRE bands: >200xm); in many cases this contamination cannot be
readily corrected due to the dominance of the non-thermal emission,
or a lack of the sub-mm data required for accurate extrapolation.

4.1.2 Non-thermal core contamination

Determining the degree of non-thermal contamination by the com-
pact core components is potentially more challenging than it is for
the steep-spectrum extended components. This is because a simple
power-law extrapolation will not always suffice. For example, a syn-
chrotron core source could show a relatively flat spectrum in F,, from
radio to sub-mm wavelengths, but then a sharp turnover to a steeper
spectrum in the infrared, as the emitting plasma becomes optically
thin (e.g. NGC1052: Ferndndez-Ontiveros et al. 2019). However, for
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Figure 6. Long-wavelength SEDs for 2Jy objects continued (see Figure 2 for details). In addition to the ALMA flux measurement, for PKS1934-63 we also plot
the 95GHz flux reported in Partridge et al. (2016). Lacking"sub=mm data, power-laws (grey lines) have only been fit to the high frequency radio and LABOCA

data for PKS1934-63, and the high frequency radio’data alone for PKS1938-15.

the majority of cases with well-sampled SEDs in the literature and
in the 2]y sample itself, the SEDs,of the non-thermal cores are either
flat or decline with wavelength ‘in“the’mm to infrared wavelength
range (e.g. Dicken et al. 2008, Cleary et al. 2007; Prieto et al. 2016).
The difficulty in determining the'degree of non-thermal contribution
from the core componentsyis further exacerbated by the fact that
some of the sources for which this form of non-thermal contamina-
tion might be important lack the constraints that would be provided
by LABOCA or SPIRE data (e.g. PKS0034-01 and PKS0038+09 in
Figure2).

In cases where the core fluxes measured using radio, ALMA and
LABOCA data fall well above the far-IR fluxes, and the far-IR fluxes
appear to be an extrapolation of the radio to sub-mm SED of the core,
without any clear evidence for a far-IR thermal bump (i.e. 160um

flux larger than or comparable with the 100um flux), we consider that
the non-thermal core emission is likely to be dominant in the far-IR
(marked by a “D” in Table 2). Six objects in our full sample fall into
this category: PKS0035-02, PKS0620-52, PKS0625-35, PKS1136-
13, PKS1839-48, and PKS1954-55.

There are also objects with possible non-thermal core contamina-
tion at far-IR wavelengths, but for which there is some uncertainty
because of a lack of data at sub-mm wavelengths, or possible evi-
dence for a thermal bump in the far-IR (i.e. 160um flux lower than
the 100um flux). To identify these objects, we adopt the criterion
that any object for which the highest frequency radio to sub-mm core
flux (usually the ALMA 100GHz core flux but in some cases the
APEX LABOCA flux) is >50% the flux at a particular far-IR wave-
length has a potential for non-thermal core contamination, and mark
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Figure 7. Long-wavelength SEDs for 2Jy objects continued (see Fifure 2 for details). The grey triangles plotted in the SED of PKS2221-02 are for the companion
object that is confused with the target at SPIRE bands. For PKS2356-61 the grey line showsithe power-law fit to the non-thermal core emission, which was

derived using the LABOCA and 500um SPIRE data points.

the object with a “P” in the table. In this case, we are making the
assumption that the SED of the non-thermal core remains flat up to
far-IR wavelengths’ . However, this is likely to be conservatiye, given
that the SEDs of most compact core sources with more complete data
decline in flux over this wavelength range. Using this-eriterion, six
objects show potential for non-thermal core contaminationiat‘far-IR
wavelengths: PKS0034-01, PKS0038+09, PKS0442-28,,PKS0625-
53, PKS1602+01 and PKS1932-46. Moreover,"PKS0859-25 is also
classed as a P object, based on a flat extrapolation of its 20 GHz
ATCA radio core flux. However, this case is highly uncertain, due to
the lack of any mm or sub-mm photometric points.

In addition, there are two objects — PKS0915-11 and PKS2356-61
— for which the longer far-IR wayelengths are clearly dominated by
non-thermal core emission; but whose well-sampled radio-to-far-IR

5 A further is assumiption is that the ALMA observations, despite their rela-
tively low spatial/resolution’(beam FWHM ~1.4 — 3.7 arcsec), are domi-
nated by the eompact cores that are unresolved in the higher-resolution (<1
arcsec) ~20GHZ ATCA/VLA observations, and do not suffer from significant
contamination by steeper-spectrum jet or hotspot emission on the kpc-scales
coverediby the ALMA beam. However, examination of the ATCA/VLA maps
shows that such contamination is likely to be negligible in most cases, and for
the'few objects where it may be significant, the overall radio to far-IR SEDs
already suggest that the non-thermal core emission dominates. Therefore, this
does not affect the statistics on non-thermal core contamination of the far-IR.

SEDs (including ALMA, APEX LABOCA and Herschel SPIRE data)
show evidence for a turnover to steeper spectra at ~350 - 500um.
In these cases, a simple power-law extrapolation of the LABOCA
to longer-wavelength SPIRE points allows us to estimate the contri-
bution of the non-thermal contamination on the shorter-wavelength
fluxes. We mark these objects with a "C" in Table 2, and Table 3
shows the far-IR fluxes for these two sources after this non-thermal
core power-law has been subtracted.

We note that the non-thermal core contamination we have con-
sidered so far will potentially affect all far-IR wavelengths (both
PACS and SPIRE bands). However, there are seven additional ob-
jects for which non-thermal core contamination is likely, or has
the potential, to be significant in the SPIRE bands alone, based
on the extrapolation of the radio-to-sub-mm SEDs: PKS0043-46,
PKS0213-13, PKS0349-27, PKS0404+03, PKS1355-41, PKS1733-
56 and PKS2135-14.

Overall, a maximum of 15/46 of our full sample (33%) show
evidence for contamination by the emission of the non-thermal core
sources in the shorter-wavelength PACS bands, and a maximum of
22/46 (48%) in the longer-wavelength SPIRE bands. However, two
cases have sufficiently well-sampled SEDs to allow estimation of the
contribution of the non-thermal core emission to the PACS fluxes.
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Table 2. 2Jy sample non-thermal contamination results. The Table is organised by optical class: Broad-line/Quasar (BLRG/Q), narrow-line radio galaxy
(NRLG) and weak-line radio galaxy (WLRG); and also sorted by radio class: FRI, FRII and compact steep spectrum (CSS)/gigahertz peak spectrum (GPS)
objects. Lobe/hotspot and core contamination are shown separately, as are the results above and below 200 um. Objects with non-thermal contamination
are identified as follows: C indicates objects with significant non-thermal contamination, but where the contamination is correctable for at least some of
the photometric bands in the wavelength range - see Table 3; D indicates cases where the SED is dominated by the non-thermal emission that cannot be
corrected; and P indicates objects with a strong potential for non-thermal contamination, but for which the level of this contamination is uncertain. Column
10 indicates whether the objects has strong, independent evidence for recent star formation activity (RSF — see Dicken et al. 2012).

()] (@3] 3 “ (6)) Q) O] (®) ) (10)
Name Other z Optical Radio Lobe Lobe Core Core Star
Name Class Class <200pum  >200um  <200um  >200um  Formation
BLRG and Q
1151-34 0.258 Q CSS C D - - -
2135-20 O0X-258  0.635 BLRG CSS C C - - RSF
0035-02 3C17 0220 BLRG (FRII) P P D D -
0038+09 3C18 0.188  BLRG FRII - - P P -
0235-19 OD-159  0.620 BLRG FRII - - - - -
0945+07 3C227 0.086 BLRG FRII - - - - -
1136-13 0.554 Q FRII P P D D -
1355-41 0.313 Q FRII - - - P -
1547-79 0.483 BLRG FRII - - - - -
1602+01 3C327.1 0462 BLRG FRIT - - P P -
1733-56 0.098 BLRG FRII - - - P RSF
1932-46 0.231 BLRG FRIT - - P P RSF
1938-15 0452 BLRG FRII - P - - -
2135-14 0.200 Q FRIT - - - D -
2221-02 3C445 0.057 BLRG FRII - ‘ - -
NLRG
0023-26 0.322 NLRG CSS C C > - RSF
0252-71 0.566  NLRG CSS - P - - -
1306-09 0.464  NLRG CSS D D - - -
1814-63 0.063  NLRG CSS C C - - -
1934-63 0.183  NLRG GPS - P - - -
0039-44 0.346  NLRG FRII - P - - -
0105-16 3C32 0.400 NLRG FRIT - - - - -
0117-15 3C38 0.565 NLRG FRIL - - - - -
0213-13 3C62 0.147  NLRG FRII - - - P -
0349-27 0.066 NLRG FRII - - - P -
0404+03 3C105 0.089 NLRG ERIT - - - P -
0409-75 0.693 NLR@G FRI¥ - P - - RSF
0442-28 0.147  NLRG FRIT - - P P -
0806—-10 3C195 0.110 _NLRG FRII - - - - -
0859-25 0.305¢ 'NLRG FRIT - - P P -
1559402 3C327 0.104 “NLRG FRII - - - - -
1949+02 3C403 0.059 NLRG FRII - - - - -
2250-41 0.310%"NLRG FRII - P - - -
2314+03 3C459 0220 NLRG FRII - - - - RSF
2356-61 0096 NLRG FRII - - C D -
WLRG
0620-52 0.051 WLRG FRI - - D D RSF
0625-35 OH-342  0.055 WLRG FRI P P D D -
0625-53 0.054 WLRG FRI - - P P -
0915-14 HydraA 0.054 WLRG FRI - - C D RSF
1839-48 0.112 WLRG FRI P P D D -
1954-55 0.060 WLRG FRI - - D D -
1648+05 Herc A 0.154 WLRG FRI/FRII - - - - -
0034-01 3C015 0.073  WLRG FRII - P P P -
0043-42 0.116 WLRG FRIT - - - P -
0347+05 0.339  WLRG FRII - - - - RSF
2211-17 3C444 0.153  WLRG FRIT - - - - -
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Table 3. Non-thermal corrected Herschel flux results. Due to the uncertainty in the sub-mm point (ALMA or LABOCA data) that constrains the fit to the
steep-spectrum lobe emission, the subtraction of the non-thermal fit at 500um is highly uncertain and therefore not corrected or included in the Table. This is
also true for the 350um fluxes of 1151-34, as can be seen below. Uncertainties in corrected fluxes are those from the original Herschel measurements, but do
not account for uncertainties in the fitted power-law being subtracted. The original uncorrected fluxes are shown in brackets. The core fits for PKS0915-11 and
PKS2356-61 are based on the extrapolation of the fits to the LABOCA and 500um SPIRE data points.

Name 100pm + 160pm + 250pum + 350um +
Steep Spectrum Fit

0023-26 49.0(58.5) 43  72.0(86.6) 8.6 49.6(71.7) 5.0 34.9 (65.0) 6.9
1151-34 41.1(47.8) 20 40.7(51.2) 3.8 15.8(31.8) 5.8 -(242) -
1814-63 147.0(1863) 52 1332(189.0) 7.6 572(135.1) 7.7 28.2(1283) 94
2135-20 75.0 (80.8) 50 126.0(1343) 6.8 79.0(91.3) 44 35.0(55.0) 6.4
Core fit

0915-11 139.0(1704) 6.6 112.0(149.0) 53 358(93.8) 4.5 - -
2356-61 70.2 (81.0) 25 373(519) 55 125(322) 10.7 - -

5 DISCUSSION

In this section we discuss the overall contribution of the AGN and
associated jet activity to the far-IR continua of radio AGN, focussing
first on non-thermal contamination and how it depends on the ra-
dio/optical classification, then on the possible contribution of AGN-
heated cool dust.

5.1 Dependence of non-thermal contamination on radio/optical
class

Considering non-thermal contamination by both the lobes/hotspots
and the cores of the radio sources, overall we find that a maximum
of 43% (PACS bands) and 72% (SPIRE bands) of the objects in
our full sample have significant non-thermal contamination, with the
non-thermal contamination dominating the far-IR emission in at least
15% (PACS bands) and 24% (SPIRE bands) of objects. However, for
6 of the objects with non-thermal contamination in the PACS bands
we can correct the contamination at 100 and 160um. Therefore, we
are in a position to determine dust masses — one of the key goals
of our project — from the PACS photometry using the techniques of
Tadhunter et al. (2014) for 70% of the objects in our sample. This
work is presented in Bernhard et al. (2022).

Beyond assessing the incidence of non-thermal contamination in
the sample as a whole, we find interesting differences ifi- theyrates
of such contamination between the different radio AGN, classifica-
tions, as highlighted by the results in Table 2. We now-discuss these
differences in detail.

In terms of contamination by the extended lobe/hetspot emission,
all the objects for which this contamination, is important are either
compact CSS/GPS objects, or high redshift FRILsources. Indeed, 5/7
of the CSS/GPS sources in our sample have substantial non-thermal
lobe/hotspot emission at far-IR wavelengths, and thus lack evidence
for the spectral steepening that mightetherwise indicate ageing of the
electron populations in theif radio lobes (see Murgia et al. 1999). This
is consistent with the young.expansion ages for such sources derived
from multi-epoch VEBI measurements (Owsianik & Conway 1998;
Murgia et al. 1999; Tschager et al. 2000; Giroletti & Polatidis 2009;
An & Baan 2012).

On the other handsmost of the objects with dominant or potential
non-thermal core-contamination are either broad-line radio galaxy
or quasar FRIT'objects (BLRG/Q/FRII) or the weak-line radio galaxy
FRI objects (WLRG/FRII).

Considering first the BLRG/Q/FRIIL, 5 out of 13 (39%) of these ob-
jects are identified as having dominant or potential non-thermal core
contamination at shorter far-IR wavelengths (<200um), and a further

3 objects show evidence for such contamination at longer far=IR wave-
lengths (>200um). Therefore, 8 out of 13 (61%) of BLRG/FRII in
the 2Jy sample are identified with clear or potential non-thermal core
contamination to some part of their far-IR SED. I comparison, only 3
out of 15 (20%) of the narrow-line radio galaxy Fanaroff-Riley Class
II (NLRG/FRII) are identified with potential core,contamination in
the PACS bands, rising to 6 out of 15 (40%),if we also consider the
SPIRE bands. Although in terms of the'rates of non-thermal contam-
ination the difference between the BLRG/Q/FRII and NLRG/FRII
is barely significant, it is notable‘that in four of the BLRG/Q/FRII
the non-thermal component is clearly dominant in the SPIRE bands,
whereas this is only the case for one of the NLRG/FRII objects. Such
differences are readilyexplained on the basis of the unified schemes
for powerful radio galaxies: the jets of BLRG/Q/FRII objects are
are likely to be inelined closer to our line of sight than for their
NLRG/FRH counterparts (e.g. Barthel 1989; Baldi et al. 2013), and
therefore their far-IR SEDs are more likely to have a component of
beamed emission from the inner radio jets.

Theitwo NLRG/FRII objects that show clearest evidence for non-
thermal core contamination at far-IR wavelengths are PKS0442-28°
and, PKS2356-61. It is unlikely that the prominence of the non-
thermal core components in these cases is due to beaming effects,
for example related to intermediate inclinations of their jets to the
line of sight, since the core-to-extended radio flux ratios of the two
sources are typical of NLRG sources and somewhat below the average
values for BLRG/Q objects in the 2Jy sample (Morganti et al. 1997).
Rather, it is more plausible that the relatively high level of radio core
contamination in these sources is related to their high overall radio
luminosities: they represent the two objects with the highest total
radio luminosities of the 20 FRII radio galaxies in the 2Jy sample at
z < 0.15 (Tadhunter et al. 1998).

Looking at the WLRG/FRI objects in Table 2, it is notable that all
6 such objects have contamination from non-thermal core emission
in their infrared SED. Indeed, the SEDs of 4 out of the 6 objects are
completely dominated at far-IR wavelengths by the non-thermal core
emission. This is consistent with previous results for FRI sources
at both near- and mid-IR wavelengths which suggest a dominance
of non-thermal components at these wavelengths, and an absence of
warm dust emission from a circum-nuclear torus (Chiaberge et al.
1999; Leipski et al. 2009; van der Wolk et al. 2010).

Of the two WLRG/FRI objects that are not dominated by non-

6 Note that although its ALMA and high frequency radio fluxes are high
relative to the far-IR fluxes for this source, PKS0042-28 remains an uncertain
case because of the lack of LABOCA and SPIRE flux measurements.
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thermal core emission at all far-IR wavelengths, PKS0915-11 (Hy-
dra A) is particularly interesting: despite its FRI radio morphology,
it is one of the most powerful radio sources in the local Universe.
Also, unlike most WLRG/FRI sources, it has been identified to have a
strong recent star formation component (Dicken et al. 2012). There-
fore, it is possible that star formation heating of dust boosts the
thermal component of its SED, so that the non-thermal emission
does not dominate the infrared SED as for the other WLRG/FRI in
the sample. The other case — PKS0625-53 — is more ambiguous,
since although its 160um flux falls below its 100um flux (possible
evidence for a thermal bump), its 160um flux has relatively large
uncertainties. Otherwise, the shape of the radio-to-IR SED of this
object is consistent with it being dominated by non-thermal emission
from the core, but with a fairly sharp cut-off at mid-IR wavelengths.

In stark contrast to the WLRG/FRI sources, the majority (4/5)
of the WLRG/FRII sources show clear evidence for thermal dust
emission at far-IR wavelengths. The only exception is PKS0034-01,
which is similar to the case of PKS0625-53 discussed above, with
some uncertainty on whether or not it shows thermal dust emission,
because of the relatively large error on its 160um flux’. The presence
of a cool ISM in these WLRG/FRII galaxies is consistent with the
idea that they were originally SLRG/FRII, but that their AGN have
recently switched off or entered a phase of reduced activity (see
discussion in Tadhunter 2016). However, far-IR observations of a
larger sample of WLRG/FRII are required to put this idea on a firmer
footing.

Finally, it is important to add the caveat that non-thermal emission
from the cores of the sources is potentially subject to variability.
Therefore, there may be some level of variability between the high
frequency radio core measurements taken in 2006 with ATCA/VLA,
the Spitzer/MIPS data from 2004 — 2007, the APEX LABOCA data
from 2011 —-2013, the Herschel data from 2012 -2013, and the ALMA
data from 2019. Such variability is hard to quantify for the objects in
our sample. However, it may be apparent, for example, in the SED of
PKS0625-35, which is dominated at all far-IR wavelengths by non-
thermal core emission, but whose LABOCA and Herschel points —
well-represented by a single power-law — fall above an interpolation
of the ALMA and Spitzer MIPS points. This perhaps suggests that its
non-thermal core emission was stronger in the period 2012 — 2013
than it was either earlier or later.

One clear sign of variability in the core would be if the ALMA
100 GHz flux were significantly higher than the ATCA/VLA radio
core flux: we would expect the core flux to decrease with increasing
frequency, so a higher ALMA flux may indicaté variability. How-
ever, we only see such evidence in two objects: PKS0043-42 and
PKS0442-28.

Overall, in terms of contamination by the nen‘thermal cores, the
presence of variability is unlikely to.affect our general conclusions on
the incidence of such contamination in‘the/Sample as a whole, since
the highest frequency radio-to-mmflux we used for extrapolation
purposes could vary eithef upwards or downwards relative to the
Herschel fluxes. On thesother hand, it could potentially affect our
conclusions for some‘individual sources.

7 [We note that PKS0034-01 is likely to have thermal dust emission at some
level — eyen if not clear from its far-IR SED — given the detection of a dust
lane in HST optical images (Martel et al. 1999) and a star-forming disk in
HST UV images (Baldi & Capetti 2008).

5.2 Correlations between far-IR luminosities and AGN power
indicators

As already mentioned in the introduction, the far-IR continuum lu-
minosity is often considered to be a relatively clean indicator of the
star formation activity in AGN host galaxies. Although attempts are
sometimes made to correct the far-IR fluxes for AGN contamina-
tion using a template fitting approach (e.g. Mullaney et al. 2011;
Mor & Netzer 2012; Bernhard et al. 2021), many of the AGN tem-
plates used in such studies are made under the assumption that the
AGN SED is steeply declining at far-IR wavelengths, as predicted
by some models for the circum-nuclear torus surrounding the central
energy-generating regions. However, Symeonidis et al. (2016) and
Symeonidis (2017) have produced AGN SED templates that show a
larger contribution to far-IR continuum, and have argued that much
of the far-IR emission in luminous, quasar-like AGN is due to’cool,
AGN-heated dust.

Analysis of Spitzer observations of the 2Jy sample also provides
evidence for a major contribution from AGN-heated,dust,at far-IR
wavelengths: in Dicken et al. (2009, 2010) we found a Strong corre-
lation between the 70um continuum luminosity and the.fOIII]15007
emission-line luminosity, which is often considered toprovide a good
indication of the AGN bolometric luminosity (e.g. Heckman et al.
2005). Moreover, we showed that the AGNheating mechanism is en-
ergetically feasible if the cooler AGN-heated dust radiating at 70um
has a covering factor similar tothat of the narrow-line region (NLR).
However, it could be argued that at 70um — a relatively short far-IR
wavelength — the emission stillvhas a significant contribution from
dust in the circum-nuglear obscuring regions (e.g. the classical AGN
torus), whereas at longer far<IR wavelengths the emission might be
dominated by dustheated by regions of star formation, as a result of
a steeply declining intrinsic AGN SED.

Our Herschel observations allow us to further investigate the heat-
ing méchanism for the far-IR emitting dust, by extending the work
of.Dicken et al. (2009, 2010) to longer far-IR wavelengths. We have
used. thepflux measurements from Tables 1 and 3 to calculate the
rest-frame far-IR continuum luminosities at 100 and 160um. As part
of this, we made K corrections by assuming a modified black-body
continuum shape with 8 = 1.2, and dust temperatures estimated us-
ing the 160/100um flux ratios (see Tadhunter et al. 2014, for details).
For objects that were not detected at 160um, we assumed the mean
cool dust temperature for all the objects free of non-thermal contam-
ination and detected in both PACS bands to make the K-corrections.
The derived 100 and 160um luminosities are presented in Table Al
in the Appendix.

Note that we do not consider the 7 objects that are dominated by
non-thermal emission in the PACS bands in this analysis, because we
are interested in the relationship between the thermal far-IR emission
and the AGN bolometric power. This removes all but two of the
WLRG/FRI objects, so the analysis concentrates on the SLRG/FRII
and WLRG/FRII objects. For the latter groups, we do not expect the
removal of 3 non-thermally dominated objects to significantly bias
the results, since on the basis of the unified schemes for radio-loud
AGN these are objects whose jets are pointing close to the line of
sight, but whose host galaxy properties are expected to be similar
to those of the sample as a whole. We further note that, in cases
where it has proved possible to correct the far-IR fluxes for non-
thermal contamination (labelled with C in Table 2), we have used the
corrected fluxes when calculating the luminosities.

To investigate possible relationships between the far-IR luminosi-
ties and AGN bolometric power, we plot Ligg and L;gp against
Liorr1) and Lyg in Figures 8 and 9. Note that, like L{oyr), Lo4
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is widely accepted as useful AGN bolometric indicator (e.g. Dicken
et al. 2014)%. At first sight, the plots in Figures 8 and 9 appear to
provide evidence for correlations between the far-IR luminosities
and the AGN bolometric luminosity indicators, with the correlations
involving Ly4 appearing to be tighter than those involving Loy

To put these correlations on a firm statistical footing, in the second
column of Table 4 we present estimates of Spearman’s rank corre-
lation statistic (p) for different combinations of luminosities, along
with the probabilities that the luminosities are not correlated. For
the correlations involving 160um luminosities, we handled the small
number of 160um upper limits by taking the 100um flux estimates
(available for all objects), then for each affected object generating a
160um flux using a 160/100um ratio selected at random from the
distribution of 160/100um ratios measured for all the objects de-
tected at both 160um and 100um. This process was repeated 100
times, with the correlation coeflicients recalculated at each iteration.
The final correlation coefficient values were then taken as the mean
values for the 100 iterations.

Considering first the full sample of all 39 objects that are not domi-
nated by non-thermal emission, the correlations are highly significant
(p < 0.5%). However, it is important to be cautious about spurious
correlations that might arise through the mutual dependence of the
luminosities on redshift, so we also present results for the Spearman
partial rank correlation coefficient that take into account the potential
redshift dependence (third column of Table 4). On the basis of the
latter, significant correlations are still found for Lgg vs L4, L1gg Vs
Liogi1) and Lygp vs Loy, albeit with a reduced level of significance,
but the Lygg vs L[oy71] correlation is no longer significant.

Before finally concluding that the far-IR luminosities are correlated
with intrinsic AGN power, we need to consider other explanations for
the trends in the plots of Figures 8 and 9. One possibility is that the
correlations involving Ly4 — which appear the tightest — are driven by
non-thermal contamination: if the 24, 100 and 160um luminosities
were all affected by such contamination, then a correlation could
arise without there being any correlation between the thermal dust
emission and intrinsic AGN power. We have already removed all
the objects dominated by non-thermal contamination (marked D in
Table 2) from the analysis, but now we also remove the objects with
any possibility of non-thermal contamination in the PACS bands that
cannot be corrected (marked P in Table 2). The results are shown in
the middle part of Table 4 and demonstrate that the removaliof all
the objects with any possibility of non-thermal contamination makes
little difference to the correlation statistics.

It is notable that the objects with clear, independent.evidence for
recent star formation activity (RSF) as indicated by.the detection of
strong poly-aromatic hydrocarbon (PAH)Aeatures, optical/UV evi-
dence for young stellar populations (UV excesses and/or detection
of Balmer absorption lines), or red«nid- to far-IR colours (Dicken
et al. 2012), appear to show a particularly’tight correlations in the
plots involving L4, and fall well ‘above 'the main trends defined by
the other objects in the sample. Thes¢ RSF objects are indicated in
the final column of Table,2. For such objects, it is possible that the
correlations could beldriven by the fact that both the 24/m and the
far-IR luminosities ‘are dominated by the thermal emission of dust
heated by star formation, without there being a correlation between
far-IR luminositysand-intrinsic AGN power. To investigate the effect

8 (As shownin Dicken et al. (2014), on average both Loy and Ly4 are
likely to_suffer a mild (factor ~2) level of extinction in the type 2 compared
with the type 1 objects in our sample. Such extinction effects will increase
the scatter in the correlation plots, but not the overall result.
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Table 4. Investigating of the correlations between Loy, L24, L1oo and Ligg
using the Spearman rank correlation coefficient for different sub-samples.
The final column gives the partial rank correlation statistics, which take
into account any mutual dependence of the luminosities on redshift. The
numbers in brackets give the percentage probabilities that the variables are
uncorrelated.

Sample Spearman’s Spearman’s
P12 (p%) P12,3 (p%)

Full sample, excluding

NT dominated (N = 39)

L[OIII] vs Ligo 0.711 (<0.5%) 0.413 (<1%)

Liom vs Li6o 0.646 (<0.5%)  0.249 (<10%)

Log vs Ligo 0.818 (<0.5%) 0.623 (<0.5%)

L4 vs Ligo 0.747(<0.5%)  0.474(<0.5%)

Full sample, excluding NT

dominated-+possible (N = 33)

Lo vs Lioo 0.654 (<0.5%)  0.376.4<2.5%)

Liom vs Liso 0.567 (<0.5%)  0.180.(>10%)

L4 vs Ligo 0.793 (<0.5%) 0:616 (<0.5%)

L4 vs Ligo 0.707 (<0.5%) < 40.427.(<1%)

Full sample, excluding NT

dominated-+possible and

strongly star forming (N = 26)

Liom vs Lioo 0.849(<0.5%)  0.764 (<0.5%)

Liom vs Liso 0.659 (£0.5%)  0.478 (<0.5%)

L4 vs Ligo 0.886/(<0.5%)  0.823(<0.5%)

Lys vs Ligo 0:818 (<0.5%)  0.672(<0.5%)

that this might have onrthe correlation statistics for the sample as
a whole, we have removed the RSF objects, as well as those with
any possibility ‘of non-thermal contamination, and re-calculated the
statistics. The results are presented in the bottom part of Table 4,
and show that all the correlation statistics, including the partial rank
correlation statistics, suggest highly significant correlations between
then100 and 160um luminosities and intrinsic AGN power. It is in-
teresting that we see the tightest correlations for this sub-sample,
which is the cleanest in terms of potential non-thermal and strong
star formation contamination at both mid- and far-IR wavelengths.

Overall, we find clear evidence for underlying correlation between
far-IR luminosity and intrinsic AGN power. This is consistent with
the results of Dicken et al. (2009, 2010), but now demonstrated
for longer far-IR wavelengths. In terms of the underlying physical
mechanisms at work, one possibility is that much of the cool, far-IR
emitting dust is situated in the kpc-scale NLR and directly heated
by the shorter wavelength radiation from the AGN (Tadhunter et al.
2007; Dicken et al. 2009, 2010) in a majority of objects. However, it
has yet to be demonstrated that there is sufficient dust in the NLR on
large enough scales, and hence cool enough to radiate in the far-IR,
for this mechanism to be feasible.

As well as the kpc-scale NLR, the circum-nuclear torus (r <
300 pc) may also make a significant contribution at far-IR wave-
lengths: the radiative transfer models of Siebenmorgen et al. (2015)
show that, for certain assumed torus geometries and dust grain prop-
erties, the torus emission can fully account for far-IR SEDs of some
AGN, without the need for a dust component heated by star forma-
tion. However, such models require a relatively large ratio of the outer
to the inner torus radius (rour/rin ~ 170), as well as a significant
population of large, “fluffy” dust grains with high far-IR emissivities
that are not found in the normal ISM of galaxies. Again, since the
dust in the torus is ultimately heated by shorter wavelength AGN
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Figure 8. The relationship between 100um far-IR luminosity and AGN-belo-
metric power indicators. Top: Ligo vs. L{orr1)- Bottom: Lygy vs,4Lo4. The
7 objects that are clearly dominated by non-thermal emission i the'PACS
bands are not plotted. Key to symbols: black circles indicate-objects that do
not suffer significant non-thermal contamination in the PACS bands ot show
independent evidence for strong star formation activity;magenta circles rep-
resent objects for which there is a possibility of non-thermal contamination
in the PACS band; and blue stars are objects with clear evidence for recent
star formation activity (see Dicken et al. 2012).

radiation, a correlation might be expected between the far-IR lumi-
nosity and AGN bolometric luminosity, as long as sufficient dust in
the torus can remain coolenough to radiate in the far-IR.

Regardless of whether the cool dust is situated in the NLR or the
torus, if it is maijnly heated by the radiation of the AGN, this would
have major implications for the use of far-IR continuum measure-
ments to estimatesSFR for the host galaxies of AGN. In particular,
if the AGN heated cool dust component is not adequately accounted
for, estimates of SFR based on far-IR luminosities may be substan-
tially over-estimated (see also Symeonidis et al. 2016; Symeonidis
2017, 2022).

On the other hand, our observations do not entirely rule out some
level of heating of the cool dust by regions of star formation, even
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Figure 9. The relationship between 160um far-IR luminosity and AGN bolo-
metric power indicators. Top: Ligo vs. L{orr1)- Bottom: Ligy vs. Lo4. The
7 objects that are clearly dominated by non-thermal emission in the PACS
bands are not plotted. The symbols are the same as in Figure 8.

in cases that currently lack strong independent evidence for recent
star formation activity. For example, the PAH features associated
with low or moderate levels of star formation might be difficult to
detect at mid-IR wavelengths in the face of strong, AGN-heated
torus emission, and the optical/UV signs of star formation masked
by AGN-related continuum components at shorter wavelengths (e.g.
scattered light and nebular continuum Tadhunter 2016). Therefore,
rather than direct heating of the cool dust by the AGN radiation, an
alternative is that the observed trends arise indirectly via a correlation
between AGN radiative power (heating the warmer mid-IR-emitting
dust and ionizing the [OIIl]-emitting regions) and star formation
activity (heating the cooler far-IR-emitting dust). Such a correlation
might be caused, for example, by the dependence of both the star
formation rates and the accretion rates onto the central super-massive
black holes on the supply of gas into the central regions of the host
galaxies (e.g. via galaxy mergers).
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6 CONCLUSIONS

We present deep Herschel PACS and SPIRE observations for a com-
plete sample of 46 2Jy southern radio AGN. The depths of the PACS
observations have allowed >30 detections of 100 and 89% of the
full sample at 100 and 160um respectively. 19 objects were also ob-
served with SPIRE, reaching a >3¢ detection rates of 84% at 250um;
79% at 350um; and 53% at 500um. In addition, to bridge the gap
between far-IR and radio wavelengths, we present new sub-mm and
mm data taken using APEX LABOCA and ALMA respectively, re-
porting 870um fluxes for 19 objects, and ~100 GHz (~3 mm) fluxes
for 29 objects.

We find that the infrared to radio SEDs of the sample show consid-
erable diversity that is related to relative importance of the emission
from the cores, jet and lobes of the radio sources, from the warm and
cool dust heated by AGN radiation, and from the cool dust heated
by regions of star formation. At far-IR wavelengths, the non-thermal
emission is most prominent in CSS/GPS, BLRG/Q and WLRG/FRI
sources. On the other hand, the thermal emission of cool dust heated
by stars dominates in objects that show independent evidence for
major recent star formation activity.

Despite the fact that all the objects in our sample were selected
to have SEDs that are steeply declining with frequency at radio
wavelengths, a significant fraction show evidence for non-thermal
contamination in the far-IR, with the incidence of contamination
higher in the longer-wavelength SPIRE bands (30 — 72%) than in
the shorter wavelength PACS bands (28 — 43%). This emphasises
that selection on the basis of a steep radio spectral index is not by
itself sufficient to avoid non-thermal contamination in the far-IR.
Moreover, even in cases where the extrapolation of steep-spectrum
radio emission suggests negligible non-thermal contamination by
the radio lobes, we have shown that contamination by the flatter-
spectrum radio cores can be significant, or even dominate, at far-IR
wavelengths.

Finally, concentrating on the subset of objects that lack indepen-
dent evidence for strong star formation activity, and for which the
non-thermal contamination in the PACS bands is negligible or can
be corrected, we find highly significant correlations between the 100
and 160um monochromatic continuum luminosities (Lo and L ;4g)
and AGN bolometric power indicators (L[] and Ly4). These@or-
relations persist even after the potential mutual dependencies, of the
luminosities on redshift are taken into account. This provides further
evidence that radiation from the AGN is an importantheating source
for the cool, far-IR emitting dust in many radio AGN, although we
cannot entirely rule out the idea that the correlations arise through a
strong relationship between star formation activity and AGN power.
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APPENDIX A: NOTES ON INFRARED OBSERVATIONS
FOR INDIVIDUAL OBJECTS

(i) PKS0235-19 - The Spitzer MIPS 70um flux first reported in
Dicken et al. (2008) now appears to be high compared with the new
Herschel photometry results. Re-analysing the Spitzer MIPS data,
what previously appeared to be the object may be a feature in the
background, where we find the Spitzer image to be particularly poor
in quality.

(ii) PKS0404+03 - Herschel SPIRE data flux measurements are
not possible because of bright Galactic cirrus emission in the images.

(iii) PKS0620-52 - Measurement of the Herschel PACS 160um
flux was difficult due to two close neighbours in the image for this
object. The flux reported is the sum of all 3 objects fluxes minus the
two brighter companion galaxies. Note that the 70um flux for this
object is unreliable because of the potential contamination by the
companion objects in the Spitzer beam.

(iv) PKS0945+07 - The Spitzer MIPS 70um flux first reportedin
Dicken et al. (2008) now appears to be low compared with the new
Herschel photometry results. Re-examination the.Spitzer MIPS data
reveals negative pixels in the vicinity of the source that may have
brought down the overall flux in this objects

(v) PKS0915-11 - At 350 and 500um this source is clearly con-
fused with its neighbour — a spiral galaxy =35 arcsec to the SW
(Ramos Almeida et al. 2011) — in the\SPIRE images. The grey points
plotted in the SED of PKS0915411 are the PACS fluxes for the com-
panion object that is confused with thetarget at the two longer SPIRE
bands. These points are plotted.toshelp assess the degree of potential
contamination to the longer'SPIRE bands in this object.

(vi) PKS1306-09 - The.Spitzer MIPS 70um flux first reported in
Dicken et al. (2008) now appears to be high compared with the new
Herschel photometry,results. The Herschel PACS measurements fall
on a straightforward power-law extrapolation of the radio to sub-mm
SED, butithe Spitzer MIPS 70um point falls significantly above this
lines

(vii) "PKS1934-63 - The PACS 100 and 160um fluxes have been
corrected for the contribution of a companion galaxy 17 arcsec to
the ' SW; however, it was not possible to correct the Spitzer 70um
flux for the companion, so this may represent an upper limit for the
PKS1934-63 AGN host.

(viii) PKS2135-14 - The Spitzer MIPS 70um flux first reported
in Dicken et al. (2008) now appears to be low compared with the new
Herschel photometry results. Re-analysing the Spitzer MIPS data
reveals negative pixels in the vicinity of the source that may have
brought down the overall flux in this object.

(ix) PKS2250-41 - The Spitzer MIPS 70um flux first reported in
Dicken et al. (2008) now appears to be low compared with the new
Herschel photometry results.

(x) PKS2221-02 - The flux drops rapidly for this object at SPIRE
wavelengths, and the SPIRE images are likely to be dominated by
the flux of a nearby companion galaxy that is clearly visible in the
PACS bands (companion fluxes shown by grey triangles in the SED
of Fig 7).
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Table Al. Rest-frame [OIII]A5007, 5SGHz radio, 24um, 100um and 160um luminosities for the 2Jy sample. The [OIII], radio and 24um luminosities are
taken from Dicken et al. (2009), with the exception of PKS0347+05, whose [OIII] luminosity has been revised based on the work of Tadhunter et al. (2012);
the 100 and 160um luminosities are derived from the Herschel fluxes presented in this paper (see Section 2.2 for details). Note that the K-corrections used to
calculate the far-IR luminosities of objects not detected at 160um or dominated by non-thermal radiation, were derived by assuming the mean dust temperature
(Tgus: = 40.1K), as determined for all the objects without significant star formation or evidence for non-thermal contamination. The far-infrared luminosities
of the non-thermal dominated objects — indicated by brackets in the table — are uncertain, because is not clear that the assumed modified black body is a good
approximation to their true SED shapes.

PKS Lo LsGH: Loy Lioo Lieo
Name log(W)  log(WHz™!) log(WHz™!) log(WHz™!) log(WHz™!)
0023-26  35.18 27.04 24.00 2522 25.17
0034-01 3349 2530 22.98 23.23 23.05
0035-02  35.08 2623 24.20 (24.59) (24.52)
0038+09  35.17 26.20 2434 2434 24.20
0039-44  36.06 26.66 25.08 2531 25.06
0043-42 3370 25.97 23.53 23.69 2353
0105-16 3539 26.83 24.62 2452 <2428
0117-15 3621 27.23 2491 25.15 <24.68
0213-13  35.10 26.00 24.30 24.19 23.89
0235-19 3627 27.34 25.08 24.85 <2438
0252-71  35.15 2734 2459 24.98 24.94
0347405 33.70 26.65 24.26 25.35 25.26
0349-27  34.08 2532 2297 23.70 23.61
0404+03 3446 26.65 23.77 2421 23.89
0409-75  35.11 2791 2471 25.76 25.50
0442-28  34.83 26.08 24.08 23.88 <23.67
0620-52 <3241 24.87 2246 (22.99) (22.98)
0625-35  33.48 25.17 2323 (23.70) (23.74)
0625-53  <33.04 25.04 22.08 22.69 2276
0806-10  35.77 25.65 24.88 25.12 24.83
0859-25 3498 26.72 2432 23.99 <24.19
0915-11 3346 25.96 2281 25.96 23.83
0945+07  34.90 25.67 23.87 23.75 23.66
1136-13  36.73 2730 25.14 (25.44) (25.13)
1151-34 3545 26.72 24.53 24.86 2470
1306-09  35.15 27.11 24.64 (25.11) (25.00)
1355-41  35.89 26.65 25.05 25.20 24.95
1547-79  36.43 27.08 2481 25.11 24.93
1559402 35.25 25.89 24.80 25.02 2472
1602401 35.81 26.89 24.69 24.83 24.50
1648+05  33.65 2691 23118 24.02 24.05
1733-56  34.81 25.89 23.86 24.82 24.76
1814-63  33.63 25752 2375 24.13 24.04
1839-48 <3236 25.60 23.00 (23.52) (23.96)
1932-46  35.38 26.74 23.66 24.57 24.50
1934-63  35.08 2697 24.15 24.36 2439
1938-15  35.88 27.32 2470 25.09 24.78
1949402 34.86 2527 24.17 24.54 24.37
1954-55 4320 25.15 2236 (22.88) (22.90)
2135-14 360kl 26.18 25.00 25.04 24.71
2135420 36.14 27.38 25.14 26.06 2591
2211-19, /3338 26.15 2261 23.93 24.11
222102 7 35.23 25.23 24.23 24.04 23.73
2250-41 3570 25.59 2451 24.86 24.63
2314403 3520 26.25 24.94 25.95 2571
2356-61  34.95 26.00 23.95 24.14 23.82
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Table A2. Observation details for the Herschel, APEX/LABOCA and ALMA data.

Herschel APEX ALMA

PACS SPIRE LABOCA
PKS Obs. Obs. Duration Obs. Obs. duration ~ Obs. Obs.  Obs. LO Freq
Name IDs Date blue/red (s) ID Date (s) Date prog. Date (GHz)
0023-26  1342257778/79 25/12/12 220 1342258392  3/01/13 721
0034-01  1342257780/81 26/12/12 670 10/11/19 102.4
0035-02  1342258794/95 6/01/13 220 1342258370  3/01/13 721 15/09/11 88 3/11/19 101.4
0038+09 1342258800/01 6/01/13 670 1/11/19 91.9
0039-44  1342259082/83 9/01/13 220 1342258401  3/01/13 721 30/04/13 91
0043-42  1342256973/74 11/1/12 1570 2/11/19 98.2
0105—-16  1342258812/13 6/01/13 1570
0117-15  1342258810/11 6/01/13 670
0213-13  1342258808/09 6/01/13 670 3/11/19 95.4
0235-19  1342259276/77 10/01/13 1570
0252-71  1342253004/05 10/10/12 1570 1/08/12 89
0347+05 1342263912/13 19/02/13 670
0349-27  1342261724/25 21/01/13 670 14/04/13 91 4/11/19 103.1
0404+03 1342267196/97 12/03/13 670 1342265381  2/03/13 721 3/11/19 100.9
0409-75  1342252998/99 10/10/12 670 1/08/12 39
0442-28  1342263893/94 18/02/13 670 3/11/19 95.4
0620-52  1342253013/14 10/10/12 670 1/08/12 89 3/11/19 104.6
0625-35  1342252855/56 9/10/12 220 1342253431 15/10/12 721 11/04/13 91 10/11/19 104.3
0625-53  1342253011/12 10/10/12 1570 3/11/19 104.3
0806—10  1342253031/32 10/10/12 220 1342254513 5/11/12 721 4/11/19 98.9
0859-25  1342253027/28 10/10/12 1570
0915-11 1342207071/2/3/4  25/10/10 571 1342207041  24/10/10 721 21/04713 91 18/07/18 102.6
0945+07 1342255960/61 27/11/12 1570 3/11/19 101.1
1136—13  1342257457/58 19/12/12 1570 13/04/1.3 91
1151-34  1342257565/66 20/12/12 670 1342259409  3/01/13 721 13/04/13 91 3/11/19 98.6
1306-09  1342257563/64 20/12/12 670 22/05/12 89
1355-41  1342259286/87 10/01/13 445 1342261665  21/01/13 721
1547-79  1342252992/93 10/10/12 670
1559+02 1342261307/08 17/01/13 220 1342261672  21/01/13 721 14/11/19 99.4
1602+01 1342261305/06 17/01/13 1570 13/04/13 91
1648+05 1342252009/10 01/10/12 1570 1342251952 O4/10A12 721 8/11/19 94.88
1733-56  1342252845/46 9/10/12 220 1342253432 /7 15/10/12> 721 19/09/11 88 14/11/19 99.9
1814-63  1342252847/48 9/10/12 220 1342254066 30/10/12 721 13/04/13 91 12/11/19 103.3
1839-48  1342252839/40 9/10/12 1570 13/04/13 91 30/10/19 98.6
1932-46  1342252837/38 9/10/12 1570 22/05/12 89 30/10/19 100.4
1934-63  1342252988/89 10/10/12 1570 30/10/19 92.2
1938—-15  1342252984/85 10/10/12 1570
1949+02 1342252980/81 10/10/12 220 1342255085  15/11/12 721 2/11/19 103.8
1954-55  1342252986/87 10/10/12 1570 2/11/19 103.9
2135-14  1342256130/31 27/11/12 220 1342256742 8/12/12 721 22/05/12 89 31/10/19 102.9
2135-20  1342255980/81 27/11/12 - 220 1342256740  8/12/12 721 22/05/12 89
2211-17  1342257509/10 19/12/12 41570 31/10/19 94.9
2221-02  1342257621/22 20/12/12 220 1342256798  8/12/12 721 3/11/19 104.0
2250-41  1342256140/41 27/14/12 670
2314+03 1342237979/80 06/0T42 1445 1342234756 19/12/11 307 31/10/19 101.3
2356-61  1342257001/02 12/12/127 670 1342259397  3/01/13 721 27/04/13 91 31/10/19 100.1
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