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A B S T R A C T 

We use deep Herschel observations of the complete 2Jy sample of powerful radio active galactic nuclei (AGNs) in the local 
Universe (0.05 < z < 0.7) to probe their cool interstellar medium (ISM) contents and star-forming properties, comparing them 

against other samples of nearby luminous AGNs and quiescent galaxies. This allows us to investigate triggering and feedback 

mechanisms. We find that the dust masses of the strong-line radio galaxies (SLRGs) in our sample are similar to those of 
radio-quiet quasars, and that their median dust mass ( M dust = 2 × 10 

7 M �) is enhanced by a factor of ∼200 compared to that 
of non-AGN ellipticals, but lower by a factor of ∼16 relative to that of local ultraluminous infrared galaxies (ULIRGs). Along 

with compelling evidence for merger signatures in optical images, the SLRGs in our sample also show relatively high star 
formation efficiencies, despite the fact that many of them fall below the main sequence for star-forming galaxies. Together, 
these results suggest that most of our SLRGs have been retriggered by late-time mergers that are relatively minor in terms of 
their gas contents. In comparison with the SLRGs, the radio AGNs with weak optical emission lines (weak-line radio galaxies –
WLRGs) and edge-darkened radio jets (F anaroff–Rile y Class I radio sources – FRIs) have both lower cool ISM masses and star 
formation rates (by a factor of > 30), consistent with being fuelled by a different mechanism (e.g. the direct accretion of hot gas). 

K ey words: galaxies: acti ve – galaxies: interactions – galaxies: ISM – galaxies: starburst – quasars: general. 
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 I N T RO D U C T I O N  

espite the importance of supermassive black hole growth in
egulating galaxy evolution via active galactic nucleus (AGN)
eedback (see Harrison 2017 for a re vie w), AGN triggering
echanisms remain a highly debated subject. In this context,

owerful radio AGNs are particularly important. On the one hand,
hey are almost invariably hosted by elliptical galaxies, allowing
or relatively ‘clean’ searches to be made for the morphological
ignatures of the triggering events (e.g. tidal tails and shells); any
ool gas detected in such galaxies is also more likely to have an
xternal origin than in late-type galaxies. On the other hand, radio
GNs launch powerful relativistic jets that are capable of heating the

ar ge-scale interstellar medium/inter galactic medium (ISM/IGM) –
ne of the most important forms of AGN feedback (e.g. Best et al.
006 ; McNamara & Nulsen 2007 ). 
Deep observational campaigns undertaken at optical wavelengths

ave reported that signatures of galaxy interactions are common
mongst samples of local powerful radio AGNs (e.g. Heckman
 E-mail: manu.p.bernhard@gmail.com (EB); c.tadhunter@sheffield.ac.uk 
CNT) 

d
m
2

E

Pub
t al. 1986 ; Smith & Heckman 1989 ; Ramos Almeida et al. 2011 ,
012 ; Pierce et al. 2022 ). Ho we ver, these optical features do not
orrespond to a single merger phase (i.e. pre-merger or post-merger)
r type (i.e. minor/major), thereby questioning the link between radio
GN activity and the peaks of major gas-rich galaxy mergers, 1 as

epresented by ultraluminous infrared galaxies (ULIRGs; Sanders
t al. 1988 ; Sanders & Mirabel 1996 ). In addition, a higher fraction
f merger signatures were found amongst powerful radio AGNs
ssociated with strong optical emission lines (i.e. strong-line radio
alaxies and high-excitation radio galaxies – SLRGs and HERGs),
ypical of those observed in quasars (QSOs), when compared to radio
GNs lacking such optical features (i.e. weak-line radio galaxies and

ow-excitation radio galaxies – WLRGs and LERGs; e.g. Malin &
arter 1983 ; Ramos Almeida et al. 2011 ; Pierce et al. 2022 ). 2 This
otentially implies different dominant triggering mechanisms for
LRGs and WLRGs, linking the most major gas-rich mergers with
Hereafter, we refer to the peaks of major gas-rich galaxy merger to 
ifferentiate from galaxy interactions at pre-/post-galaxy merger and more 
inor mergers. 
 In this work, we use the SLRG/WLRG classification, where SLRGs have 
W [O III ] > 10 Å. 
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5 For the WISE data, where extended sources were flagged, we used the 
photometry calculated within the extended Two Micron All-Sky Survey 
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he former population of radio AGNs. Ho we ver, it is dif ficult to
uantify the nature of the merger (i.e. major/minor and g as-rich/g as-
oor) from optical images alone. 
With the advancement of mid-to-far-infrared astronomy via ob- 

ervatories such as the Wide-field Infrared Survey Explorer ( WISE ;
right et al. 2010 ), Spitzer (Werner et al. 2004 ), and Herschel 3 

Pilbratt et al. 2010 ), it is now possible to trace the dust content of
alaxies, a proxy for the o v erall cool ISM contents (e.g. Draine & Li
007 ; Parkin et al. 2012 ; R ́emy-Ruyer et al. 2014 ). This provides
nformation on the nature of the merger by comparing the cool 
SM content of powerful radio-loud AGNs with that expected from 

ajor gas-rich galaxy mergers, therefore complementing results from 

ptical images. In a preliminary study, Tadhunter et al. ( 2014 ) found
hat the median dust mass of nearby SLRGs is lower than that
f ULIRGs, therefore emphasizing the importance of more minor 
ergers in triggering such objects. 
The star-forming properties of host galaxies also provide key infor- 
ation on AGN triggering mechanisms. Most star-forming galaxies 

ollow a redshift-dependent relationship between star formation rate 
SFR) and stellar mass (e.g. Daddi et al. 2007 ; Elbaz et al. 2007 ;
oeske et al. 2007 ; Rodighiero et al. 2014 ; Sargent et al. 2014 ;
chreiber et al. 2015 ), known as the main sequence (MS) of galaxies.
 small fraction ( ∼3 per cent), mainly triggered by major gas-rich
alaxy mergers, and referred to as starbursting systems, show SFRs 
t least a factor of 4 abo v e the MS (e.g. Sargent et al. 2014 ; Schreiber
t al. 2015 ). Therefore, comparing the star-forming properties of the 
osts of powerful radio-loud AGNs to the MS of galaxies can provide
urther information on their triggering mechanisms. 

Here, using deep Her schel f ar-infrared (FIR) data for a unique
ample of nearby (i.e. z < 0.7) powerful radio AGNs (the 2Jy sample;
ee Section 2.1.1 for details), combined with the abundance of com- 
lementary multiwavelength data available for this sample, we in- 
estigate the triggering mechanisms of powerful radio AGNs, split in 
erms of SLRGs and WLRGs. To do this, we measure their cool ISM
roperties, SFRs, and SFR efficiencies, and compare them against 
hose of samples of radio-quiet QSOs, non-AGN classical elliptical 
alaxies, and ULIRGs. We further place the SFRs in the context of
he MS of star-forming galaxies to provide a more complete picture 
f the triggering and feedback mechanisms of powerful radio AGNs. 
This paper is organized as follows. We present in Section 2 our

amples of powerful radio AGNs and comparison samples. We show 

n Sections 3 , 4 , and 5 how we calculated dust masses, SFRs, and
tellar masses, respectively. Our results on the dust masses and the 
FRs are presented in Section 6 , and their implications in Section 7 .
inally, we present the main concluding remarks in Section 8 . 
hroughout, we adopted a Wilkinson Micr owave Anisotr opy Pr obe 
 WMAP ) 9-year cosmology ( H 0 = 69.3 km s −1 Mpc −1 , �m 

= 0.29,
� 

= 0.71; Hinshaw et al. 2013 ) 4 and a Chabrier ( 2003 ) initial mass
unction when calculating galaxy properties. 

 DATA  A N D  SAMPLES  

n this section, we present our samples of powerful radio AGNs and
he comparison samples for which we derive dust masses ( M dust ) and
FRs. The main method adopted to calculate M dust relies on the 100
 Herschel is an ESA space observatory with science instruments provided by 
uropean-led Principal Investigator consortia and with important participa- 

ion from NASA. 
 We stress that these are the default values for the WMAP 9-year cosmology 
f the PYTHON package ASTROPY (Astropy Collaboration et al. 2018 ). 

(
s
a
d
d
6

e
c

nd 160 μm fluxes and their ratio (see Section 3 ), since these are now
vailable for large samples of nearby objects. Therefore, our primary 
election is based on the availability of Herschel -Photodetector Array 
amera and Spectrometer (PACS; Poglitsch et al. 2010 ) fluxes at
00 or 160 μm . For objects with additional Herschel -Spectral and
hotometric Imaging Receiver (SPIRE) data (i.e. at 250, 350, and 
00 μm ; Griffin et al. 2010 ), we constructed infrared (IR) spectral
nergy distributions (SEDs) to fit detailed dust emission models 
see Section 3.1 ). For these we also included the Herschel fluxes at
0 μm when available, and we required an additional mid-IR (MIR)
ata point to account for any potential warmer dust contributions 
see Section 3.1.1 ). Overall, sources selected for detailed SED fits
ulfilled all of the following criteria as a minimum requirement: 

(i) detected with Spitzer at 24 μm or WISE at 22 μm ; 
(ii) detected with Herschel -PACS at 100 or 160 μm ; 
(iii) detected with Herschel -SPIRE at 250 and 350 μm . 

These SED fits provide more precise estimates of M dust values, 
hich, once compared with those estimated from the 100/160 μm 

ux ratio method (see Section 3.2 ), allow us to test the latter. 
To calculate SFRs, we used a multicomponent SED fitting code 

hat accounts for AGN contribution when necessary (see Section 4 ).
herefore, for these SFR estimates, we also considered archi v al
ISE , Spitzer -Multiband Imaging Photometer for Spitzer (MIPS; 

azio et al. 2004 ), and Spitzer -Infrared Array Camera (IRAC; Rieke
t al. 2004 ) data from the NASA/IPAC Infrared Science Archive
IRSA) at wavelengths of 8–24 μm . Only sources with robust quality
ags were used, 5 as described in the explanatory supplements of each

nstrument available on the IRSA website. 6 

We provide in Table 1 a full listing of our various populations of
GNs and galaxies, as presented in the following subsections. In 
ddition, detailed tables listing the general properties of each of the
bjects in these samples are accessible in the online material. 

.1 Powerful radio-loud AGNs 

ur main samples consist of nearby radio-loud AGNs. As they are
lmost invariably hosted in elliptical galaxies (e.g. Tadhunter 2016 ; 
ierce et al. 2022 ), they offer a clean way to search for signs of

nteractions and investigate triggering and feedback mechanisms (see 
ection 1 ). 

.1.1 The 2Jy sample 

ur primary radio AGN sample comprises 46 nearby (0.05 < z < 0.7)
outhern ( δ < 10 ◦) powerful radio galaxies with steep radio spectra
 F ν ∝ ν−α; α > 0.5) from the 2Jy sample of Wall & Peacock ( 1985 ),
omplete at S 2.7 GHz > 2 Jy (Dicken et al. 2009 ). This sample is
nique in the depth and completeness of its multiwavelength data, 
n particular at MIR–FIR wavelengths. Deep Herschel photometry 
MNRAS 512, 86–103 (2022) 

2MASS) aperture when available. Otherwise, when the extended flag was 
et to 1, we checked the reduced chi-squared value ( χ2 

ν ) of the profile fit, 
nd only used the flux if χ2 

ν < 3. For the Spitzer -MIPS and Spitzer -IRAC 

ata, only point sources were used, and the fluxes of extended sources were 
iscarded. 
 Available at https:// wise2.ipac.caltech.edu/docs/ release/ allwise/ expsup/ind 
x.html for WISE , and at ht tps://irsa.ipac.calt ech.edu/data/SPITZER/Enhan 
ed/ SEIP/docs/ seip explanatory supplement v3.pdf for Spitzer . 

https://wise2.ipac.caltech.edu/docs/release/allwise/expsup/index.html
https://irsa.ipac.caltech.edu/data/SPITZER/Enhanced/SEIP/docs/seip_explanatory_supplement_v3.pdf
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Table 1. Summarizing our various populations and samples of AGNs and 
galaxies, as described in Section 2 . Here, ‘RL’, ‘RQ’, and ‘E.’ correspond to 
radio-loud, radio-quiet, and ellipticals. We also indicate where the Herschel 
IR fluxes were taken from (i.e. ‘C14’: Ciesla et al. 2014 ; ‘W16’: Westhues 
et al. 2016 ; ‘S18’: Shangguan, Ho & Xie 2018 ; ‘S19’: Shangguan & Ho 
2019 ; ‘D21’: Dicken et al., in preparation, and/or Highly Processed Data 
Products – HPDPs), some sample statistics: the total number of sources 
retained in each sample ( N tot ), of which the number selected for SED fits 
( N fit ; see Section 2 ), and the fractions detected at both 100 and 160 μm , 
as well as the fractions detected at one band only , respectively . We note 
that the large fractions of detected sources in the Atlas 3D sample arise due 
to selection effects, and do not reflect the true fractions of IR-detected 
elliptical galaxies in this sample. The K17 ∗ corresponds to the extra sources 
with dust masses reported in Kokusho et al. ( 2019 ) and based on AKARI 
fluxes measured in Kokusho et al. ( 2017 ) for the Atlas 3D sample, and that 
we have included in our analysis (see Section 2.4.1 ). 

Types Samp. Ref. IR N tot N fit IR det. (per cent) 
Two bands One band 

2Jy D21 46 8 89 11 
RL AGNs 

3CR W16 45 4 47 29 

PGQs S18 70 9 86 10 
RQ QSOs 

Type-II S19 86 12 82 13 

C18 
ULIRGs HERUS 41 14 51 49 

HPDPs 

E. Gal. Atlas 3D HPDPs 6 4 67 33 
K17 ∗ 32 – –

C14 8 0 0 0 
HRS 

HPDPs 
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7 Leahy, Pooley & Riley ( 1986 ), Leahy & Perley ( 1991 ), Gelderman & Whittle 
( 1994 ), Giovannini et al. ( 1994 ), Jackson & Rawlings ( 1997 ), Mack et al. 
( 1997 ), Ludke et al. ( 1998 ), Haas et al. ( 2005 ), Koss et al. ( 2017 ), Laing 
(unpublished), and Clarke & Burns (unpublished). 
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s now available for the 2Jy sample, following observations per-
ormed between 2012 October and 2013 March as part of program
DT mustdo 4. While preliminary results for the Herschel data were
resented in Tadhunter et al. ( 2014 ), the detailed observation strategy,
ata reduction, and the most recent fluxes will be reported in Dicken
t al. (in preparation). Crucially, in the latter, efforts were made to
alculate IR fluxes free of non-thermal contamination, which can be
 particular issue for radio-loud AGNs in the FIR. 

All of the 46 sources were detected at 100 μm , and 41 (89 per cent)
ere also detected at 160 μm . Ho we ver, we treated the FIR fluxes of
4 sources (30 per cent) as upper limits, since they showed potential
on-thermal contamination that could not be corrected for (Dicken
t al., submitted; see also tables in the online material). Out of the
ull sample of 46 sources, eight were selected for detailed SED fits
ased on the criteria outlined at the beginning of Section 2 . 
For this sample, we also have radio morphologies separated

etween F anaroff–Rile y Class I radio sources (FRIs) and Fanaroff–
iley Class II radio sources (FRIIs; following Fanaroff & Riley 1974 )
ased on the radio observations of Morganti, Killeen & Tadhunter
 1993 ) and Morganti et al. ( 1999 ), [O III ] λ5007 Å luminosities ( L [O III ] )
nd optical classes (i.e. SLRG/WLRGs) based on the optical spec-
roscopic data of Tadhunter et al. ( 1993 , 1998 ). Preliminary results
n the dust masses of the SLRGs in this sample were presented in
adhunter et al. ( 2014 ). 

.1.2 The 3CR sample 

e further considered the Revised Third Cambridge Catalogue of
adio Sources (3CR; Bennett 1962a , b ; Spinrad et al. 1985 ), which is
 flux-limited sample of bright ( S 178 MHz > 9 Jy) northern ( δ > −5 ◦)
adio AGNs. The 3CR sample is similar to the 2Jy sample in terms
NRAS 512, 86–103 (2022) 
f radio power, but selected at lower frequencies. Although less
omplete in terms of detections at FIR wavelengths (see below), it
rovides an important check on the results for the 2Jy sample, using
 sample of powerful radio AGNs selected at a different frequency.
 representative subsample of 48 3CR sources at z < 0.5 have been
bserv ed with Hersc hel , and the flux es and upper limits are reported
n table 4 of Westhues et al. ( 2016 ). 

We remo v ed 3C 459.0 as it is the same object as PKS 2314 + 03
rom the 2Jy sample (see Section 2.1.1 ). Out of the 47 unique
emaining 3CR sources, 29 (62 per cent) were detected at 100 μm , of
hich 22 (47 per cent) were also detected at 160 μm . The Herschel
bservations of the 3CR sample are shallower than those of the
Jy, hence the lower detection rates. Including upper limits, we
ound 41 sources (87 per cent) with fluxes or upper limits at 100
r 160 μm . For an extra four sources without Hersc hel -PACS flux es
n Westhues et al. ( 2016 ), we found archi v al Infrared Astronomical
atellite ( IRAS ) fluxes at 100 μm from NASA/IPAC Extragalactic
atabase (NED), one of which is an upper limit. Therefore, out of
ur sample of 47 unique 3CR sources, 45 were retained. 
The possibility of non-thermal contamination was addressed by

ollecting archi v al measurements at λ > 500 μm (e.g. from the
ery Large Array, the Very Long Baseline Array, and the IRAM
0-m telescope) from the NED, separating the core and the extended
mission (lobe/hotspot), when possible. A power law with free
pectral index was fit to the extended component, and extrapolated
own to 100 μm . For the core, we took the level of non-thermal flux
ound at longer wavelengths and extrapolated this down to 100 μm ,
ssuming a flat spectrum. If the extrapolated fluxes (i.e. from the
xtended and/or core emission) at any of the Herschel wavelengths
ere abo v e 10 per cent of the observed fluxes, the source was

onsidered as potentially contaminated by non-thermal emission.
o we ver, for sources showing apparent non-thermal contamination

rom the extended radio lobes only, we compared the radio maps
gainst the size of the Herschel beams. If the Herschel beams were
maller than the bulk of extended non-thermal emission, the fluxes
ere considered free of non-thermal contamination. 
The FIR fluxes contaminated by non-thermal emission, either from

he core and/or for which the Herschel beams potentially contained
he extended non-thermal emission, were treated as upper limits.
mongst the 45 radio AGNs in the 3CR sample, the FIR fluxes for

ix objects (13 per cent of the full 3CR sample and 24 per cent
f the detected sources) were treated as upper limits to account for
he potential non-thermal contamination. Overall, four 3CR sources
ere selected for detailed SED fits based on the criteria outlined at

he beginning of Section 2 , one of which includes the IRAS flux at
00 μm . 
The 3CR objects at z � 0.3 were originally classified as LERGs or

ERGs by Buttiglione et al. ( 2009 , 2010 , 2011 ), but then reclassified
s SLRGs or WLRGs by Tadhunter ( 2016 ). Although LERG/HERG
nd WLRG/SLRG classification schemes show considerable o v erlap,
hey are not exactly the same (see discussion in Tadhunter 2016 ).
or this work, we use the WLRG/SLRG classifications of the 3CR
ources, for which we also have radio classes (FRI/FRII) and [O III ]
uminosities. We also found archi v al 7 radio classes and L [O III ] values
or all of the remaining 3CR sources in Westhues et al. ( 2016 ) with
 � 0.3. 



The cool ISM in radio AGNs 89 

2

T
l
t
o
Q

2

F  

(
G  

(  

r
b

t  

o  

(  

d  

1  

H
e  

o  

o  

h  

(

2

F
i  

D  

r
g  

(  

o  

S  

a  

F  

P  

r
 

w
w  

a
S  

s  

b

2

W
I  

a  

t
t

8

p

p  

n  

o
(  

a  

t  

s

w  

(
c  

(  

f  

1  

t  

T  

4  

C  

1  

c

2

A
g
t

2

O  

v  

m
W  

T  

m
 

t  

o  

a  

I  

W  

S
c

s  

S  

W  

d
t
w

 

w  

levels of star formation and AGN activity observed in ULIRGs. However, all 
major, gas-rich mergers would be expected to have substantial (ULIRG-like) 
reservoirs of cool ISM. 
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.2 Radio-quiet QSOs 

o test whether the cool ISM and star-forming properties of radio- 
oud and radio-quiet AGNs are different, perhaps related to distinct 
riggering mechanisms, we also constructed comparison samples of 
ptically unobscured (Type-I) and obscured (Type-II) radio-quiet 
SOs. 

.2.1 The Type-I PG QSO sample 

or our comparison sample of Type-I QSOs, we used the 87 nearby
 z < 0.5) ultraviolet/optically selected QSOs from the Palomar–
reen (PG) surv e y of Schmidt & Green ( 1983 ) with B < 16.17

e.g. Goldschmidt et al. 1992 ). The PG QSO (PGQ) sample is
epresentative of bright, nearby Type-I (unobscured) QSOs and 
enefits from a plethora of multiwavelength data. 
After removing the 16 radio-loud PGQs (as classified according 

o the criteria of Boroson & Green 1992 ), we were left with 71
bjects. We adopted the Hersc hel flux es listed in Shangguan et al.
 2018 , and references therein), and found 68 sources (96 per cent)
etected at 100 μm , of which 60 (84 per cent) were also detected at
60 μm . For all of the remaining sources, but one not observed with
erschel -PACS, we used the upper limits as reported in Shangguan 

t al. ( 2018 ). Therefore, our final PGQ sample contained 70 sources,
f which nine were selected for detailed SED fits based on the criteria
utlined at the beginning of Section 2 . For the full PGQ sample we
ave [O III ] luminosities, and estimates of the dust and stellar masses
Shangguan et al. 2018 ). 

.2.2 The Type-II QSO sample 

or our comparison sample of Type-II QSOs, we used that defined 
n Shangguan & Ho ( 2019 ), and originally taken from the Sloan
igital Sky Survey (SDSS; Reyes et al. 2008 ). It contains 86

andomly selected sources that match the PGQ sample of Shang- 
uan et al. ( 2018 ), in redshift (at z < 0.5) and [O III ] luminosity
10 8.0 < L [O III ] /L � < 10 9.8 ; see Shangguan & Ho 2019 , for details
n the selection technique). We used the Hersc hel flux es reported in
hangguan & Ho ( 2019 ), and found 82 sources (95 per cent) detected
t 100 μm , of which 71 (82 per cent) were also detected at 160 μm .
or the remaining sources we used the upper limits on the Herschel -
ACS fluxes reported in Shangguan & Ho ( 2019 ). This sample is
epresentative of bright, nearby Type-II QSOs. 

According to Shangguan & Ho ( 2019 ), none of these sources
ere found to show significant non-thermal contamination at IR 

avelengths. As for the PGQs, we also have [O III ] luminosities,
nd dust and stellar mass estimates for the Type-II QSOs (see 
hangguan & Ho 2019 , for details). Out of the 86 objects, 12 were
elected for detailed SED fits based on the criteria outlined at the
eginning of Section 2 . 

.3 Ultraluminous IR galaxies 

e defined a comparison sample of ULIRGs that traces the cool 
SM content of galaxies at the peaks of major gas-rich mergers. This
llows us to assess the importance of major gas-rich mergers for
riggering the powerful radio AGNs in our samples, by comparing 
heir cool ISM properties against those of ULIRGs. 8 
 We stress that although the majority of ULIRGs are likely to represent the 
eaks of major, gas-rich mergers, not all such mergers necessarily lead to the 

9

a
F
d

We used the Herschel ULIRG Survey (HERUS, PI: D. Farrah, 
rogramme ID OT1 dfarrah 1), which is an unbiased sample of 43
earby ( z < 0.3) ULIRGs with IRAS 60 μm fluxes > 1.8 Jy, and
riginally identified in the IRAS Point Source Catalogue Redshift 
PSC-z) surv e y of Saunders et al. ( 2000 ). The ULIRGs Mrk 1014
nd 3C 273.0 were remo v ed from this sample, as they correspond
o AGNs found in our PGQ (Section 2.2.1 ) and 3CR (Section 2.1.2 )
amples, respectively. 

For the Herschel -PACS data, we cross-matched the ULIRG sample 
ith archi v al Herschel data from the Highly Processed Data Products

HPDPs), available on the IRSA website, which offer the most 
omplete and uniform data base of reduced fluxes for Herschel -PACS
Marton et al. 2017 ) and Herschel -SPIRE (Schulz et al. 2017 ). 9 We
ound 19 sources (46 per cent) observed and detected at 100 and
60 μm . For all of the remaining sources (54 per cent), we used
he original IRAS fluxes at 100 μm (and 60 μm for the SED fits).
his sample was also observed by Herschel -SPIRE, with all of the
1 sources being detected, and with fluxes reported in the table 2 of
lements et al. ( 2018 ; originally from Pearson et al. 2016 ). Finally,
4 of the ULIRGs were selected for detailed SED fits based on the
riteria outlined at the beginning of Section 2 . 

.4 Classical elliptical galaxies 

s powerful radio AGNs are almost invariably hosted by elliptical 
alaxies, we defined samples of non-AGN classical elliptical galaxies 
o compare against. 

.4.1 The Atlas 3D sample 

ur first sample was selected from the Atlas 3D surv e y, which is a
olume-limited ( D < 42 Mpc, M K < −21.5) sample of 260 nearby
orphologically selected early-type galaxies (Cappellari et al. 2011 ). 
e only retained the 68 objects that were classed as elliptical (i.e.

-Type � −3.5 in Cappellari et al. 2011 , excluding S0 galaxies) to
atch the morphology of the hosts of powerful radio AGNs. 
We cross-matched this sample against archi v al Herschel data from

he HPDPs (see Section 2.3 for the HPDPs), and, out of the 25 objects
bserved with Herschel , six (30 per cent) had reliable detected fluxes
t 100 μm , of which four (20 per cent) were also detected at 160 μm .
n total, seven galaxies were at least detected at 100 or 160 μm .

e remo v ed NGC 4374 as it showed an inflection at Hersc hel -
PIRE wavelengths, which is a potential sign of non-thermal AGN 

ontamination. 
Therefore, our full sample of elliptical galaxies from the Atlas 3D 

urv e y contained six objects, of which four were selected for detailed
ED fits based on the criteria outlined at the beginning of Section 2 .
e note that, as a consequence of using only elliptical galaxies

etected at FIR wavelengths, this sample is likely biased toward 
he nearby non-AGN elliptical galaxies that are brightest at FIR 

avelengths. 
The Atlas 3D surv e y further benefits from IR observations taken

ith AKARI at 9, 18, 65, 90, and 140 μm (Kokusho et al. 2017 ).
MNRAS 512, 86–103 (2022) 

 As found in Bernhard et al. ( 2021 ), some nearby sources can be misclassified 
s point sources in the HPDPs, systematically underestimating their fluxes. 
or these, we have corrected the fluxes for missed extended emission, as 
escribed in appendix A of Bernhard et al. ( 2021 ). 
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sing the latter, dust masses were calculated in Kokusho et al. ( 2019 ).
e benefited from the agreement between the dust masses measured
ith Herschel and AKARI (see Section 3.2.2 ) to significantly increase

he size of our sample of non-AGN elliptical galaxies. To do this,
e included an extra 32 elliptical galaxies (i.e. excluding S0) that
ere not observed by Herschel , but had measured dust masses (11

s upper limits) derived from the AKARI observations and listed in
okusho et al. ( 2019 ). 10 We note that the AKARI data are much less

ensitive than the Herschel observ ations. Ho we ver, they are more
omplete in their co v erage of the Atlas 3D sample. 

.4.2 The Herschel Reference Survey sample 

o further increase the statistics of our sample of classical elliptical
alaxies, we used the Herschel Reference Survey (HRS). This is
 volume-limited sample (i.e. 15 � D � 25 Mpc) of 323 galaxies
Boselli et al. 2010 ), of which 62 are early-types with the Two Micron
ll-Sk y Surv e y (2MASS) K -band magnitudes K S ≤ 8.7 mag, after

he revised classification of Smith et al. ( 2012 ). We only retained
he nine objects that are classified as classical ellipticals, and which
o not show any signs of AGN activity, as reported in Smith et al.
 2012 ), and references therein. 

Using the fluxes taken from Smith et al. ( 2012 ), out of these nine
ources, three (33 per cent) were detected with IRAS at 100 μm ,
nd the rest had flux upper limits, either from IRAS (one source)
r from Herschel (five sources). Two sources were also detected at
60 μm with Herschel , and five had upper limits. We cross-matched
his sample with the Hersc hel -SPIRE flux es presented in Ciesla et al.
 2014 ), and found that all were constrained by flux upper limits
nly at longer FIR wavelengths. Therefore, none were selected for
etailed SED fits based on the criteria outlined at the beginning of
ection 2 . In addition, we hav e remo v ed NGC 4649 from the sample
s we found large systematic offsets between the IRAS flux at 100 μm
nd the Herschel fluxes, suggesting a flux calibration error. We were
herefore left with eight sources, mostly constrained by upper limits
lone. 

 MEASURING  DUST  MASSES  

n this work, we aim to probe the cool ISM content of powerful radio
GNs by measuring their dust masses, and comparing against those
f radio-quiet QSOs, ULIRGs, and non-AGN classical elliptical
alaxies (see Section 2 for the samples). 

The dust masses of the galaxies were calculated using (e.g.
attsson et al. 2015 ) 

 dust = 

S 160 d 
2 

κ160 B ν(160 , T ) (1 + z) 
M �, (1) 

here S 160 is the measured flux at the wavelength that 160 μm is
hifted to in the observer’s frame, d is the luminosity distance, κ160 

s the opacity of the dust grains at 160 μm , and B ν(160, T ) is the
pecific intensity of a blackbody curve e v aluated at 160 μm , and for
NRAS 512, 86–103 (2022) 

0 We note that, originally, there were 39 elliptical galaxies with measured 
 dust in Kokusho et al. ( 2019 ), including the 11 upper limits, that could have 

een included in our sample since not observed with Herschel . Ho we ver, 
even sources with measured dust masses in Kokusho et al. ( 2019 ) appeared 
ith fluxes that were not detected (i.e. < 1 σ ) at any of the AKARI wavelengths 

n Kokusho et al. ( 2017 ). This led to unphysical values for the dust masses of 
hese seven objects. Because the reasons behind this discrepancy are unclear, 
e have excluded these objects from our sample. We only retained objects 

hat were at least detected in one AKARI band (at > 2 σ ). 

F  

c
a  

i  

E  

1

w
o

 given dust temperature T . 11 B ν(160, T ) requires the determination
f the temperature of the dust. To do this, we employed two different
ethods. For the subsample of objects that were selected for detailed
ED fits (based on the criteria outlined in Section 2 ), B ν(160, T ) was
easured after performing full IR SED fits, as fully described in
ection 3.1 . For the rest of our objects, we developed a method

o calculate T mostly based on the 100/160 μm flux ratios, and
ollowing that used in Tadhunter et al. ( 2014 ), but calibrated using
ur M dust measured from the detailed SED fits, as fully described in
ection 3.2 . We stress that, for consistency, we will use values of
 dust measured from the 100/160 μm flux ratios across all of our

amples while comparing their cool ISM content, and IR SED fits
ere only used to test the flux ratio technique. 
We also assumed a value for the opacity of the dust grains at

60 μm , κ160 (equation 1 ), a parameter that is known to be highly
ncertain (see fig. 1 of Clark et al. 2016 for different values of
he dust grain opacities across v arious studies). The v alues of κ160 

hat are often quoted in studies of galaxies (e.g. James et al. 2002 ;
raine 2003 ; Clark et al. 2016 ) differ by up to a factor of 3.5. For

onsistency, we adopted a single value of the dust opacity throughout
 κ160 = 1.038 m 

2 kg −1 from Draine 2003 ), which is identical to that
sed in our various comparison studies (see Section 3.2.2 ). 

.1 The dust masses from SED fits 

.1.1 Infrared SED fits 

o first order, the thermal dust emission of galaxies can be represented
y a modified blackbody curve with temperature T and beta index β
e.g. Galliano, Galametz & Jones 2018 ): 

 ν( ν, T , β) = A norm 

νβ B ν( ν, T ) , (2) 

here S ν is the flux density, B ν( ν, T ) is the specific intensity of
 blackbody curve at temperature T , and A norm 

is a constant of
ormalization. Ho we ver, the full IR emission of galaxies is a mixture
f dust at different temperatures, and attempting to model these
ith a blackbody curve at a single temperature biases the inferred
roperties of the cooler dust component (e.g. Juvela & Ysard 2012 ;
unt et al. 2015 ). This effect is enhanced in the presence of an AGN,

ince it is able to heat dust at temperatures typically corresponding to
he NIR–MIR regime, and with some evidence of FIR emission (e.g.
icken et al. 2009 ; Mullaney et al. 2011 ; Siebenmorgen, Heymann &
fstathiou 2015 ; Symeonidis 2017 ; Bernhard et al. 2021 ; Dicken
t al., in preparation). 

To fit our IR SEDs we tested several models. Our first model is
 single modified blackbody curve, for which T and β were free
o change (see leftmost panels in Fig. 1 ). In fact, these models are
till used in the literature to fit galaxy IR SEDs, probably due to
heir simplicity (e.g. Clements et al. 2018 ). Our second model was
 combination of two modified blackbody curves, defined with two
ust temperatures and beta indices ( T cold , βcold and T warm 

, βwarm 

or the cold and the warm dust, respectively; see central panels in
ig. 1 ). All of these parameters were free to change. Our third model
onsisted of two modified blackbody curves, with temperatures T cold 

nd T warm 

, but with βcold = 2 fixed, which is a common value adopted
n studies of galaxies (e.g. Dunne & Eales 2001 ; Vlahakis, Dunne &
ales 2005 ; Smith et al. 2012 ; Cortese et al. 2014 ; see rightmost
1 We stress that we use the 160 μm flux, since 160 μm is the longest 
avelength with a measured flux available for most of our objects, most 
f which lack SPIRE measurements. 
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Figure 1. Examples of SED fits for one object of each of our populations of 
galaxies. From top-to-bottom, these are radio-loud AGNs, radio-quiet QSOs, 
ULIRGs, and non-AGN elliptical galaxies, as indicated in the top left-hand 
corner of each of the leftmost panels. The names of the sources and their 
respective samples selected to illustrate our SED fits are indicated at the 
top of each of the central panels. From left-to-right, the panels correspond 
to each of our three different models for the dust emission as described in 
Section 3.1.1 . The observed fluxes are shown with open circles, and the best 
SED fits with a continuous black line. Downward arrows indicate upper limits 
on the fluxes. The warmer and the colder dust contributions are shown with 
a dashed blue line and a dot–dashed red line, respectively, for corresponding 
models. The full sets of SEDs and best-fitting parameters are available in the 
online material. 
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anels in Fig. 1 ). Therefore, we had in total three different models
or the IR emission of our galaxies, two of which used a combination
f two modified blackbody curves at different temperatures (see 
ig. 1 ). 
We performed maximum likelihood estimation (MLE) to optimize 

he free parameters of each of these models, and fit the SEDs. We
sed MLE as it allowed us to easily consider upper limits and
rrors on the fluxes in a self-consistent way (e.g. Bernhard et al.
019 ; Grimmett et al. 2019 ). Because of the complexity of our
ikelihood function, it could not be maximized analytically. Instead, 
e maximized it by randomly sampling the posterior distributions 
f our free parameters, employing the affine invariant ensemble 
ampler of Goodman & Weare ( 2010 ), fully implemented into 
MCEE 12 (F oreman-Macke y et al. 2013 ). The benefit was that we
btained best-fitting values with meaningful uncertainties that fully 
2 EMCEE is publicly available at ht tp://dfm.io/emcee/current /

1

m

ccounted for the presence of upper limits. The median values of the
osterior distributions were taken as best-fitting parameters. Their 
 σ uncertainties were estimated by using the standard deviations 
f the posterior distributions, taking into account the covariance 
etween different parameters (e.g. the T cold –βcold anticorrelation, in 
articular). 
To reach convergence faster and a v oid degeneracies, we reduced

he parameter space to physically meaningful values. To do this, we
sed bounded, normally distributed priors for each of the parameters 
efining our models. The priors were such that the explored param-
ter space was largely consistent with parameters reported in studies 
f star-forming galaxies (e.g. Hunt et al. 2015 ; Orellana et al. 2017 ),
s well as those including AGN contributions (e.g. Tadhunter et al.
014 ). While attempting to fit the IR SEDs of our samples of ULIRGs
nd non-AGN elliptical galaxies with our two-component models, 
e found some degeneracies when considering the warmer and 

older β indices independently. Therefore, we assumed βcold = βwarm 

hen fitting these samples, since both Rayleigh–Jeans tails of the 
armer and cooler dust contributions are expected to arise from 

tar formation. In contrast, βcold and βwarm 

were kept independent 
hile fitting the IR SEDs of radio-loud AGNs and radio-quiet QSOs

o account for potential differences of the dust properties between 
hose of extended star-forming regions and those of the compact 
uclear regions (e.g. Siebenmorgen et al. 2015 ). 
We show in Fig. 1 example SED fits for one object in each of our

opulations of galaxies, and fit with each of our three models for the
ust emission. 13 When using our model with a single blackbody curve 
see leftmost panels in Fig. 1 ), we treated the fluxes at λ < 60 μm
s upper limits since the model was not designed to represent the
ull IR emission of galaxies, where the contribution of the warmer
ust can be significant at shorter IR wavelengths. The mean βcold and
 cold values and typical range of each of our samples and models are

isted in Table 2 . 

.1.2 Results of the detailed fits 

e first note that each of our three models provides a good fit to the
R SEDs of our samples, whether hosting an AGN or not (see Fig. 1
nd online material). Consistent with previous work (see Galliano 
t al. 2018 for a re vie w), we find that employing a single modified
lackbody curve generally leads to higher temperatures, and lower 

indices for the cooler dust, when compared to employing two 
odified blackbody curves (see T able 2 ). W e note, ho we ver, that

his is not true for our sample of non-AGN elliptical galaxies, where
o differences are found for the mean β indices and temperatures 
f the two models. In fact, elliptical galaxies are likely to contain
ess warmer dust (i.e. evolved galaxies with lower star formation), 
hen compared to our other samples. Therefore, they are equally 
ell represented by a single blackbody curve. We also find that the
ifferences on the mean parameters for the cooler dust, between the
ne- and two-component blackbody models for the ULIRGs, are less 
ignificant, when compared to those found for our samples of AGNs
see Table 2 ). This is likely related to the presence of a hotter, more
re v alent, AGN-heated dust contribution in the latter. 
For our models with two modified blackbodies, fixing βcold = 2 

eads to mean T cold values that are systematically reduced by ∼2–
 K, when compared to models with βcold unconstrained. We further 
ote that, when unconstrained, our βcold indices are systematically 
MNRAS 512, 86–103 (2022) 

3 The full sets of SEDs and best-fitting parameters are available in the online 
aterial. 

art/stac474_f1.eps
http://dfm.io/emcee/current/
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Table 2. List of the mean averages and typical ranges for the best-fitting parameters for our galaxies with SEDs that could be fit, 
combined in terms of galaxy populations and samples (rows in table), and for each of our three models for the emission of the dust, as 
described in Section 3.1.1 (columns in table). The names of the models are ‘One comp.’, ‘Two comp.’, and ‘Two comp. βcold = 2’, 
and correspond to our single blackbody curve, two-component blackbody curve, and two-component blackbody curve with βcold = 2 
fix ed, respectiv ely. The census for each of the samples is indicated between brackets under the sample names (see also Table 1 ). 

Populations Samples One comp. Two comp. Two comp. βcold = 2 
βcold T cold (K) βcold T cold (K) βcold T cold (K) 

Radio AGNs 2Jy (8 sources) 1.2 (0.3) 36.9 (4.2) 1.5 (0.2) 32.8 (3.8) 2.0 28.0 (3.7) 

3CR (4 sources) 1.4 (0.6) 29.2 (9.5) 1.7 (0.2) 24.7 (4.8) 2.0 22.7 (4.2) 

QSOs PGQs (9 sources) 0.7 (0.2) 40.9 (4.9) 1.5 (0.2) 27.1 (3.8) 2.0 23.6 (2.9) 

Type-II (12 sources) 0.8 (0.3) 44.6 (6.2) 1.4 (0.2) 30.1 (9.1) 2.0 23.8 (4.8) 

ULIRGs HERUS (14 sources) 1.9 (0.2) 40.2 (4.1) 1.9 (0.2) 38.9 (3.7) 2.0 36.6 (4.6) 

Ellipticals Atlas 3D (4 sources) 1.6 (0.2) 28.9 (4.4) 1.6 (0.2) 28.7 (4.7) 2.0 25.3 (3.3) 

l  

g
4  

t  

s  

2
 

s  

f  

s  

a  

b  

Y  

m  

w
 

fi  

c  

M  

a  

a  

t  

t  

i  

S

3

B  

m  

a  

S  

m  

c

3

T  

t  

a  

g  

t  

b  

t  

d  

fl  

f  

s  

T  

e

i  

r  

a  

o  

C  

a  

c  

e  

β  

u
 

o  

o  

s  

fi  

a  

t  

t  

o  

v
 

T  

a  

w  

s  

1  

f  

c  

3  

Q  

r  

T  

a  

n  

v  

T  

w  

w  

t
 

1  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/86/6534923 by C
N

R
S - ISTO

 user on 22 M
arch 2023
ower than the value of 2, which is the value often used in studies of
alaxies (see Table 2 ). Overall, the ranges of mean T cold (i.e. ∼25–
0 K) and βcold (i.e. ∼1.4–1.9) values found for our model with
wo blackbody components are consistent with those reported in
tudies of star-forming galaxies (e.g. Hunt et al. 2015 ; Orellana et al.
017 ). 
For the remainder of this paper, we exclude our model with a

ingle modified blackbody curve since it is prone to biases arising
rom the presence of a warmer dust contribution in some of our
amples. Furthermore, since that the typical βcold and T cold of galaxies
re generally difficult to estimate due to a de generac y observ ed
etween these two parameters (e.g. Shetty et al. 2009 ; Juvela &
sard 2012 ; Lamperti et al. 2019 ), we kept our model with two
odified blackbody curves with β unconstrained, as well as that
ith β fixed to a value of 2. 
To calculate the cool dust masses for each object that could be

t, we directly measured B ν(160, T ) and S 160 from the fits of the
ool dust component, and then used equation ( 1 ). These values of
 dust measured from the SED fits (using κ160 = 1.038 m 

2 kg −1 ),
nd for each of our models with two modified blackbody curves
re listed in tables in the online material. The uncertainties on
hese values of M dust were measured by propagating through equa-
ion ( 1 ) the uncertainties on each of the best-fitting parameters,
n turn estimated from the posterior distributions, as explained in
ection 3.1.1 . 

.2 The dust masses from flux ratios 

ecause dust masses for the majority of our galaxies could not be
easured using detailed SED fits due to a paucity of data, especially

t the longer FIR wavelengths, we developed a method described in
ection 3.2.1 to measure M dust that requires fewer FIR photometric
easurements. The dust masses estimated in this way were then

ompared against literature values, as described in Section 3.2.2 . 

.2.1 Method 

he two parameters that need to be estimated to calculate M dust are
he temperature and the β index of the cold dust, using the 100
nd 160 μm fluxes only, since they are available for most of our
alaxies (see Section 2 ). To do this, we used a similar approach to
hat presented in Tadhunter et al. ( 2014 ). In the latter, a series of
lackbody curves was constructed based on a T –β grid. For objects
hat were detected at 100, 160, and 250 μm , a typical β = 1.2 was
etermined by comparing the observed 100/160 μm and 160/250 μm
ux ratios to those predicted by the grid of blackbody curves. Finally,
NRAS 512, 86–103 (2022) 
or all of the sources (i.e. not only those detected at 250 μm ), a new
eries of blackbody curves was generated with fixed β = 1.2, and
 was chosen to best match the observed 100/160 μm flux ratio of
ach object. 

For this work, we benefited from our SED fits to estimate the β
ndices, instead of relying on the 100/160 μm and 160/250 μm flux
atios, which was the first step in Tadhunter et al. ( 2014 ). We first
dopted the mean β index of each sample, as reported in Table 2 for
ur model with βcold unconstrained (i.e. βcold listed under the ‘Two
omp.’ model in Table 2 for each sample). For the HRS sample, we
dopted the mean β index of the Atlas 3D sample, since no galaxies
ould be selected for detailed SED fits (see Section 2.4.2 ). We also
stimated dust temperatures and masses separately assuming a fixed
cold = 2 for all the samples. This allows us to gauge the effect of
sing different values of the β index on our results. 
The dust temperature T was then calculated by minimizing models

f blackbody curves with varying T and fixed β indices against the
bserved 100/160 μm flux ratios, as in Tadhunter et al. ( 2014 ). Two
ets of temperatures were derived, depending on whether βcold was
xed to the mean of the sample as measured from the SED fits, or to
 value of 2. In each case, the observ ed flux es at 100 μm were used
o estimate the o v erall normalization. The uncertainties on T and
he normalizations were estimated by propagating the uncertainties
n the fluxes, as well as on the β indices when not fixed to a
alue of 2. 

For galaxies that were detected only at 100 or 160 μm (see
able 1 ), we had no constraints on the 100/160 μm flux ratios,
nd the dust temperature could not be calculated as abo v e. Instead,
e adopted the mean temperatures and uncertainties for the rele v ant

ample as found for sources that were detected at both 100 and
60 μm , and therefore for which we could calculate the temperatures
rom the 100/160 μm flux ratios and their uncertainties. These
orresponded to T = 34.9 ± 0.4, 31.0 ± 0.8, 30.4 ± 0.3, 31.6 ± 0.3,
2.6 ± 0.2, and 24.3 ± 0.7 K, for the 2Jy, 3CR, PGQs, Type-II
SOs, ULIRGs, and ellipticals (i.e. HRS and Atlas 3D samples),

espectively, when adopting the mean β index for each sample, and
 = 30.5 ± 0.3, 28.8 ± 0.7, 27.0 ± 0.2, 27.2 ± 0.2, 31.7 ± 0.2,
nd 22.3 ± 0.4 K, respectively, when adopting a fixed β = 2. We
ote that these mean temperatures are within ∼2–5 K of the mean T
alues found per population in our detailed SED fits (see Table 2 ).
he normalization of the inferred blackbody curve and its uncertainty
as then calculated based on whichever of the 100 or 160 μm flux
as detected, and by propagating the uncertainties on the fluxes and

he mean parameters. 
For sources with upper limits only (see Table 1 ), the upper limit at

00 μm was used, along with the mean temperature for the rele v ant
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Figure 2. Comparison between our dust masses inferred from the 
100/160 μm flux ratios (ordinate), and M 

Lit 
dust , found in the literature, for 

the PGQs (Shangguan et al. 2018 ), Type-II QSOs (Shangguan & Ho 2019 ), 
ULIRGs (Clements et al. 2018 ), and the Atlas 3D (Kokusho et al. 2019 ) 
samples (see keys). In each case βcold was chosen to best match the adopted 
method of the corresponding archi v al studies (see text). The thick and the 
thin dashed lines show unity and a factor of 2 deviation from the latter, 
respectively. 
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ample, and M dust was treated as an upper limit. We recall that for
0 per cent of radio AGNs (in fact all of the upper limits in the
Jy sample), the fluxes were treated as upper limits to account for
otential non-thermal contamination, instead of true non-detections 
see Section 2 ). 

As for the SED fits (see Section 3.1.2 ), we measured B ν(160, T )
nd S 160 from the blackbody curves inferred from the 100 and/or 
60 μm fluxes and their ratio alone. The values of M dust measured 
rom the flux ratios (using κ160 = 1.038 m 

2 kg −1 ), assuming βcold 

xed to the mean of the sample, or βcold fixed to a value of 2, are
isted in tables in the online material. The uncertainties on the values
f M dust were estimated by propagating through equation ( 1 ) the
ncertainties found on each of the parameters. 
By comparing the dust masses measured from detailed, two- 

omponent SED fits with unconstrained β indices against those 
easured based on the 100/160 μm flux ratios, where β was fixed to 

he mean of the sample, we found that the flux ratio method is accurate
o within a factor of 2–5. By adopting βcold = 2 for the detailed SED
ts and for the flux ratios, the agreement between the two methods at
alculating M dust is reduced to within a factor of 1.2–2.5. Moreo v er,
he dust masses for the Type-II QSOs, measured using the flux ratios
ith βcold fixed to the mean value (i.e. 1.4; see Table 2 ), are systemat-

cally higher by a factor of 1.2–3, compared to when measured using
he flux ratios with βcold = 2 fixed. We used the Type-II QSOs for the
atter comparison since they display the largest difference between 
he mean βcold and the value of 2, therefore gauging the largest effect
f the β indices when using the flux ratio method to calculate values
f M dust . 
We emphasize that although there might be systematic uncertain- 

ies in the absolute dust masses by up to a factor of 5 depending on
he method (i.e. detailed fits versus ratio method) or β index (i.e. 

cold = 2 versus βcold set to the mean for the sample) assumed, this
ill not affect the comparisons we make for our results, since we

dopt a uniform approach – based on the 100/160 μm ratio method 
ith βcold = 2 – for all our samples. 

.2.2 Comparison with literature values 

e collected archi v al v alues of M dust to compare against those
easured from the flux ratios and presented in this work. For this,
e only compared objects detected at both 100 and 160 μm . For

he Atlas 3D sample, we used the M dust estimates reported in Kokusho 
t al. ( 2019 ), measured from IR SED fits assuming β = 2. For this
eason, we compared against our values of M dust calculated assuming 
cold = 2. For the PGQs and the Type-II QSOs, we used the M dust 

alues reported in Shangguan et al. ( 2018 ) and Shangguan & Ho
 2019 ), respectively, where the dust masses were measured from
ED fits using the full dust emission model of Draine & Li ( 2007 ),
fter removing the AGN contributions. Because Draine & Li ( 2007 )
howed that at λ< 500 μm their models were equivalent to a modified
lackbody curve with β = 2, we used for comparison our values 
f M dust with βcold = 2. Finally, values of M dust for ULIRGs were
aken from Clements et al. ( 2018 ), calculated via IR SED fits with
 single blackbody curve, and β sets as a free parameter. Therefore, 
e compared the latter against our M dust estimated based on the 
ux ratio method with βcold set to the mean value returned by our
etailed SED fits when β was free to vary (see Table 2 ). We stress,
o we ver, that this value of βcold ∼ 1.9 is close to the value of 2, such
s choosing to compare against values of M dust calculated using the 
ux ratio method with βcold = 2 would not impact significantly the 
omparison. 
We show in Fig. 2 that our values of M dust (i.e. ∼10 4 −9 M �)
enerally agree with literature values to within a factor of 2,
egardless of the method used. There are, ho we ver, fe w outliers,
ut which still agree to within a factor of 5. The outliers in the AGN
amples (i.e. mainly two PGQs; see Fig. 2 ) can be explained by a
arger contribution of AGN IR emission at 100 μm affecting their 
00/160 μm flux ratios, as found when fitting their SEDs to measure
FRs (see Section 4 for the SFRs). 
We further note that the values of M dust for ULIRGs reported

n Clements et al. ( 2018 ) appear systematically lower by a factor of
1.5–3, when compared to those measured in this work. In Clements

t al. ( 2018 ), β was found to be 1.7, instead of ∼1.9 here, explaining
he systematic differences in M dust for ULIRGs. The lower β indices 
ound in Clements et al. ( 2018 ) are likely due to the use of a single
odified blackbody curve, instead of our two-component approach 

hat remo v es the contribution from the hotter dust (see Section 3.1.1 ).
o we ver, we stress that by using a single blackbody curve, although
ur average β index is slightly lower than when using two blackbody
urves, it remains higher than that found in Clements et al. ( 2018 ,
ee Table 2 ). 

Benefiting from the general agreement between the values of M dust 

alculated via the 100/160 μm flux ratios using Herschel and those 
resented in the literature for the Atlas 3D sample calculated using 
KARI (Kokusho et al. 2019 ), we expanded our sample of elliptical
alaxies using the 32 objects, including upper limits, with dust masses
isted in Kokusho et al. ( 2019 ) and that were not observed by Herschel
see also Section 2.4.1 ). We show in Figs 3 (a)–(c) that the histogram
f M dust for these extra sources taken from Kokusho et al. ( 2019 )
s fully consistent with those in our Herschel samples. Therefore, 
ncluding these M dust should not bias our results. 

In panel (d) of Fig. 3 , we show the distribution of M dust for
he 45 elliptical galaxies (excluding S0 morphologies) with direct 

easurements of molecular and atomic gas masses (taken from 
MNRAS 512, 86–103 (2022) 

art/stac474_f2.eps
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Figure 3. Histogram of M dust for our samples of non-AGN elliptical galaxies. 
Panel (a): the Atlas 3D sample observed with Herschel . Panel (b): the Atlas 3D 

sample observed by AKARI (Kokusho et al. 2019 ). Panel (c): the HRS sample 
observ ed with Hersc hel . P anel (d): the Atlas 3D sample with M dust conv erted 
from direct measurements of molecular (from Young et al. 2011 ) and atomic 
(from Serra et al. 2012 ) gas masses. We used a factor of 140 to convert direct 
measurements of M gas into M dust (see text). Each bin is 0.4 dex wide, and the 
filled bars show the number of objects with measured M dust , while the dashed, 
open bars show the number of any additional objects with upper limits found 
in each bin. 
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14 IRAGNSEP is freely available at ht tps://pypi.org/project /iragnsep/. Version 
7.3.2 has been used in this work. 
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oung et al. 2011 and Serra et al. 2012 , respectively). A typical
as-to-dust ratio of 140 was used to convert gas masses ( M gas ) into
ust masses (e.g. Draine & Li 2007 ; Parkin et al. 2012 ). We stress that
he gas-to-dust ratio is highly uncertain (e.g. Kokusho et al. 2019 ),
nd our values of M gas are only to be used as a guide. We find that the
istribution of M dust , converted from direct measurements of M gas , is
onsistent with that measured from IR observations, although most
f the former is constrained by upper limits only. 
Since that the mean stellar masses of elliptical galaxies in the

tlas 3D sample are lower than in the radio galaxy hosts (see Sections 5
nd 7.5 ), there might be a concern that the comparison is not fair if the
ust mass increases with stellar mass. Ho we ver, there is no evidence
or an increase in dust and cool ISM masses with stellar mass for
lliptical galaxies (e.g. Young et al. 2011 ; Davis et al. 2019 ; Kokusho
t al. 2019 ). 

 MEASURING  STAR  F O R M AT I O N  RATES  

n addition to the cool ISM content, we aim to compare the star-
orming properties of powerful radio AGNs against our comparison
NRAS 512, 86–103 (2022) 
amples. The SFRs of our populations of AGNs and galaxies were
btained using IRAGNSEP , 14 which decomposes the IR SEDs of
alaxies into an AGN and a galaxy contribution, therefore returning
FRs free of AGN contamination (see Bernhard et al. 2021 , for
etails on IRAGNSEP ). Ho we ver, we first modified IRAGNSEP so
hat it could fit IR SEDs with FIR fluxes (i.e. λ > 100 μm )
onstrained by upper limits alone. This was useful for objects that
ere potentially dominated by non-thermal emission, for which we

reated the fluxes as upper limits (see Section 2 ). For these, returned
FRs were also regarded as upper limits. In addition, we added

he possibility to fit SEDs with no MIR data (i.e. λ < 70 μm ),
or which the AGN templates were not included, since they were
mpossible to constrain without MIR data. This was useful for objects
ithout reliable WISE or Spitzer -MIPS fluxes. These SFRs were

lso regarded as upper limits, since no AGN contributions could be
stimated. 

For the sample of ULIRGs we set the silicate absorption parameter
f IRAGNSEP between S 9.7 = 3 and 5, as most ULIRGs show evidence
f strong silicate absorption at 9.7 μm (e.g. Rieke et al. 2009 ).
ssuming the optical-to-IR extinction curve of Draine & Li ( 2007 ),

hese values of S 9.7 translate to A V ∼ 43–72 mag, which are consistent
ith the typical values measured in starbursting galaxies (e.g. Genzel

t al. 1998 ; Siebenmorgen & Kr ̈ugel 2007 ). We stress that ignoring
xtinction did not change the values of SFRs significantly, but the
uality of the fits was generally better once extinction was accounted
or. We did not need to do this for our samples of AGNs, since
he AGN emission in the MIR often dilutes the strong silicate
bsorption. 

For each IR SED, IRAGNSEP fits a possible combination of 21
odels (i.e. se ven dif ferent templates for galaxy emission and two

emplates for AGNs), 14 of which contain a template for the IR
mission of AGNs. Each of these 21 fits is weighted using the Akaike
nformation criterion (AIC; e.g. Akaike 1973 , 1994 ), which allows
he comparison of models with a different number of degrees of
reedom (i.e. those including an AGN contribution against those that
o not). The best model has the highest weight (see Bernhard et al.
021 , for more details). To account for the fact that there is no true
odel, our SFRs were calculated using a weighted sum of all of the

1 possible fits, the weights of which corresponded to the Akaike
eights. To estimate realistic uncertainties on the SFRs, in addition

o those returned for each of the 21 fits (weighted by their AIC),
e included the standard deviation of all of the 21 possible SFRs

eturned by the fits and weighted by their AIC. The SFRs and upper
imits returned by IRAGNSEP for individual objects are listed in tables
vailable in the online material. 

 MEASURI NG  STELLAR  MASSES  

o place our samples of AGNs and galaxies in the context of the
ain sequence of star-forming galaxies (MS), we further require

tellar masses ( M ∗). For our samples of radio-loud AGNs and non-
GN elliptical galaxies, reliable values of M ∗ can be estimated from
onverting the K S -band luminosities of the 2MASS (Skrutskie et al.
006 ) using the colour-dependent mass-to-light (M/L) ratios of Bell
t al. ( 2003 ). We adopted a B − V colour of 0.95, which is typical of
ocal elliptical galaxies (e.g. Smith & Heckman 1989 ), and assumed
 Chabrier ( 2003 ) initial mass function. 

art/stac474_f3.eps
https://pypi.org/project/iragnsep/
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For 30 (65 per cent) of the radio AGNs in the 2Jy sample, we
sed the K -band magnitudes 15 provided in table 4 of Inskip et al.
 2010 ), where the contribution from point sources (i.e. AGN) has
een remo v ed. This was done by decomposing images from the ESO
ew Technology Telescope (NTT), the United Kingdom InfraRed 
elescope (UKIRT), and the Very Large Telescope (VLT) facilities 
see Inskip et al. 2010 for details on the observations and method).
or one object (i.e. PKS 0039 −44), we used the K -band magnitude
rovided in table 3 of Inskip et al. ( 2010 ), as it was too faint to model
nd remo v e the point source. The latter paper also suggests that the
 -band magnitude of PKS 0039 −44 was not contaminated by AGN
mission, and reflects the stellar emission of the host galaxy. An 
 xtra fiv e objects in the 2Jy sample had archi v al Visible and Infrared
urv e y Telescope for Astronomy (VISTA) K -band magnitudes, and 

he redshift of one 2Jy source (i.e. PKS 0117 −15) was such that
he WISE magnitude at 3.5 μm could be converted to a K S -band

agnitude. 
For the remaining sources in the 2Jy sample, as well as for the

CR, HRS, and Atlas 3D objects, we collected archi v al 2MASS K S -
and magnitudes from the IRSA data base. Because of the local 
ature of our samples, most of our sources will be spatially extended.
herefore, we primarily used extended estimates of the K S -band 
agnitudes (Jarrett et al. 2000 ). These were available for five of the

emaining 2Jy objects, 26 (58 per cent) of the 3CR sources, and all
f the HRS and Atlas 3D galaxies. For the rest of the 2Jy and 3CR
ources (i.e. two and 16 objects, respectively), we used the 2MASS 

oint source estimate of the K S -band magnitudes (Skrutskie et al. 
006 ). We estimated and corrected for the potential missed extended 
ux by fitting a linear relationship between the extended and the 
oint source magnitudes, calibrated using galaxies that had both 
easurements available (see Pierce et al. 2022 ). 
While the majority of our K -band magnitudes for the 2Jy sample

ere corrected for potential AGN contributions, it is possible that 
hose that were not, as well as those in the 3CR sample, suffer
ignificant contamination by AGN emission, therefore biasing mea- 
urements of M ∗. We found six and 13 sources in the 2Jy and 3CR
amples, respectively, that were not corrected for AGN contributions, 
nd that were also previously reported with Type-I AGN emission. 
he M ∗ values for these objects were regarded as upper limits.
inally, all of our K -band magnitudes have been corrected for

nterstellar extinction, and K -corrected using the prescription of Bell 
t al. ( 2003 ), prior to calculating M ∗. The values of M ∗ and upper
imits are listed in tables available in the online material. 

For the PGQs, we used the M ∗ values provided in Zhang et al.
 2016 ). These were calculated by employing the same M/L method
f Bell et al. ( 2003 ), adapted for disc galaxies, when necessary, and
fter decomposing high-resolution optical-to-near-IR images (see 
ection 3 in Zhang et al. 2016 for more details). We found direct
easurements of M ∗ for 60 per cent of our full sample of PGQs. For

he full sample of Type-II QSOs, we used the M ∗ values provided in
hangguan & Ho ( 2019 ), derived from J -band photometry, and using

he M/L ratio of Bell & de Jong ( 2001 ), constrained by a B − I colour
ypical of obscured QSOs (see section 3.1 in Shangguan & Ho 2019
or more details). Finally, we found stellar masses for 10 ULIRGs in
odr ́ıguez-Zaur ́ın, Tadhunter & Delgado ( 2010 ), based on spectral

ynthesis modelling, and of one ULIRG in the SDSS data base. 
5 We note that, strictly speaking, the K S band has been used to calibrate the 
/L ratio in Bell et al. ( 2003 ). When using the K -band magnitudes instead, 
e did not apply any corrections since these were found negligible compared 

o the typical uncertainties found for M ∗. 
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 RESULTS  

n this section, we compare the dust masses (Section 6.1 ) and star-
orming properties (Section 6.2 ) of our samples of powerful radio
GNs to those of our comparison samples to investigate possible 
ifferences in triggering mechanisms. 

.1 The dust content of radio AGNs 

e show in Fig. 4 the histograms of M dust , split in terms of
amples, and where each histogram has been normalized to show the
robability density function (PDF). The median and typical range of 
 dust for each population cannot be directly derived from the PDFs

ue to the presence of upper limits. Instead, we modelled the observed
DFs, assuming that the distributions of M dust are lognormal with 
arameters μ (the median M dust ) and σ d 

16 (the standard deviation 
f the distribution). We used MLE to optimize μ and σ d against 
he observed PDFs, including upper limits on M dust and EMCEE to
xplore the parameter space (see also Section 3.1.1 ). The μ and σ d 

f each sample, as well as their uncertainties, measured from their
osterior distributions, are listed in Table 3 . These parameters and
he best-fitting PDFs are also shown in Fig. 4 . 

The median dust mass of SLRGs in the 2Jy sample appears higher
y a factor of 2.5 when compared to that of SLRGs in the 3CR sample
see Fig. 4 and Table 3 ). Ho we ver, this is only at the ∼1.8 σ level, as
alculated from the M dust medians and their uncertainties (Table 3 ),
uggesting that the median M dust values of SLRGs are consistent 
etween the 2Jy and 3CR samples. The discrepancy between the two
s likely due to the effects of upper limits on the distributions, since
he natures of these upper limits differ between the two samples.

hile those of the 3CR are mostly from non-detections, which 
ffect the faintest sources, those of the 2Jy are from non-thermal
ontamination, which, if arising from beaming/orientation effects 
e.g. Urry & P ado vani 1995 ), should affect a random sample of
bjects in the full distribution. Therefore, the median M dust value 
f SLRGs in the 3CR sample appears reduced to accommodate the
arger number of upper limits close to the lower bound of the full
istribution, when compared to the 2Jy sample. 
We find a median dust mass of M dust = 2 × 10 7 M �, with dust
asses co v ering a range of 10 6 ≤ M dust ≤ 10 9 M � for the SLRGs

n the 2Jy sample. The median value is a factor of 2 higher than that
eported in Tadhunter et al. ( 2014 ) for the same sample. Ho we ver, in
he latter, a β index of 1.2 was used instead of 2 in this work, and
he difference in the median dust masses is fully consistent with that
xpected from such a difference in the β indices (see Section 3.2.1 ).

We further find that the median M dust value for WLRGs (combining
he 2Jy and 3CR samples to o v ercome low statistics) is lower by a fac-
or of ∼2000(3.3 σ , hereafter the level of significance is indicated in
rackets) and ∼5(2.2 σ ) for those associated with FRI- and FRII-like
adio jets, respectively, when compared to SLRGs in the 2Jy sample
see Fig. 4 and Table 3 ). Therefore, it appears that the median M dust 

alue of WLRGs/FRIIs is in better agreement with that of SLRGs in
he 2Jy sample, when compared to WLRGs/FRIs. Ho we ver, we note
hat these are based on a large number of upper limits (i.e. 60 per cent
nd 50 per cent upper limits for the WLRG/FRIs and WLRG/FRIIs,
espectively) increasing the statistical uncertainties on their median 
 dust . 
To further test the differences on the average values of M dust 

etween SLRGs and WLRGs, we focused on the 2Jy sample, 
MNRAS 512, 86–103 (2022) 

6 We used the subscript ‘d’ for the standard deviations of the distributions to 
 v oid confusion with σ , reserved to indicate the level of significance. 
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Figure 4. The distributions of M dust for each of our populations and 
subsamples of galaxies. Panels (a) and (b) are for radio AGNs, split in terms 
of SLRGs – panel (a) – and WLRGs – panel (b). We further subdivided the 
SLRGs into the 2Jy and 3CR samples, and the WLRGs (combining the 2Jy and 
3CR samples) into FRIs and FRIIs [these further subdivisions are shown by 
offsetting one of the histograms in panels (a) and (b)]. Panels (c) and (d) are for 
radio-quiet QSOs split in terms of Type-I – panel (c) – and Type-II – panel (d) 
– AGNs. Panel (e) shows the galaxy-dominated samples, including the non- 
AGN classical elliptical galaxies (purple histogram), and the ULIRGs (orange 
histogram). The histograms show the observed PDFs of M dust , where filled 
bars correspond to the contribution from detected sources, and empty dashed 
bars from any additional upper limits. The smooth lognormal distributions 
show the best model PDFs, which account for upper limits. The best-fitting 
parameters are shown with colour-filled circles (medians μ) and error bars 
(uncertainties σ d ) abo v e or below each of their corresponding PDFs. For 
WLRG/FRIs we do not show the fitted PDF, and we show the average 
parameters with an open dashed circle since they are mostly constrained 
by upper limits. 

s  

S  

p  

t  

o  

d  

l  

v  

T  

n  

i  

n  

t  

l  

2  

o  

r  

l  

W  

t  

u  

o  

d  

W  

w  

l  

fi  

c  

i  

s
 

t  

fi
l  

s  

t  

s  

w  

d  

v  

a  

s  

t
 

t  

W  

∼  

n  

W  

n  

t  

H  

o  

e  

a  

f  

c  

r  

n  

p

6

W  

p  

s  

m  

fi  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/86/6534923 by C
N

R
S - ISTO

 user on 22 M
arch 2023
ince it is not affected by upper limits due to non-detections (see
ection 2.1.1 ). To do this, we first remo v ed the SLRGs that are
otentially contaminated by non-thermal emission (i.e. removing
he upper limits on M dust ), and were left with 27 objects out
f the 35 SLRGs in the 2Jy sample. Their mean M dust can be
irectly calculated, since no upper limits are left, and we found
og 10 ( M dust /M �) = 7.5 ± 0.1, which is in agreement with the median
NRAS 512, 86–103 (2022) 
alue of their full M dust distribution, including upper limits (see
 able 3 ). W e then also calculated the direct mean dust masses (i.e.
ot using the fits of their PDFs) of WLRG/FRIs and WLRG/FRIIs,
ncluding those contaminated by non-thermal emission. Since any
on-thermal contamination will boost the FIR fluxes and, therefore,
he calculated dust masses, these means are likely to represent upper
imits on the true mean dust masses. Out of the 11 WLRGs in the
Jy sample, we have six FRIs and five FRIIs, of which five and
ne objects are potentially contaminated by non-thermal emission,
espectively. The upper limits on their mean M dust were found to be
og 10 ( M dust /M �) = 6.0 ± 0.5 and log 10 ( M dust /M �) = 7.1 ± 0.8 for the

LRG/FRIs and WLRG/FRIIs, respectively . Finally , we compared
he mean dust mass of SLRGs (that obtained after removing the
pper limits) to that of WLRGs, therefore calculating a lower limit
n the differences, which constitutes a conserv ati ve approach. By
oing this, we find that the mean dust masses of WLRG/FRIs and
LRG/FRIIs are lower by factors of at least ∼30(3 σ ) and ∼3( < 1 σ )
hen compared to that of the SLRGs in the 2Jy sample. Therefore, at

east in the 2Jy sample, and in agreement with the results of the PDF
ts, it appears that the mean dust mass of WLRG/FRIs is lower when
ompared to that of SLRGs. In contrast, we find no clear differences
n the mean dust masses of WLRG/FRIIs and SLRGs in the 2Jy
ample. 

Furthermore, we do not find any significant differences between
he median M dust of SLRGs in the 2Jy sample, as measured from the
ts of their PDFs, and those of Type-I QSOs (difference at ∼1.6 σ

evel). By contrast, we find that the median M dust of SLRGs in the 2Jy
ample is significantly lower by a factor of ∼2.2(3 σ ) when compared
o Type-II QSOs. Ho we ver, we note that, when considering the
ubsample of SLRGs in the 2Jy sample with L [O III ] > 4.2 × 10 34 W,
hich is the lowest L [O III ] luminosity in our Type-II QSO sample, the
ifference is less significant (difference at 2.1 σ level). Our median
alues of M dust for T ype-I and T ype-II QSOs are also in excellent
greement with those reported in Shangguan & Ho ( 2019 ), and no
ignificant differences are found between the median M dust of these
wo classes (difference at ∼2.2 σ level). 

Finally, using the medians from the fits to the PDFs, we find
hat the median M dust of SLRGs in the 2Jy sample and that of

LRG/FRIIs in the 2Jy and 3CR samples are enhanced by factors of
200(17 σ ) and ∼40(5 σ ), respectively, when compared to those of

on-AGN classical elliptical galaxies. In contrast, the median M dust of
LRG/FRIs (although weakly constrained) is consistent with that of

on-AGN elliptical galaxies (difference at ∼1 σ level). We note that
he PDFs of the latter have been built by combining the Atlas 3D and
RS samples with Herschel observations, as well as dust masses
f elliptical galaxies observed with AKARI taken from Kokusho
t al. ( 2019 ; see Section 3.2.2 ). It is also striking that these medians
re lower by a factor of ∼16(11 σ ), ∼31 000(5 σ ), and ∼80(6 σ ),
or the SLRGs, WLRG/FRIs, and WLRG/FRIIs, respectively, when
ompared to that of ULIRGs. These are consistent with early results
eported in Tadhunter et al. ( 2014 ) for SLRGs only. Ho we ver, we
ote that the model PDFs do show some o v erlap between these
opulations of galaxies (see Fig. 4 ). 

.2 The star formation rates of radio AGNs 

e show in Fig. 5 the histograms of SFRs, split in terms of galaxy
opulations and samples. Each histogram has been normalized to
how the PDF. As for the distributions of M dust , we measured the
edian SFRs ( μ) and standard deviations ( σ d ) of each sample by
tting lognormal distributions to the observed histograms, including

art/stac474_f4.eps


The cool ISM in radio AGNs 97 

Table 3. List of the median values ( μ) and standard deviations ( σ d ) for M dust and SFRs returned by the fits of the observed probability density functions 
(PDFs; see Sections 6.1 and 6.2 ). We split between populations, subpopulations, and subsamples of galaxies. In this table, ‘RL’, ‘RQ’, and ‘Gal. dom.’ 
refer to radio loud, radio quiet, and galaxy dominated, respectively. The numbers between brackets correspond to the estimated 1 σ uncertainties derived 
from the posterior distributions of each of the optimized parameters. 

Populations Subpop. Subsamp. μ
(

log 10 

(
M dust 
M �

))
σd 

(
log 10 

(
M dust 
M �

))
μ
(

log 10 

(
SFR 

M � yr −1 

))
σd 

(
log 10 

(
SFR 

M � yr −1 

))

2Jy 7.30 (0.10) 0.70 (0.10) 0.70 (0.20) 0.80 (0.10) 
SLRGs 

3CR 6.90 (0.20) 0.70 (0.10) 0.00 (0.30) 1.20 (0.30) 
RL AGNs 

FRI 4.00 (1.00) 4.00 (2.00) −1.00 (1.00) 2.00 (1.00) 
WLRGs 

FRII 6.60 (0.30) 0.90 (0.30) −0.30 (0.30) 0.90 (0.30) 
Type-I 7.45 (0.07) 0.55 (0.05) 0.30 (0.10) 0.80 (0.09) 

RQ QSOs –/–
Type-II 7.64 (0.05) 0.47 (0.04) 0.66 (0.08) 0.70 (0.07) 

ULIRGs 8.49 (0.05) 0.32 (0.04) 2.04 (0.08) 0.40 (0.06) 
Gal. dom. –/–

Elliptical 4.99 (0.09) 0.54 (0.07) −2.60 (0.40) 1.00 (0.40) 

Figure 5. Same as Fig. 4 , but for the SFRs. 
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pper limits on SFRs (see Section 6.1 ). The resulting statistics are
isted in Table 3 and shown in Fig. 5 . 

We find that the median SFR of SLRGs in the 2Jy sample is
igher by a factor of ∼4(1.7 σ ), when compared to that of the
LRGs in the 3CR sample (see Fig. 5 and Table 3 ). The level of
ignificance suggests that the median SFR of SLRGs in the two
amples is consistent within the uncertainties, especially considering 
he dif ferent ef fects that the upper limits might have on the two
amples (see Section 6.1 ): it is likely that the apparent differences
etween the two distributions can be attributed to the large number
f SFR upper limits for the 3CR sample (i.e. ∼50 per cent), when
ompared to the 2Jy sample (i.e. ∼30 per cent). This acts to reduce
he median SFR and increase the typical range of M dust in the 3CR
ample, when compared to the 2Jy sample (see Table 3 ). Adopting
he SFRs of SLRGs in the 2Jy sample, since better constrained, the
edian SFR is ∼5 M � yr −1 , and the values span the range 0.3–

00 M � yr −1 . 
We further find that the median SFR of WLRGs (combining the

Jy and 3CR samples to o v ercome low statistics) is lower by factors
f ∼50(1.7 σ ) and ∼10(2.8 σ ) for those associated with FRI-like and
RII-like radio jets, respectively, when compared to SLRGs in the 
Jy sample (see Fig. 5 and Table 3 ). Because of the potential effects
f upper limits, we performed a similar analysis to that presented in
ection 6.1 for the dust masses, allowing us to derive a conserv ati ve
ifference between the median SFRs of SLRGs and WLRGs in 
he 2Jy sample. In doing this, we found that the median SFRs of

LRG/FRIs and WLRG/FRIIs in the 2Jy sample are lower by factors
f at least ∼30(7 σ ) and ∼6(2 σ ), respectively, when compared to
he median SFR of SLRGs in the 2Jy sample. Consistent with our
esults on the median dust masses of these populations, the median
FR of WLRG/FRIIs appears to be in better agreement with that of
LRGs, at least in the 2Jy sample, compared to when considering

he difference between WLRG/FRIs and SLRGs. 
We also find that the SFRs of the SLRGs in the 2Jy sample are

ully consistent with those of Type-I and Type-II radio-quiet QSOs. 
urthermore, there are no differences between the PDFs for SFR 

f Type-I and Type-II QSOs, consistent with previous work (e.g. 
hangguan & Ho 2019 ; Mountrichas et al. 2021 ). 
Finally, using the medians from the fits to the PDFs, we find

hat the median SFRs of SLRGs in the 2Jy sample and that of
LRG/FRIIs in the 2Jy and 3CR samples are enhanced by factors

f ∼2000(7.4 σ ) and ∼200(4.6 σ ), respectively, when compared to 
hose of non-AGN classical elliptical galaxies. In contrast, although 
he median SFR of WLRG/FRIs appears weakly constrained, it 
s lower by a factor of ∼40(1.5 σ ) when compared to non-AGN
lliptical galaxies. On the other hand, these median values are lower
y factors of ∼20(6.2 σ ), 1100(3 σ ), and ∼200(7.5 σ ) for the SLRGs,
LRG/FRIs, and WLRG/FRIIs, respectively, when compared to 
MNRAS 512, 86–103 (2022) 
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hat of ULIRGs. This follows a similar pattern to the results reported
or the dust masses of radio AGNs in Section 6.1 . Ho we ver, it is
mportant to add the caveat that the dust masses and SFRs are not
ntirely independent, since they have both been calculated using the
IR luminosities. 

 DISCUSSION  

n this section, we explore the implications of the results for
ur understanding of triggering and feedback in radio AGNs. In
articular, we first discuss whether the cool ISM masses found
re sufficient to power QSO-like activity (Section 7.1 ). Then, in
ections 7.2 and 7.3 , we explore the triggering mechanisms of AGNs
nd how they connect to the amount of gas available for both AGN
ctivity and star formation. In Section 7.4 , we discuss the potential
mpact of AGN feedback on AGN hosts. Finally, in Section 7.5 , we
lace our samples of AGNs in the broader context of the MS of
alaxies, and discuss the implications in terms of their triggering
echanisms. 

.1 Sustaining powerful QSO activity 

n Section 6.1 , we established that the dust masses of SLRGs in
he 2Jy sample, which are better constrained than those of the 3CR,
ave a median of M dust = 2 × 10 7 M � and span M dust ∼ 10 6 −9 M �.
ssuming a typical gas-to-dust ratio of 140 (see Section 3.2.2 ), we
nd that the median gas mass of SLRGs is M gas = 2.8 × 10 9 M � with
 range of M gas ∼ 10 8 −11 M �. If we follow the arguments proposed
n Tadhunter et al. ( 2014 ), assuming QSO bolometric luminosities
 bol > 10 38 W, and a radiative efficiency of 10 per cent, a mass

nflow rate of Ṁ > 0 . 2 M � yr −1 on to the supermassive black hole
s required to sustain QSO activity. Widely varying constraints on
he lifetime of QSOs suggest that QSOs are ‘on’ for (i.e. duty cycle)
 dc ∼ 10 6 −9 yr (e.g. Martini 2004 ; Adelberger & Steidel 2005 ; Croom
t al. 2005 ; Shen et al. 2009 ; White et al. 2012 ; Conroy & White
013 ). Therefore, the total mass accreted on to the black hole during
SO episodes is M acc > 2 × 10 5 −8 M �. Ho we ver, the gas feeding

uch AGN episode is likely to have originated in a gas reservoir at
arger scales; this reservoir will eventually form stars in the bulge
f the host galaxy. Indeed, in order to maintain the observed black
ole–bulge mass relationship, the total mass of the gas reservoir is
equired to be ∼500 times larger than the mass of gas accreted by the
lack hole (e.g. Marconi & Hunt 2003 ). Therefore, for the black hole
o accrete M acc > 2 × 10 5 −8 M � for t dc ∼ 10 6 −9 yr, a total reservoir
ontaining M 

tot 
gas � 10 8 –11 M � of gas is required. These estimates of

 tot are in remarkable agreement with the range of M gas estimated
n this work for SLRGs. 

We further found evidence for WLRGs associated with FRI-
ike radio jets to have a lower median dust mass when compared
o that of SLRGs (see Section 6.1 ). The values span the range
 dust ∼ 10 5 −8 M �, which translate to M gas ∼ 10 7 −10 M �, respectively.

ollowing the aforementioned argument, these overlap with the gas
asses necessary to trigger powerful radiatively efficient QSOs.
herefore, at least for some of the most gas-rich WLRGs associated
ith FRIs, the presence of a substantial gas reservoir is not a sufficient

ondition to trigger a powerful QSO. In this case, other factors such
s the detailed distribution and dynamics of the cool ISM are likely
o be important (e.g. Tadhunter et al. 2014 ). In fact, as the cool ISM
ettles into a dynamically stable configuration post-merger, the rate
f gas infall to the black hole is expected to drop, leading to a lower
evel of nuclear activity and perhaps a WLRG AGN classification
see Tadhunter et al. 2011 , and references therein). 
NRAS 512, 86–103 (2022) 
.2 The importance of mergers for triggering powerful radio 
SOs 

e found that the cool ISM masses of SLRGs in the 2Jy sample are
nhanced by a factor of ∼200(17 σ ), when compared to our sample of
on-AGN classical elliptical galaxies (see Section 6.1 and Table 3 ).
e also recall that the latter is likely to be more FIR bright and

ust rich than typical elliptical galaxies of similar stellar mass in the
ocal universe due to selection effects (see Section 2.4 ). Therefore the
uoted factor of ∼200 corresponds to a lower limit. Because powerful
adio AGNs mostly reside in elliptical galaxies, there must be some
echanisms at work to enhance the cool ISM masses of the elliptical

osts, which in turns could be connected to the triggering of the
GN. Compelling evidence has been found in deep optical imaging

or a high incidence of tidal features and double nuclei, strongly
uggesting that galaxy mergers and interactions are important for
heir triggering (e.g. Ramos Almeida et al. 2011 , 2012 ; Pierce et al.
022 ). Ho we ver, the fact that we found that the median M dust and SFR
f SLRGs are significantly lower than those of ULIRGs, implies that
or most objects the triggering mergers and interactions are likely to
av e been relativ ely minor in terms of their cool ISM contents. This
s consistent with the evidence that population of massive elliptical
alaxies has mainly evolved via minor mergers since z ∼ 1 (e.g.
undy et al. 2009 ; Kaviraj et al. 2009 ). 
Although the majority of SLRGs are unlikely to be triggered at the

eaks of major gas-rich galaxy mergers, there is a significant o v erlap
etween the values of M dust (and SFRs) for SLRGs and ULIRGs (see
igs 4 and 5 ). To estimate the fraction of SLRGs in our samples

hat could be triggered by a ULIRG-like major gas-rich merger,
e calculated the o v erlapping fraction between the PDFs of M dust 

or our samples of SLRGs and ULIRGs (see Section 6.1 , Fig. 4 ,
nd Table 3 for the PDFs). We found fractions of 22 + 11 

−10 per cent
nd 11 + 8 

−7 per cent for the SLRGs in the 2Jy and 3CR samples,
espectively. Repeating this comparison for the PDFs of SFRs led to
imilar summary statistics. In addition, we find that four out of the
ve SLRGs in the 2Jy sample (80 per cent) with M dust > 10 8 M �, a
alue consistent with the typical dust masses measured for ULIRGs,
re also reported to have strong polycyclic aromatic hydrocarbon
PAH) emission at MIR wavelengths, which is a sign of ongoing star
ormation (Dicken et al. 2012 ). 

Similarly to the SLRGs, we also found that the cool ISM properties
f WLRG/FRIIs were significantly enhanced compared to those of
lassical elliptical galaxies, yet depleted when compared to ULIRGs
see Section 6.1 ). In contrast, the cool ISM properties of WLRG/FRIs
ere not found significantly enhanced when compared to those of

lassical elliptical galaxies, suggesting that both populations could
e consistent in terms of their cool ISM properties. These results
ould also imply different triggering mechanisms between SLRGs
nd WLRGs/FRIs, in agreement with previous work (e.g. Hardcastle,
vans & Croston 2007 ; Buttiglione et al. 2009 ; Tadhunter et al. 2011 ).
his is also supported by recent evidence from deep optical imaging

hat mergers are less important for WLRGs compared to SLRGs
e.g. Ramos Almeida et al. 2011 ; Pierce et al. 2022 ). An alternative
uelling scenario for WLRGs involves the direct accretion of the hot
SM (Best et al. 2005 , 2006 ; Allen et al. 2006 ; Hardcastle et al.
007 ; Buttiglione et al. 2009 ), which is possible in our samples of
LRG/FRIs since we find a smaller amount of cool ISM when

ompared to SLRGs. Finally, the similarities found between the cool
SM properties of WLRG/FRIIs and SLRGs are consistent with the
dea that the AGNs in the WLRG/FRIIs have recently switched off,
nd the information has not yet reached the hotspots of the radio
obes (e.g. Buttiglione et al. 2010 ; Tadhunter et al. 2012 ). 
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Figure 6. The cool ISM masses of our samples of AGNs versus L [O III ] , a proxy of AGN power. In reading order, we have the SLRGs, split in terms of the 
2Jy and 3CR samples, the WLRGs, split in terms of FRI and FRII radio morphologies, and the radio-quiet QSOs, split in terms of Type-I (PGQs) and Type-II 
AGNs. Arrows indicate upper limits. The colour code indicates redshift, as shown by the colour bar at the top of the central panel (0.01 < z < 0.7). 
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.3 The lack of relationship between AGN power and gas mass 

n Section 7.2 , we suggested that the differences in the dust masses
etween SLRGs and WLRG/FRIs relate to them being triggered 
y different mechanisms. We now investigate whether there is a 
irect relationship between M gas and L [O III ] for these populations, 
here L [O III ] can be used to trace AGN bolometric luminosity (e.g. 
eckman et al. 2005 ; Stern & Laor 2012 ; Dicken et al. 2014 ).
ig. 6 shows that there is a strong apparent relationship between 
 gas and L [O III ] across several orders of magnitude in both quantities 

or SLRGs, WLRGs, and radio-quiet QSOs. Ho we ver, once split
n terms of redshift (o v er z ∼ 0.01 to z ∼ 0.7), we also find
 strong relationship with redshift, suggesting that the apparent 
onnection between M gas and L [O III ] is fully driven by redshift (i.e. 
almquist bias). This is consistent with results from Shangguan & 

o ( 2019 ), where no relationships were found between M gas and
he bolometric luminosities of the PGQs and Type-II QSOs. In 
n attempt to quantify this, we performed multilinear regressions 
etween M gas , L [O III ] , and z for our samples of SLRGs and WLRGs.
e found no relationships between M gas and L [O III ] once redshift was 

ccounted for. 
In Fig. 6 , it also appears that a minimum gas reservoir of
 gas ∼ 10 8 M � is required to trigger radiatively efficient AGNs, 

s represented by SLRGs and radio-quiet QSOs. Ho we ver, the lack
f a direct relationships between M gas and the power of the AGN
uggests that although a minimum gas reservoir is likely necessary 
o trigger the most powerful AGNs, it is not by itself sufficient to
xplain the range of AGN properties: other factors, such as the 
as distribution, extend to which the gas has settled into a stable
ynamical configuration, and o v erall gas dynamics are also likely to
e important (see also Section 7.2 ). 

.4 AGN power versus star formation efficiencies: the effect of 
GN feedback 

n the most recent cosmological simulations, AGN feedback is used 
o regulate star formation in order to reproduce the local scaling 
elationships between the black hole and bulge masses, as well as the
alaxy mass function (e.g. Schaye et al. 2015 ). The net effect of such
GN feedback is a suppression of the ‘ in situ ’ SFRs, via the heating
nd/or removal of the cold gas (e.g. Di Matteo, Springel & Hernquist
005 ; Zubovas & King 2012 ; Costa et al. 2018 ). While considerable
 vidence no w exists that AGN dri ves po werful, multiphase outflo ws
hat are likely to affect the host galaxies at some level (see Fabian
012 for a re vie w), aside from fe w indi vidual objects (e.g. Nesv adba
t al. 2010 , 2021 ; Lanz et al. 2016 ) the direct impact that these
utflows have on SFRs remains uncertain. Indeed, most statistical 
tudies do not find any clear signs of ‘ in situ ’ SFR suppression as
 consequence of AGN feedback (e.g. Maiolino et al. 1997 ; Stanley
t al. 2015 ; Rosario et al. 2018 ; Shangguan et al. 2018 , 2020 ; Ellison
t al. 2019 ; Shangguan & Ho 2019 ; Jarvis et al. 2020 ; Yesuf & Ho
020 ). 
To investigate this in our samples of AGNs, we plot in Fig. 7 the

epletion time-scale τ depl , calculated using M gas /SFR (expressed in 
yr), against L [O III ] for the SLRGs, WLRG/FRIs, WLRG/FRIIs, and 

adio-quiet QSOs. Note that potential correlations with redshift can 
e ignored in the case of τ depl , because both the gas masses and SFRs
ould be affected in a similar way. No clear correlations are found
etween τ depl , which represents the inverse of the star formation 
fficiency, and L [O III ] , and there is a considerable scatter in τ depl for
ost L [O III ] values. 
Interestingly, we find that SLRGs mostly show shorter τ depl (i.e. 
 1 Gyr), when compared to WLRGs, implying vigorous SFRs for

heir gas masses (i.e. 5 M � yr −1 on average). Roughly half of
ur radio-quiet QSOs also show such short values of τ depl , which
re typically observed in starbursting galaxies, and suggest high 
tar formation efficiencies where the gas is consumed rapidly (e.g. 
ennicutt 1998 ). 
We also show in Fig. 7 with a dashed green line the mean value of

depl found for interacting and disturbed nearby galaxies (including 
ajor mergers) in the full sample of the CO Le gac y Database

or the GALEX Arecibo SDSS Surv e y (COLD GASS; Saintonge
t al. 2011 ), as reported in Saintonge et al. ( 2012 ), and based on
olecular gas measurements. We stress that, in the latter, although 

he majority of interacting systems were found with shorter values 
f τ depl (i.e. < 1 Gyr), not all galaxies in their sample with shorter
alues of τ depl were interacting systems, and their control sample (i.e. 
on-interacting systems) spanned a large range of values (i.e. 0.5–
 Gyr), largely o v erlapping with those of interacting systems, but
ith a mean of ∼1 Gyr. 
MNRAS 512, 86–103 (2022) 

art/stac474_f6.eps


100 E. Bernhard et al. 

M

Figure 7. The depletion time-scales τ depl , measured as M gas /SFR and expressed in Gyr , versus L [O III ] (or A GN power) for our samples of SLRGs, WLRGs, 
and radio quiet QSOs (from left-to-right, respectively). We split the SLRGs into the 2Jy and 3CR samples, the WLRGs into FRIs and FRIIs, and the QSOs into 
Type-Is (PGQs) and Type-IIs (see keys). Arrows indicate upper and lower limits. The filled orange and blue areas indicate the range of τ depl typically observed 
in star-forming (MS) and starbursting (SB) galaxies, respectively (Kennicutt 1998 ). The horizontal dashed green line with downward arrows shows the τ depl 

below which most of interacting galaxies are expected to be found, as taken from Saintonge et al. ( 2012 ). 
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Figure 8. The SFRs relative to that of the MS ( R MS ) of Sargent et al. ( 2014 ) 
versus M ∗ for our galaxy populations. We separated radio AGNs into SLRGs, 
WLRG/FRIs, and WLRG/FRIIs, as well as radio-quiet QSOs into Type-I and 
Type-II (see keys). Arrows indicate upper and/or lower limits on R MS and 
M ∗. The scatter around the MS of Sargent et al. ( 2014 ) is shown with a grey 
band delimited by continuous lines. The curved grey bands delimited by dot–
dashed lines show the deviations of the MS of Schreiber et al. ( 2015 ) from 

that of Sargent et al. ( 2014 ), at 0.01 < z < 0.7, and including the scatter. This 
deviation could be due to a population of rejuvenated galaxies and coincides 
with the R MS of our samples of powerful radio AGNs 
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We note that the SLRGs in our samples display a heavily
ke wed distribution to ward shorter τ depl values, consistent with those
ypically measured for interacting systems, suggesting that there
s an excess of galaxies in that region, compared to the general
opulation (see Fig. 7 ). This is consistent with the idea that SLRGs
re mainly triggered in interacting systems (see Section 7.2 ). In
ontrast, the distribution of τ depl for WLRGs and radio-quiet QSOs
ppears randomly distributed around to the mean value of the full
ample of Saintonge et al. ( 2011 , i.e. ∼1 Gyr). This is consistent with
hem being triggered in a range of situations, some of which will be
onnected to a merger, and consistent with the lesser role of mergers
n WLRGs when compared to SLRGs. 

Overall, we do not find any signs of reduced star formation
fficiencies, which is an expected outcome of AGN feedback. We
tress, ho we ver, that IR-based SFRs are averaged over ∼100 Myr.
herefore, it is possible that the effect of AGN feedback on the star

ormation efficiencies is not yet apparent. 

.5 Powerful radio AGNs: link with the rejuvenation of galaxies

o place our AGN samples in the broader context of galaxy evolution,
e now compare the SFRs of our AGN hosts to those expected from

he MS of galaxies. This is partly moti v ated by suggestions that
GN feedback plays an important role in the rapid quenching of
alaxies, placing them below the MS (e.g. Smethurst et al. 2016 ).
o test this, we calculated R MS ≡ SFR/SFR MS , where SFR MS is the
orresponding MS SFR at a given M ∗ and redshift. We use the MS
f Sargent et al. ( 2014 ), who defined a linear relationship between
og 10 (SFR) and log 10 ( M ∗) for star-forming galaxies. The results are
epicted in Fig. 8 . 
We first note that the elliptical host galaxies of most of our powerful

adio-loud AGNs have high stellar masses ( M ∗ > 10 11 M �), in
ontrast to our samples of radio-quiet QSOs that tend to have lower
alues of M ∗, on average. This is in agreement with many past studies
n the stellar masses of powerful radio AGNs (e.g. Dunlop et al. 2003 ;
nskip et al. 2010 ; Tadhunter et al. 2011 ). We further find that the
alues of R MS for powerful radio AGNs are consistent with a large
ange of values, from those typical of classical elliptical galaxies
NRAS 512, 86–103 (2022) 
i.e. R MS ∼ 0.001) to those of strongly starbursting systems (i.e.
 MS ∼ 4), but remain below those of most ULIRGs (i.e. R MS ∼ 10–
00). Interestingly, the majority of powerful radio AGNs are located
elow the MS of Sargent et al. ( 2014 ), at given M ∗ and redshift. This
ontrasts with radio-quiet QSOs, which are typically found to be
onsistent with the MS, in agreement with the results of Shangguan &
o ( 2019 ). The latter authors also reported no differences in the R MS 

alues between Type-I and Type-II QSOs, as we find here. 

art/stac474_f7.eps
art/stac474_f8.eps


The cool ISM in radio AGNs 101 

 

M
v  

p
b  

w
t  

r
f
T
c  

a  

f  

m
I  

f
t  

f
s

t  

j  

s
w  

f
S  

t
A

p  

c  

t  

q  

b  

T  

h
M  

a  

t  

a
s
b  

f  

c  

0  

i

c  

d  

t  

r
M  

w
f  

1

f
f
d
S
m

h  

q  

r  

t  

t

8

T
t  

w
r  

e
s  

(  

r
A  

T

c
t  

t  

l  

t  

a  

t
c
m
h  

s  

 

s  

S  

M  

r  

A
 

b  

a  

r  

t  

w
f  

s  

o  

w  

r

o  

l
(
f  

h

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/1/86/6534923 by C
N

R
S - ISTO

 user on 22 M
arch 2023
It is notable that the SLRGs show a wide range of R MS values.
oreo v er, while there is an o v erlap in the distributions, the R MS 

alues of the SLRGs are higher on average than those of WLRGs,
articularly the WLRG/FRIs sources whose R MS values all lie well 
elow the MS of Sargent et al. ( 2014 ; see Fig. 8 ). This is consistent
ith WLRGs having lower SFRs when compared to SLRGs, since 

hey are hosted by galaxies with similar stellar masses at similar
edshifts. It is also consistent with the longer depletion time-scales 
ound in WLRGs when compared to SLRGs (see Section 7.4 ). 
herefore, since at least some WLRGs also appear to have significant 
ool ISM masses (see Section 7.2 ), it implies that some mechanisms
re at work to reduce the efficiency of both AGN activity and star
ormation in WLRGs. For example, the gas might have settled to a
ore stable dynamical configuration in the WLRGs (see Section 7.1 ). 

n this context, we note that there is evidence for reduced star
ormation efficiencies in early-type galaxies that have accreted gas 
hrough minor mergers with gas-rich galaxies (Davis et al. 2015 ), and
or which the gas appears to have reached a relatively dynamically 
ettled state. 

One attractive explanation for our finding that radio-loud AGNs 
end to fall below the MS, in contrast to radio-quiet QSOs, is that radio
ets play a key role in quenching star formation, as expected from
ome cosmological simulations. Ho we ver, this picture is inconsistent 
ith the fact that the majority of SLRGs have relatively high star

ormation efficiencies that do not show any signs of deficiency (see 
ection 7.4 ). Therefore, it is more plausible that we are witnessing

he late-time retriggering of galaxies, in terms of star formation and 
GN activity (e.g. Tadhunter et al. 2014 ). 
Late-time retriggering is also supported by the location of our 

owerful radio AGNs in the R MS –M ∗ parameter space. In fact, they
oincide with a specific type of massive galaxy in the local Universe
hat are believed to be rejuvenated (i.e. retriggered), and for which a
uenched bulge was formed early on (i.e. typically z > 2), followed
y a more recent burst of star formation (e.g. Clemens et al. 2009 ;
homas et al. 2010 ; Pandya et al. 2017 ; Chauke et al. 2019 ). This
as the effect of moving the otherwise quiescent systems toward the 
S of galaxies. Such rejuvenation has also been used to explain the

pparent curvature in the MS at high stellar masses ( M ∗ > 10 11 M �)
hat has been found in some studies (e.g. Schreiber et al. 2015 ):
s the (quiescent) galaxy bulges become more dominant at high 
tellar masses, any star formation due to late-time gas accretion 
ecomes less closely tied to the total stellar mass, so the objects fall
urther below the MS (e.g. Mancini et al. 2019 ). The position of the
urved MS for star-forming galaxies of Schreiber et al. ( 2015 ) for
.01 < z < 0.7 relative to the MS of Sargent et al. ( 2014 ) is shown
n Fig. 8 (including the scatter). 17 

Interestingly, most of our powerful radio-loud AGNs lie on the 
urve of the MS of Schreiber et al. ( 2015 ), where there is significant
eviation from the linear MS of Sargent et al. ( 2014 ), perhaps due
o a population of rejuvenated galaxies (see Fig. 8 ). In contrast, a
elatively high proportion of WLRGs fall below the curve of the 

S of Schreiber et al. ( 2015 ), again emphasizing their lower SFRs,
hich are perhaps related to triggering mechanisms that are different 

rom those of SLRGs (e.g. direct accretion of hot gas from the X-ray
7 We stress that here we are comparing with the positions of the MS derived 
or objects pre-identified as star-forming galaxies, rather that those derived 
or samples that include a mixture of star-forming and quiescent, red and 
ead, elliptical galaxies (e.g. Eales et al. 2017 ), which tend to fall at lower 
FRs for a given stellar mass and naturally show a curve at higher stellar 
asses. 

A

W
h  

k
s
M
f

aloes). Relative to the curved MS of Schreiber et al. ( 2015 ), radio-
uiet QSOs remain on the MS, since they fall within a stellar mass
egime where both the linear and curved MS agree. Therefore, the
riggering of the activity in these galaxies is less likely to be related
o rejuvenation. 

 C O N C L U S I O N  

aking advantage of recent IR observing campaigns undertaken for 
he 2Jy sample, and the availability of archi v al IR data (see Section 2 ),
e investigated the triggering and feedback mechanisms of powerful 

adio AGNs, split in terms of SLRGs (i.e. showing strong optical
mission lines, typically observed in QSOs) and WLRGs (i.e. lacking 
trong optical emission lines). To do this, we calculated dust masses
see Section 3 ), tracing the cool ISM, and SFRs (see Section 4 ),
emoving AGN contamination, for our samples of powerful radio 
GNs, but also for our comparison samples of radio-quiet Type-I and
ype-II QSOs, ULIRGs, and non-AGN classical elliptical galaxies. 
We found that the cool ISM content of SLRGs is enhanced 

ompared to that of non-AGN classical elliptical galaxies, yet below 

hat of ULIRGs (see Section 6.1 ). Galaxy mergers and interactions
hat are relatively minor in terms of their cool ISM contents are most
ikely responsible for this enhancement (see Section 7.2 ). In contrast,
he cool ISM contents of WLRGs associated with FRI-like radio jets
re reduced when compared to SLRGs. This is also in contrast with
he cool ISM properties of WLRGs/FRIIs, which were found more 
onsistent with that of SLRGs. Therefore, while WLRG/FRIs are 
ostly triggered by different mechanisms (i.e. direct accretion of the 

ot gas), at least some WLRG/FRIIs may have been triggered in a
imilar way to the SLRGs but recently switched off (see Section 7.2 ).

No relationships were found between the cool ISM content of our
amples of AGNs and the power of the AGN, as traced by L [O III ] (see
ection 7.3 ). This implies that while a minimum amount of gas of
 gas ∼ 10 8 M � is required to trigger the mostly radiati vely ef ficient

adio AGNs, other factors must also be important in dictating the
GN power and efficiencies. 
Finally, many of the powerful radio AGNs in our samples fall

elow the MS of Sargent et al. ( 2014 ), implying that their SFRs
re lower than expected for galaxies at such stellar masses and
edshifts (see Section 7.5 ). We argued that this cannot be due to
he quenching effect of AGN feedback on star formation, since it
ould be inconsistent the surprisingly high star formation efficiencies 

ound in SLRGs, which are typical of those observed in starbursting
ystems (see Section 7.4 ). In fact, we further showed that the location
f powerful radio AGNs in the R MS –M ∗ parameter space coincides
ith that of a population of galaxies believed to be undergoing

ejuvenation (see Section 7.5 ). 
Overall, our results provide strong evidence that the majority 

f powerful radio AGNs in the local universe are associated with
ate-time retriggering of both star formation and AGN activity 
rejuvenation), mainly fuelled via galaxy mergers and interactions 
or SLRGs, and some other mechanisms (e.g. direct accretion of the
ot gas) for WLRGs. 
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