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ABSTRACT

We have constructed a sample of radio-loud objects witltajgpectroscopy from the Galaxy
and Mass Assembly (GAMA) project over tliierschelATLAS Phase 1 fields. Classifying
the radio sources in terms of their optical spectra, we firad $trong-emission-line sources
(‘high-excitation radio galaxies’) have, on average, ddae 4 higher 250um Herschellu-
minosity than weak-line (‘low-excitation’) radio galasi@nd are also more luminous than
magnitude-matched radio-quiet galaxies at the same iftdshing all five H-ATLAS bands,
we show that this difference in luminosity between the eiorséine classes arises mostly
from a difference in the average dust temperature; stronigston-line sources tend to have
comparable dust masses to, but higher dust temperaturesaldéo galaxies with weak emis-
sion lines. We interpret this as showing that radio galawiils strong nuclear emission lines
are much more likely to be associated with star formatiom@irthost galaxy, although there
is certainly not a one-to-one relationship between stan&tion and strong-line AGN activ-
ity. The strong-line sources are estimated to have standtion rates at least a factor 3-4
higher than those in the weak-line objects. Our conclussocoinsistent with earlier work,
generally carried out using much smaller samples, andaeia$ the general picture of high-
excitation radio galaxies as being located in lower-ma&ss evolved host galaxies than their
low-excitation counterparts.
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1 INTRODUCTION

The relationship between AGN activity and star formatioa ¢®@m-

plex one. In order to maintain the observed black hole maksb
mass relationship, black holes must grow as new stars forgn (e

IMagorrian et dll, 1998) and black hole growth should resudGN

activity. The generally accepted picture is one in which gees
trigger both AGN activity and star formation (elg. Granatalé

2004;/ Di Matteo et A1 _2005) and in which the AGN activity, at

some point, shuts down star formation by one of a range of pro-

cesses generally referred to as ‘feedback’ m 0D6).
The microphysics of this process presumably involves thendy
of outflows either by luminous quasar activity (.,
2012) and/or radio jets (elg. Hardcastle é{al., P012); alerstand-
ing of how feedback operates in populations of galaxiestsiat
to models of galaxy and black hole evolution.

Radio-loud active galaxies form a particularly interegtsub-
population of AGN in the context of this question. Firsthyey tend
to reside in massive elliptical galaxies, traditionallptight to be
‘red and dead’ with little or no recent star formation; sedign
the large amount of kinetic energy that they inject into rthesi-

vironment means that they must both influence and be infleence
by the galactic environment in which they are embedded. & tser

in fact long-standing observational evidence (2.g. Heaketal.,
1986) that some powerful radio galaxies have peculiar aptior-
phologies, plausibly the results of mergers with gas-riataxjes.

In these systems, we might expect AGN activity and star ferma

tion to go hand in hand, although the different timescalestar
formation and AGN triggering will mean that they will not adys
be observed together; in radio-quiet systems, there magJsral

hundred Myr of delay between the starburst and the peak of AGN

accretion|(Wild et IO). In contrast to these objegtsknow
that other radio galaxies, often equally powerful whenrtkiietic

powers can be computed, reside in the centres of rich claster

group environments where, on the one hand, gas-rich mergets
be very rare, and, on the other, the duty cycle of AGN activityst

approach 100 per cent to account for the nearly universaceet

tion of radio sources in these systems (2.9. Eilek & Oweng200

In these objects, we would be surprised to see evidence fioeet d

link between AGN activity and star formation.

nuclear jet (e.gl_Hardcastle ef al. 2009 and referenceither
the AGN power output is primarily kinetic and we observe it
only through the radiation of the jet and lobes and through th
work they do on the medium in which they are embedded. On the
other hand, the HERGs, which include the traditional classe
narrow-line radio galaxies with spectra like those of Sayfs,

the broad-line radio galaxies and the radio-loud quasaisave

like textbook AGN with the addition of jets and lobes. Altlgbu
LERGs are more prevalent at low radio powers and HERGs at
high powers, both classes are found across the vast mapdrtitne
radio power range and, where they overlap, there is oftenayo w
of distinguishing between the radio structures that thegpce.

The reason for the fundamental differences between the AGN
activity in these two classes of radio source is not cleatr,ooe
proposal is that the differences arise because of diffeteiling
mechanisms. In this scenarlo_(Hardcastle &t al..|2007) BERGs
are fuelled directly from the hot gas halos of their hostptiltials
and the groups and clusters in which they lie, while the HERGs
are fuelled, often at a higher rate, by cold gas, presumaiolygit
into the host elliptical by mergers or interactions with-gia$ sys-
tem#. Because the LERGs dominate the population at low power
and low redshift, this allows a picture in which nearby rafiod
AGN are driven by accretion of the hot phase and are responsi-
ble for balancing its radiative cooling (elg. Best etlalo@pwhile
still allowing for merger- and interaction-driven radiodid AGN
at higher radio luminosity and/or redshift. This model nmke
number of testable predictions. LERGs will tend to be associ
ated with the most massive systems, will therefore tendhabit
rich environments, and will largely have old stellar popiglias; as
a population, they will evolve relatively slowly. HERGs can-
cur in lower-mass galaxies with lower-mass black holesyigex
that there is a supply of (cold) fuel: we therefore expecinthe
to be in less dense environments, to be associated with merge
and star-formation signatures, to be in less evolved, lonass
galaxies and to evolve relatively fast with cosmic time ¢sirthe
merger rate was higher in the past). Many of these predition
have been tested. There is some evidence, particularlyvated-
shifts, for a difference in the environments and the masééiseo

host galaxies of LERGs and HERGs (Hardcastle, 2004; Tasalk et

It may be possible, as originally suggested by Heckmanl et al. , Ching et al., in prep.), and there is strong evidentsa a

@) to understand these apparently contradictory teesu at Iow redshifts, for differences in the host galaxy colourshe
) ' . . sense expected from the model described a-nove S rflﬂf
in the context of a two-population model of the AGN activity b ° .

. . . ) . . Best & Heckman|_2012; Janssen dtlal.. 2012). There is strong e
in radio galaxlles. The ‘two populations in_question probably idence for an increased fraction of signatures of mergeni@r-
correspond quite closely to classes A and

r
- oo o action in the galaxy morphologies of the HERGs W|th respect t
T o Xt ind JEEXIBlon 15 the LERG (Ramos Almeid el_Z0111)and wih espct 1
g = ~ background galaxy population (Ramos Almeida é{ al., 20Aa},

11994, | Jackson & Rawlings, 1€97). In recent years it has be-
come clear that the differences between these objects dre no.
simply a matter of emission-line strength but extend to aapti
(Chiaberge et al.| _2002), X-rayl_(Hardcastle, Evans, & @ust
2006) and mid-IR [(Ogle. Whysong. & Antonucci,2006;
Hardcastle, Evans, & Crosfon, 2009). In the vast majority of
LERGS, there is no evidence for any radiatively efficient AGN
activity, setting aside non-thermal emission associatétl the

most importantly from the point of view of the present pagleere

is direct evidence for different star-formation historieghe hosts

of HERGs and LERGs, in the sense predicted by the model, i.e.
that HERGs show evidence for more recent star formation abth

in this paper we will continue to refer to LERGs and HERGs asitin they
represent the archetypes of their population.

2 ltis not yet clear whether the difference in the AGN resuitf the dif-
ference in the temperature of the accreted material, a®peajby Hardcas-

1 The optical emission-line class does not correspond cdgipleeliably
to other indicators of AGN activity; s M) for adiscus-
sion of some anomalous or intermediate object.
M) for a particularly well-documented ‘LERG’ with eeal heavily
absorbed, luminous hidden AGN. Emission-line classificatilearly does
not have a one-to-one relationship to radiative efficiebay, for simplicity,

tle et al., or simply from the lower accretion rates as a fomodf Eddington
expected for massive black holes being fed at somethingajmpating the
Bondi rate in the LERGS, as in the model))and
as argued b a@lZ); Mingo et al. (in prep) diicuss
this question in detail. However, the answer to this quastiakes very
little difference to the predictions of the model.
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low redshift (Baldi & Capetti, 2008) and at~ 0.5 (Herbert et 2.,
2010).

Studies of the star formation in the different classes of ra-
dio galaxy have until recently been limited in size becaute o
the techniques and samples used (el§T imaging by Baldi &
Capetti, analysis of optical spectroscopy by Herbert gt@hly re-
cently have large samples begun to be anal kma
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2 SAMPLE SELECTION AND MEASUREMENTS
2.1 The GAMA sample

The GAMA survey is a study of galaxy evolution using multiwav
length data and optical spectrosopic data. In phase | of GAfdA
get galaxies are drawn from the SDSSDR6 photometric caialog
in three individual 12 x 4° rectangles along the equatorial regions

2012;| Janssen etlal.. 2012) and so far this work has been baseaentred at around 9, 12 and 15 hours of right ascensianband

only on optical colours at low redshift. Mid-infrared obgations
with Spitzerprovide some evidence that individual HERGs may
have strong star formation (e.g. Cygnu(mlm
systematic studies of large samples have generally shoatn th
the luminosity in the mid-IR is dominated by emission frone th
AGN itself, by way of the dusty torus (elg. Hardcastle et2009;
.@9); detailed mid-IR spectroscopy in srsafh-
ples [Dicken et all, 2012) has shown that there is not a omexo
association between star formation signatures and AGNitgti
but this type of work cannot easily be extended to very laege-s
ples. However, observations of cool dust in the far infra{felR)
should, in principle, provide a very clear way of studyingrgbr-
mation, which should be uncontaminated by AGN activitycsin
the emission from the dusty torus of the AGN is found to peak
in the rest-frame mid-IR (e. EOM). FIR olséus
can be carried out simply for large samples, and the method ca
extend to relatively high redshifts, with the only contaanhbeing
emission from diffuse dust heated by the local interstetafia-
tion field rather than by young stars (at least until redshigicome
so high that rest-frame mid-IR torus emission starts to appe
the observer-frame FIR bands). Earlier work on far-infi#sab-
mm studies of star formation in samples of radio galaxieesec
sarily concentrated on high-redshift objects, in which ssiun at
long observed wavelengths (e.g. 86, 1.2 mm) corresponds to
rest-frame wavelengths around the expected peak of thetusal
emission (e.d. Archibald etlal., 2001; Reuland et al., 2@dd)thus
applied only to very radio-luminous AGN. Much larger and mor
local samples can be studied using tterschel Space Observa-
tory .mO) and in particular by wide-field syse
such as theéderschelAstrophysical Terahertz Large Area Survey
(H-ATLAS; [Eales et dl|, 2010).

In an earlier papef (Hardcastle et al., 2010, hereafter Hi®)
studied the FIR properties of radio-loud objects in the Gdese-
degree field of the Science Demonstration Phase (SDP) tafase
H-ATLAS, and showed that, as a sample, their FIR propertieew
very similar to those of normal radio-quiet galaxies of $ammag-
nitude; however, our sample size was small and we were netabl
classify our radio-loud objects spectroscopically. THE'Rhase 1’
ATLAS dataset, consisting of three large equatorial regjigives a
field almost twelve times larger (161 square degrees). Ouk oo
radio galaxies in the Phase 1 dataset is divided betweendperp.
Virdee et al. (2012; hereafter V12) use the same sampletselec
process as H10, but use the much larger sample availabletfiem
Phase 1 datasets to investigate the relationship betwdrrgaax-
ies and normal galaxies in more detail, dividing the radioel sam-
ple by properties such as host galaxy mass and radio sowee si
In the present paper, we select our sample so as to be ablasto cl
sify our radio sources spectroscopically, using data ddrivom
the Galaxy and Mass Assembly project (Driver ef al. 20091201
hereafter GAMA) and search for differences in the far-irédchand
star-formation properties of HERGs and LERGs.

magnitude limit of 19.4 was used for the 9 and 15-h fields while
the 12-h field had a deeper 19.8 mag lirhit (Driver ét al., R0Thg
H-ATLAS Phase | data is taken from regions correspondingetio

to these three fields. Reliable spectroscopic redshifta fitevious
surveys (e.g. SDSS, 6dF Galaxy Survey, etc.) were used fd(iSA
sources that had them. Those without reliable spectrosaeypi-
shifts from previous surveys were spectroscopically oleskion
the Anglo-Australian Telescope (AAT).

We built a sample of candidate radio galaxies by cross-
matching the Faint Images of the Radio Sky at Twenty-cm (FIRS
I.5) catalogue (16 July 2008) with opticalrses
(i < 20,5 mag, extinction corrected) from the Sloan Digital Sky
Survey Data Release 6 (SDSSDR6; Adelman-McCarthylet al.,
2008) in all GAMA regions. The full details of the cross-naityg
will be described by Ching et al. (in prep.), but a short sumynis
provided here. The cross-matching firstly involved groghRST
components that were likely subcomponents of a single alptic
source (e.g. the core and lobes of a radio galaxy). The dptica
counterparts for the groups were matched automaticalheif sat-
isfied certain criteria based on symmetries of the radio casyr
and/or manually when groups were more complex, by overtayin
SDSS images with FIRST and NRAO VLA Sky Survey (NVSS;
Condon et gl.,_ 1998) contours. Groups that appeared to ke sep
rate individual radio sources were split into appropriategsoups
matched to their individual optical counterpart. All FIRSdm-
ponents that were not identified as a possible subcomporenat w
cross-matched to the nearest SDSS optical counterparavaitéx-
imum separation of 2.5 arcsec. This process gave us a sarple o
3168 objects with radio/optical identifications. Some @< ob-
jects, predominantly at low redshifts, had spectra fromSBSS
spectroscopic observations; GAMA does not re-observe sbeh
jects. Others were part of the GAMA main sample. To increhse t
spectroscopic sample size, we identified galaxies that m@trpart
of the GAMA main sample (internal data management unit #in
Catvl6, SURVEYCLASS# 1), and observed some of them as
spare-fibre targets during the main GAMA observing programm
(see Ching et al., in prep., for more details). The resulsag-
ple, by construction, contained only sources with usabkctsp
and spectroscopically determined redshiftQ ¢ 3, from GAMA
data management unit SpecCatOll), afihakis
limited in the radio, with a lowest 1.4-GHz flux density ardun5
mJy and most sources having flux density above 1.0 mJy, asla res
of the use of FIRST in constructing the sample. There wer® 255
sources with spectroscopic redshifts in this parent sample

2.2 Spectral classification

Spectral classification of the objects with radio/optic#rnitifica-
tions was carried out by inspection of their spectra. A dedaile-
scription of the process will be given by Ching et al. (in p)ep

Throughout the paper we use a concordance cosmology with here we simply summarize the steps we followed. The emission

Ho = 70 km s Mpc 1, Qm = 0.3 andQ, = 0.7. Spectral index
a is defined in the sense thatl v—1.

(© 0000 RAS, MNRASD00, 000—-000

line measurements used in this paper for GAMA spectra wedema
from the Gas and Absorption Line Fitting (GANDA a
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M) code as part of the GAMA survey (mzom tional emission-line classifications map on to the physilistinc-
for a description of the GAMA spectroscopy and spectrostopi tions in the course of the paper, with a summary in Se€fion 4.
pipeline), while for SDSS spectra we used the measurements f

the value-added MPA-JHU emission-line measurements etbriv

from SDSS DRA. Both of these measurements fit the underlying 2-3 Herschefflux-density measurements

stellar population before making emission line measurésyemd The classification over the GAMA fields and the removal ofstar
hence take into account any stellar absorption. Only higity gives us 2066 objects, all of which have positions, SDSStifien
GAMA spectra were used. cations, FIRST flux densities, spectroscopic redshiftsmf&DSS,

We firstly removed Galactic sources by imposing a lower GAMA proper or the spare-fibre programme, and spectroscopic
redshift limit of z> 0.002. Such objects are classified ‘Star’ and  classifications. Our next step was to extract flux densitiesHese

play no further part in the analysis in this paper. Next, wauvi  objects from the H-ATLAS ‘Phase 1' images. ‘Phase 1’ of H-

ally selected objects with broad emission lines; theselassified ~ ATLAS consists of observations of 161 square degrees ofkfe s

‘AeB’ in this paper, and are broad-line radio galaxies oiigedud coincident with the GAMA fields, including the much smallédS

quasars. field discussed by H10; further information on the Phase &gt
Galaxies that are withiz < 0.3 and have 1.4-GHz luminos- will be provided by Hoyos et al. and Valiante et al. (in prépba

ity (hereafterLy4) below 16* W Hz* have a high probabil-  giscarded all GAMA objects which were outside the area aaver

ity of having star-formation dominated radio emission (seg. by H-ATLAS (i.e. where flux densities were not available)stre-

IMauch & Sadlet 2007). For all such objects havingi[® [N11], duced the sample to 1836 objects, and it is this ‘H-ATLAS suabs

Ha and H3 emission lines detected with a signal-to-noise ra- ple’ that we discuss from now on.

tio >3, we used a simple line diagnostic (BRT. Baldwin étal., H-ATLAS maps the FIR sky withHerscheks Spectral

11981) to classify ‘pure star-forming galaxies’ as classifisy and Photometric Imaging Receiver (SPIRE; Griffin et al., 01
IKauffmann et al[(2003). These are classed as ‘SF’ in thevatig and the Photodetector Array Camera and Spectrometer (PACS;
analysis. However, as pointed out|by Best étlal. (2005),diag-  [Pogiitsch et dl.. 2010). The process of deriving the imagesiu
nostics alone are not enough to ensure a clean sample oflcadio in this paper is described by Pascale étlal. (2011)/and It et
AGN, since the emission lines may arise from a radio-quieNAG (2010 for SPIRE and PACS respectively. For each of the tbjac
while the detected radio emission might arise from star &iiom in our H-ATLAS subsample we derived the maximum-likelihood es
another region. In addition, the lines required for BPT wsialare timate of the flux density at the object position in the thr&RE

not available az > 0.3. We therefore also classified as 'SF’ any ob-  pands (25qum, 350um and 500um) by measuring the flux den-

ject whose Hr and 1.4-GHz radio emission placed it withio &f sity from the PSF-convolved H-ATLAS images as in H10, togeth
the relation between these two quantities deriveld by Hapidral. with the error on the fluxes. We also extracted PACS flux diessit
(2003) for star-forming objects. We emphasise that ‘SFeotsjare  and corresponding errors from the images at 100 andi&Bus-

not discarded from the analysis at this stage — therefot@ngin ing circular apertures appropriate for the PACS beam (tisgdy

this classification prejudices the results of the H-ATLAS'&BiS. 15.0 and 22.5 arcsec) and using the appropriate apertureceor

Finally, we expected the remaining galaxies to be a reason- tions, which take account of whether any pixels have beerkeaas

ably robust sample of radio-loud AGN, possibly contamidaitg We add an estimated absolute flux calibration uncertainfydqfer

z> 0.3 and/or extremely luminoud {4 > 10** W Hz™') star- cent (PACS) and 7 per cent (SPIRE) in quadrature to the errors

forming objects. We therefore classified them using a schieme  measured from the maps for the purposes of fitting and stagkin
tended to differentiate between HERG and LERG radio gaaxie as recommended in H-ATLAS documentation, but this uncetsai

Our preliminary classification was visual, i.e. objectsevelassed s not included when considering whether individual sources are
as ‘Ae’ (corresponding to HERGS) if they showed strong high- detected.
excitation lines such as [@], [Nu], [Mgn], [Cin], [Civ] or Lya, Only 368 of the H-ATLAS subsample (20 per cent) are de-

and as ‘Aa’ (corresponding to LERG) otherwise, using a €imil  tected in the conservatives H-ATLAS source catalogue (created

classification scheme to thatlof Mauch & Sadler (2007) —sele th a5 described Hy Rigby etldl.. 2011). This is a similardetection

Section 2.5 for more discussion of this approach and italvdiiy. fraction to that obtained by H10. We can relax this critefionde-
However, we then found that the equivalent width of the[Jine tection slightly, as we know that there are objects (the baktxies
gave a very similar division between objects with the advgatof of the radio sources) at the positions of interest. A deectiri-
removing the subjective element of the visual classificatin the terion of 20 implies that 2.3 per cent of ‘detected’ sources will
final analysis we classified all galaxies with SNR([{)> 3 and be spurious, which is acceptable for our purposes. Howeeee

EW([Oii])> 5A as ‘Ae’ (HERG-like) and all objects not otherwise  needs to be taken when applying such a criterion to the H-ASLA
classified as ‘Aa’ (LERG-like). The choice ofss the equivalent- data. The images at 250, 350 and 500 are badly affected by

width cut gives the best match to our preliminary visual gsial source confusion, and this means that the statistics ofrtbise’
but we verified that small variations in this choice madéglitr no — inciuding Confusing sources — are not Gaussian. We have-the
difference to the results presented in the rest of the paper. fore conservatively determined ouoZutoff by sampling a large
A summary of the classification scheme and the number of number of random background-subtracted flux densities tren
objects in the sample in each of the emission-line classgiwés PSF-convolved maps, and determining the flux level belowcthi

in Table[1. Throughout the rest of the paper, we retain a dis- 97.7 per cent of the random fluxes lie, to get a flux densitytlimi
tinction between theobservationalclassifications (SF, Aa, Ae, which takes account of confusion. This process returnsethe
AeB) and thephysicaldistinction between star-forming non-AGN  |ocal r.m.s. noise if the noise is Gaussian, which turns obitthe
sources, LERGs and HERGs; we discuss how well the observa- case for the PACS data, but gives substantially higher flursite
limits of 24.6, 26.5 and 25.6 mJy for the 250, 350 and pO0-
SPIRE maps respectively, corresponding to around 3.8 ttimes
3 http://iwww.mpa-garching.mpg.de/SDSS/DR7/ local noise estimates for 250m. These limits are essentially inde-

(© 0000 RAS, MNRASDOG, 000-000
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Table 1. The classification scheme used in this paper and the numhssjedts in each class in the H-ATLAS subsample. Also showertlze numbers of
objects after the application of the ‘SF cut’ based on ther&tR relation, as described in the text.

Name Characteristics RL AGN class Number in sample
(Total)  (‘SF cut’ applied)
Aa AGN spectra with EW([@1])< 5A LERG 1247 1186
Ae AGN spectra with EW([@1])> 5A HERG/NLRG 199 156
AeB AGN spectra with strong broad high-excitation lines HERLRG/QSO 187 194
SF Star forming galaxy based on BPTHbo-radio correlation  — 191 8

pendent of the local noise estimates (from the noise magsghw

is as expected since the upper tail of the flux density digiiob

in the maps is dominated by the effects of confusing souices.
what follows, we say that a source is ‘detected’ in a giverddéit

lies above these confusion limits (for the SPIRE data) ovalibe
standard 2 value (for PACS). By these criteria, 486 sources (26
per cent) are detected at 250n, the most sensitive SPIRE band;
the number falls to 244 (13 per cent) at 506h and 328 (18 per
cent) at 10Qum.

We compared this radio-galaxy sample to the sample of V12,
which uses the method described in H10 to select candidate ra
dio galaxies, requiring a cross-match between the NVSS and

the UKIDSS-LAS ((Lawrence et al., 2007), over the originab13
square-degree Phase 1 field. 786 of the current sample miatch o

The disadvantage of this approach is that we lose the atiility
estimate the star-formation rate directly from the intégpleFIR Iu-
minosity, as we attempted to do in H10: however, the relatigrs
commonly used to do this (e.g., those giveni199
are calibrated using starburst galaxies and are not nedgsga
plicable in the temperature and luminosity range that madior
galaxies occupy. Instead, we can consider the 2&0luminosity
as representing a dustass(as iﬂMlml); the ‘isother-
mal’ dust mass, i.e. the mass derived on the assumption afjesi
temperature for the dust, is given by

Laso

Miso = 20— __
S0 Artko50B(Vas0, T)

@

wherek;sg is the dust mass absorption coefficient, which Dunne et

jects in the sample of V12, and for those objects we find good a|. take to be 0.89 Akg 1, andB(v, T) is the Planck function. Itis

agreement between the NVSS and FIRST flux densities, suiggest
that there is little missing flux. The objects that are in thR&FHLAS
subsample but are not identified as radio galaxies in the leanfip
V12 are either not LAS sources or are faint radio sourcesfétiat
below the NVSS flux density limit but are detectable with FIRS

clear for this mass estimation method, and also turns ou¢ tihé
case for the more complex method discussed by Dunne etatl., th
for aroughly constant we have a linear relationship between mass
and luminosity, while we also expect a strong correlatiotwieen
LosgandT for a fixed dust mass. Moreover, we expect high values

and so would not be expected to be in our NVSS catalogue. We of T to be indicators of strong star formation, independeritigf.

conclude that there is good consistency between the metsexd u
here and the method of H10, in the set of objects where they ove
lap, and that there is no reason to suppose that the reseltess
robust for the population of faint radio sources that we gfodthe
first time in this paper.

As noted above, our spectroscopically identified sampletis n
complete, in the sense that not all objects that would meeséh
lection criteria for spectroscopy have high-quality spgcand this
should be borne in mind in what follows. No selection bias has
been consciously imposed by our choice of objects for spectr
scopic analysis.

2.4 Luminosity and dust mass calculations

The rest-frame 1.4-GHz radio luminosity of the sample sesliis
calculated from the FIRST 1.4-GHz flux density and the spectr
scopic redshift, assuming = 0.8 as in H10. (We comment on con-
straints on the spectral index of objects in the sample imthe
subsection.)

In this paper we will initially usd_,sq to indicate possible differ-
ences in star formation, and use comparisons of fitted teastyress
T to confirm them. Later we will show thapsgcan be calibrated to
give a quantitative measure of star-formation rate, stitigesome
important caveats.

It is important to note that thélerschel SPIRE PSF has a
FWHM of 18 arcsec at 250m, which corresponds to linear sizes
up to ~ 150 kpc at the redshift of the most distant objects in our
sample. As we noted in H10, the luminosities we measure, aynd a
corresponding dust masses or temperatures, apply notojubket
host galaxy of the radio source but also to its immediaterenvi
ment. Star formation associated with a given AGN might dbtua
be taking place in a merging system or a nearby companiomgala

3 RESULTS

3.1 Subsample properties

H10 used integrated FIR luminosities, but these depend very Table[1 gives the numbers of objects in the H-ATLAS subsam-

strongly on the assumptions made about the underlying repect
in particular the and temperature of the modified blackbody

ple that fall into the various emission-line classes defiabdve.
We see that absorption-line only or weak emission-line spec

model which is assumed to describe the data. In this paper we (‘Aa’: unambiguously corresponding to the expected spectr

instead use the monochromatic luminosity at rest-frame (250

‘low-excitation’ radio galaxies or LERGs) dominate the pep

Loso. This has the advantage that the assumptions we make aboutation. There are then roughly equal numbers of the ‘Ae’ ob-

the spectrum only affect thi€-correction, and so have negligible
effect at low redshift. We still have to make a choice of thectpum

to use forK-correction, since we cannot fit models to the vast ma-
jority of our objects. H10 used a modified blackbody with= 26

K, B = 1.5, butin this paper we use= 20 K, 3 = 1.8, for reasons
that will be justified by temperature fits in Sect[on]3.5.

(© 0000 RAS, MNRASD0Q, 000—-000

jects, corresponding to the high-excitation narrow-liagio galax-
ies (HERGs, or NLRGSs), broad-line objects (‘AeB’) and olbgec
classed as star-forming on the basis of their spectra (‘SF’)

The redshift distributions within the emission-line clessre
somewhat different. The objects in the Aa and Ae classes have
very similar redshift distributions, with median redskifaround
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Figure 1. Radio sources with a 500m detection plotted on the diagnostic
plot of I@lZ). Colours indicate afiint emission-
line classes. The dashed line indicates the threshold ir&dR® radio
Ebﬂ); below this line, symitbn emission
affect the SPIRE bands.

0.4, as we might expect for bright galaxies drawn from the par
ent (SDSS) sample, and maximum redshift. We cannot distin-
guish between the redshift distributions of the Aa and Assda
on a Kolmogorov-Smirnov (KS) test at theronfidence level.
The SF galaxies have a clearly different distribution, witbdian
z~0.08 and maximunz ~ 0.3, suggesting that these are mainly lo-
cal, fainter galaxies (as expected from the known diffeh@minos-

ity functions of the AGN and SF populations; see Mauch & Sadle
). We retain the SF objects in the sample so as not toaclu
the possibility, at this stage, that some are NLRG with girstar
formation. The broad-line objects have a much wider retslsf
tribution, with mediarz ~ 1.3 and maximunz ~ 3.7. These objects
are clearly mostly quasars that are in the sample due tolihght
AGN emission. Similarly, if we consider the radio flux degsiis-
tributions, we cannot distinguish between the Aa or Ae east
high confidence with a KS test, but the SF objects have a signif
icantly different flux distribution from the Aa and Ae, tendito
have fainter radio flux densities.

The AeB objects are systematically very much brighter in the
radio, suggesting that the combination of radio and opsetdc-
tion for these quasars is picking up strongly beamed objects
this is true even if we consider only tte< 1 subsample of the

first of all that the mean spectral index of detected sourcese
enough to our previously adopted value of 0.8 thatkoworrection
in the radio will not be badly in error, and secondly that theam
spectral index of the AeB objects is very much flatter than afny
the other emission-line classes, although there is stiéirty a pop-
ulation of steep-spectrum AeBs. Given that the detecteectdpre
likely to be biased, if at all, towards the steep-spectruih @ithe
intrinsic distribution, it seems likely that the AeB objecontain a
significant number of flat-spectrum quasars.

We investigated this issue further by considering the diagn
tic methods used by Lopez-Caniego et al. (2012) in seagciuin
blazars. They relied on detections at 50, and, as noted above,
only a small fraction of our sources have 2letections at that
band. We plotted the sources that do on the diagnostic FléRo/
colour-colour diagram used by Lopez-Caniego et al. (20dBjch
is intended to search for non-thermal contamination in tRERE
bands; the result is shown in Flg. 1. We see that of the 24 AeB
objects with 500um detections, about half lie in the region occu-
pied by the Lopez-Caniego blazar candidates in which syticin
emission might affect the SPIRE bands, a much higher fratian
for any other emission-line class. While red 500/3&®- colours
may just be an indication of low dust temperatures, and thg Ae
sources have higher redshifts than the comparison obfhissis
a further sign that the AeBs cannot safely be merged with the A
objects in what follows.

3.2 Herscheland radio luminosity

Fig.[2 shows the IR luminosity,,s0, against the radio luminosity
for all the objects in the sample. This plot shows severabirtgmt
features of the sample. First, we note that the vast majofithe
broad-line objects (in red) lie at the very high-luminostyd of the

plot, presumably due to their high redshifts. As we noted/altbat
some of these objects may well have FIR fluxes contaminated by
non-thermal emission, and as their high redshift makedfitdit

to compare them with radio galaxies in any case, we exclugi@ th
from further analysis.

Fig.[2 also shows the expected linear radio-FIR correldtion
star-forming objects (magenta lines), together with thepelision
seen in that relationship, based on the parangetgy which is de-
fined as logg(L2so/L1.4) (Jarvis et al.|_2010). We see that objects
classed as SF on the basis of their emission-line propettiteeir
radio/Ha relation (black points) almost all lie in this region of the
plot and close to the best-fitting line; there is some pasitievia-
tion above the line at low luminosities/redshifts, but thigs also
seen by Jarvis et al.. However, at higher luminosities, atrarof

AeB objects. Among other things, this means that we need to be objects of other emission-line classes also fall in the-fetaning

alert to the possibility of non-thermal contamination ire tHer-

region, meaning that their radio emission is not bright goto

schelbands. To check this, we cross-matched the objects in our definitively classify them as radio galaxies. Conservéjjvevery

sample to the GMRT catalogue of Mauch et al. (in prep.), wheha
imaged the majority of the Phase 1 area at 325 MHz, using dsimp
positional matching algorithm with a maximum offset of 5sec.

A total of 536/1836 objects have counterparts in the GMRB-cat
logue; the low matching fraction reflects the incomplete s&y-
erage and variable sensitivity of the GMRT survey, as dbsdrin
detail by Mauch et al. Nevertheless, we can look for speaioix
differences in the matching objects. The number of crosines,
together with the mean spectral index and the values at tiheah@
90th percentile, are tabulated as a function of emissioadlass in
Table[2.

While the large number of non-detections in the GMRT sur-

object that lies in the star-forming region of this plot slibbe
excluded from a discussion of the FIR properties of radiagal
ies; following V12, we adopt a cut apsg > 1.3. The numbers of
sources remaining, if these objects are excluded, are givEable
[I. The vast majority of the SF objects are removed by the @reth
after the ‘SF cut’), and although some of the 8 remaining cesir
may be radio galaxies which have erroneously been clasaii&dF,
we conservatively exclude them from subsequent analysisr(g
the small numbers involved, including them as though theyewe
Ae objects would have little effect on our results).

Considering only the remaining objects, which we expect to
be radio-loud AGN, we see that these span a very large ramge in

vey means that we cannot carry out a detailed analysis, we not dio luminosity, from 162 to 17’ W Hz 1 if we ignore the broad-

(© 0000 RAS, MNRASDOG, 000-000
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Table 2. Spectral indices between 325 MHz and 1.4 GHz for sample sswith GMRT survey counterparts

Source type  Number of matches  Mean spectral index  10thmiece 90th percentile

All 536 0.70 0.27 1.09
SF 45 0.88 0.58 1.34
Aa 356 0.77 0.37 1.09
Ae 55 0.68 0.34 0.99
AeB 80 0.50 —0.03 1.12
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Figure 2. 250-um luminosity against radio luminosity for all the objectslie sample. Stars indicakéerscheldetections at@ or better as defined in the text,
points show 2 upper limits in IR luminosity derived from the confusion imColours correspond to emission-line classes as folldves blue; Ae, green;
AeB, red; SF, black. The solid magenta lines indicate theeetqul radio-FIR correlation for star-forming objedisso = 1.78, and the approximate scatter
about this relation, 4 < gp50 < 2.1 (frommlmoy The solid orange line shows dopted ‘SF cut’ atypso = 1.3, and the dot-dashed vertical line
shows the nominal FRI/FRII break luminosity.

line objects. The vast majority of these lie below the nomiRi- minosities, start to become significant onlyLaty > 107> W Hz 1
FRII luminosity divide (Fanaroff & Riley, 1974) of.2 x 107> W (Best & Heckmaln, 2012), where we have relatively few sources
Hz 1 (plotted on Fig[R for reference) and so would normally be
classed as low-luminosity radio galaxies, though we emipbdisat

the FRI/FRII division is a morphological one and we have made

3.3 LERG/HERG comparisons and stacking

no attempt to classify these objects morphologically. imte of Some differences between the FIR properties of the Aa andoAe o
our observational emission-line classifications, we saeAla ob- jects after the SF cut are immediately obvious on inspecifdhe
jects dominate numerically by a large factor, but that tfeeeAe data. For example, 53/156 (34 per cent) of the Ae objects ere d
objects at all powers. Assuming that Aas trace LERGs and Aes tected at the & level or better at 25Qm, while only 93/1186 (8
HERGS, this is consistent both with what is seen in brighaeia- per cent) of the Aa objects are detected at this level.

selected samples at low redshift (see, €.g.. Hardcastlg @089) Overall, both individual sub-samples still being consater

and with the work of Best & Heckm .'h_(2_012) over a comparable (i.e. Aa and Ae after SF cut) are significantly detected wépect
luminosity range. The Aa and Ae objects left after the SF @st h  to the background at all threderschelSPIRE bands. We follow

been made have redshift and radio luminosity distributibasare H10 in testing this with a KS test on the distribution of fluxnele
|qd|st|ngU|§habIe on a KS test (Fid 3), bUt.thIS. is not sisipg, sities compared to random flux densities from the field; thghhi
since the differences in the slope of the luminosity funcfior the est null hypothesis probability is®x 108 for the Aa sources at

two populations, leading to the dominance of HERGs at high lu 500 um, corresponding to minimumsignificance of %o for both
classes and all SPIRE bands, and the significance is muchbrtagh

(© 0000 RAS, MNRASD0Q, 000—-000
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Figure 3. The distribution of (left) redshift and (right) radio lunaisity in the Aa (blue) and Ae (green) objects after the SFThié redshift and luminosity

distributions of the samples are very similar.

250 um. For the two PACS bands, the Aa sub-sample is detected run out at around ~ 0.6 because of the magnitude limit used by

at around 98 per cent confidence (i.e. a marginal detectiGu;) 2
but the Ae objects are significantly detected with a null higpsis
probability around % 10~/ (5.20).

GAMA (Driver et all,[20101) while our spectroscopic sample ex
tends to fainter galaxies and higher redshifts. Howevegua
comparison with radio-quiet galaxies is useful to put owutes

We are therefore able to adopt the approach of H10 and divide in context. We therefore constructed a comparison galamypka

our sources into luminosity and redshift bins for a stackinglysis.
Since we have relatively few Ae sources, we use only thregibin
both, ensuring that the highest-luminosity bin includdsalrces
above the nominal FRI/Il luminosity boundarylats = 1.2 x 10?°

W Hz1, which, as noted above, can roughly be taken to sepa-
rate ‘low-power’ and ‘high-lower’ radio galaxies. We thesad KS
tests to see whether these subsamples were detectedduiistied
from the background flux density distribution) at each of fikie
H-ATLAS wavelengths. The results are shown in Tables Jand 4.

As found by H10, the detection of all our subsamples is best
at 250um, although with this larger sample most bins are signif-
icantly detected at 35@m as well (see Tabldd 3 ahdl 4). 5063
detections are less robust, and only the low-redshift Asauiples
are significantly detected in the PACS bands. We therefdyeore
the 250um flux densities for our first estimate of luminosities. With
the division of the samples into the two emission-line @assve
can see that the mean 2p@n flux density for the Ae objects is
much higher than for the Aa objects in every bin.

Our stacking analysis follows the method of H10; we de-
termine the luminosity for each source from the background-
subtracted flux density, even if negative, on the groundsttiia
is the maximume-likelihood estimator of the true luminosiand
take the weighted mean within a bin to estimate stacked Iii-lu
nosities. Unlike H10, we determine errors on the bins by toap-
ping, having verified that this method gives very similamutesto

as follows:

(i) We based the sample on the galaxy catalogue over the Phase
1 fields provided as part of the H-ATLAS data release, congtrl
in the manner described EOll), and selectieckg
ies that had either a spectroscopic redshift (from GAMA oSS
or a photometric redshift with nominal errer 0.1, had measured
SDSSr andi magnitudes, and were not point-likefiror i.

(i) From this sample we took all objects which lay on the ob-
served H-ATLAS fields and measured their background-sotstda
250-um flux densities as for the radio galaxies (giving 318,244 ob-
jects in total, the vast majority with only photometric raits).

We excluded at this point all objects that formed part of twia-
galaxy sample.

(iii) We K-corrected the-band absolute magnitudes of the radio
galaxies and the comparison samplezte 0 USINgKCORRECTV.

4.2 (Blanton & Rowels, 2007).

(iv) Comparing the range af-band absolute magnitude in the
radio-galaxy sample with that in the comparison galaxieg. B
we saw that the radio-selected objects tend to be brighkigaslat
all redshifts. At lowerz there is a tendency for the Ae galaxies to
be fainter than the Aa (as seen by, for exam 20
and Best & Heckmah 20112; note that our sample is not complete,
which reduces the extent to which we can draw conclusiors fro
this observation), but they occupy similarly bright gaks<at high

the much more time-consuming and complex method used in the z (Fig.[8).

earlier paper. As Fid.]4 shows, we find a clear and significént d
ference between the FIR luminosities of the Ae and Aa objects
every bin in either radio luminosity and redshift.

3.4 Comparison with normal galaxies

As a result of our procedure for generating our radio galaaty c
alogue in H10, we automatically had a comparison galaxy pop-
ulation. There is no equivalent in the present work, in thesee
that there is no galaxy population selected in the same wélyeas
radio-loud objects. Spectroscopic redshifts for the GAM#nple

(v) Clearly for even a rough comparison we should compare the
radio galaxies with optical objects of comparable magrEsudn
each of 14 bins of widtlf\z= 0.05 betweerz = 0.1 andz = 0.8,
we selected only the comparison galaxies that lay in thelateso
magnitude range spanned by the Aa and Ae objects (post-$F cut
in that redshift range.

We then stacked thilerschelFIR luminosities of the galax-
ies in those 14 bins, deriving them from the 2863 flux densities
on the assumptioil = 20 K, 3 = 1.8 in the same way as for the
radio galaxies. These stacks are plotted as a functianoof Fig.
[4. We emphasise that this is intentionally a crude comparifay

(© 0000 RAS, MNRASDOG, 000-000
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Table 3. Mean bin flux densities and K-S probabilities that therschelfluxes of objects in redshift bins (after the SF cut) are drénom the background
distribution, as a function of emission-line class and \evgth. Low probabilities (below 1 per cent) imply significadifferences between the bin being
considered and the distribution of flux densities measu@d fandomly selected positions in the sky, as describdukiteixt. Note that the bins do not include

quite all the objects in the sample.

Class zrange Objects Mean bin flux density (mJy) K-S probability (%)
in bin SPIRE bands PACS bands SPIRE bands PACS bands
250 um 350um 500um 100um 160pum  250um  350pum  500um  100um  160um
Aa 0.00-0.30 399 5+03 10+04 25+04 27+15 87+19 <10° <10° 0.3 2.2 3.6
0.30-0.50 475 #+03 07+03 21+04 31+14 70+17 <10°° 0.004 0.09 46.1 9.9
0.50-0.90 310 B3+04 14+04 26+05 02+17 59+21 <10°% <103 0.01 411 35.4
Ae 0.00-0.30 62 2B+09 102+09 64+11 682+38 503+46 <103 <103 0.05 <103 0.06
0.30-0.50 57 23408 81+09 38+11 256+38 307+47 <103 0.005 2.1 0.3 15
0.50-0.90 37 2@+10 98+12 76+14 235+50 142461 <103 0.002 0.10 11.9 20.8

Table 4.Mean bin flux densities and K-S probabilities that Herschelfluxes of objects in luminosity bins (after the SF cut) areadrdrom the background

distribution, as a function of wavelength. Notes as for ghl

Class Rangein Objects Mean bin flux density (mJy) K-S prdipati?o)
Lig in bin SPIRE bands PACS bands SPIRE bands PACS bands
250 um 350um 500um 100um 160pum  250um  350pum  500um  100pum  160um
Aa 22.0-24.0 457 Z+0.3 05+03 19+04 32+14 69+18 <10° 0.002 0.2 2.1 145
24.0-25.0 589 §+03 15+03 26+03 24+12 75+15 <10°% <10% <10 49.6 8.1
25.0-28.0 140 B+05 07+06 28+0.7 —-17+25 74+31 0.006 0.4 1.8 34.0 19.8
Ae 22.0-24.0 71 19+08 63409 37+10 272434 307+£42 <10° <103 1.7 0.006 2.0
24.0-25.0 57 33+08 142409 80+11 692+40 5254+48 <10° <103 0.01 0.002 0.09
25.0-28.0 28 12412 72+13 64+16 243+56 78470 <1073 0.004 0.4 4.0 94.5

example, we could also have performed a colour selectiomen t
comparison galaxies, but this would have involved an irigatbn

of the optical colours of the Aa and Ae objects, accountingfis-
sible AGN contamination, which we wish to defer to a latergrap
(Ching et al., in prep.); similarly, we are not attemptingstpa-
rate spirals and ellipticals in the comparison sample, aadave
made no attempt to match the actual distributions of madagu
(and thus stellar masses) of the comparison galaxies vittkeiab-
solute magnitude ranges used (IElg. 6). Our optical seleatibich

is required to allow matching to the radio galaxies, als@ptally
biases us against the most strongly star-forming radietqalax-
ies, which will tend to be more dust-obscured. However, te r
sult of the comparison is clear. The luminosities for the parson
galaxies tend to lie in between those for the Aa and the Aeoradi
loud objects; thus, in the redshift range where we have deda,
galaxies are on averageoreluminous in the FIR than the average
galaxy of comparable optical magnitude at a given red<iniid, Aa
galaxies are on averadessluminous, at least in the low-redshift
bins where a comparison is possible. We note that the cosquari
sample, though differently selected, is behaving in a vanilar
manner to that of H10 in terms of its FIR luminosity as a fuoicti
of redshift; but now that we have a larger sample and can atpar
radio galaxies by emission-line class, we are able to sérelifces
between the radio-loud and radio-quiet populations.

3.5 Individual dust temperatures and masses

Our large sample and the availability of the PACS data allsviou
investigate the temperatures and isothermal dust massefdi®
[Z:4) of radio-selected objects for the first time.

We began by fitting single-temperature modified black-body
models to all the sources for which this was possible. We se-
lected all objects which had ags2detection, as defined above, in
at least twoHerschelbands, in order to ensure that there was at
least in principle sufficient signal-to-noise to constrparameters,

(© 0000 RAS, MNRASD0Q, 000—-000

and then used standard Levenberg-Marqugrfdminimization to
find the best-fitting values of temperature and normalizgfiio the
modified blackbody model to the flux densities measured é&all
H-ATLAS bands.

One decision that has to be taken here concerns the emjssivit
parametef3. Earlier work, including H10 a Mbll),
takes this to be 1.5, but work on local galaxies (e
) has obtained good fits (using much better data thatabiei
to us) withf3 = 2. Fitting for 8 across the whole sample (marginal-
izing over temperature and normalization for each obje&)fiwnd
that the best fits are found with = 1.8 (the validity of this ap-
proach will be discussed by Smith et al., in prep). We figed this
value and then fitted for temperature and normalizatiorerden-
ing errors by mapping th&x2 = 2.3 error ellipse (corresponding to
1o for two parameters of interest). For these final fits, onlyiitd
ual fits with an acceptablg? value (defined as a reducgd < 2)
and a well-constrained temperatuteT(/T < 2) are considered in
what follows. This process gives us 385 measured tempesadund
normalizations, including 128 Aa objects (10 per cent ofttial),

70 Aes (35 per cent) and 170 SF objects (88 per cent); the ‘SF
cut’ was not applied to the parent sample. Integrated FIRfos

ity (LR, integrated between 8 and 1000 microns) and isothermal
dust masses were then calculated from the fitted temperanate
normalization.

Clearly the quantities we measure in this way are expected to
be biased towards the brightest and hottest objects, bstsitill
instructive to see how they relate to our emission-line sifers-
tions. Fig.[T shows the temperature-luminosity and tenipeza
dust mass plots for these objects broken down by emissien-li
class. We exclude the broad-line objects, because of camoceted
above about contamination of the FIR bands by non-therma-em
sion. We see what appears to be a bimodal distribution of éemp
atures, with one set of objects, here seen to be mostly Aagda
temperatures in the range 30T < 20 K, while the other, com-
prising most of the SF and Ae objects together with a significa
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Figure 7. Left: a temperature-luminosity plot for the SF, Aa and Aerses with individually determined temperatures. Righacked, normalized posterior
distribution functions (PDFs) for temperature fits to the S&and Aa emission-line classes.

minority of Aas, has 25 T < 40 K. The typical error bar on fitted
temperature (not plotted for clarity) is of order 10 per cdritese
temperatures generally seem realistic: the isothermaltdagper-
atures measured
and, unsurprisingly, our temperatures also lie in this eanghile
temperatures measured for early-type galaxies itérschelRef-
erence Surve 2b) ar@4 K, which is compara-
ble to what we see for the Ae sample. What is more surprising is
the cold temperatures found for a number of the Aa objects- In
grated temperatures of the order of 10 K are perhaps jussiplau

for dust in thermal equilibrium with the old stellar popuat of
elliptical galaxies, if the distribution of dust is chosearefully;
[Goudfrooij & de Jongl(1995) show that temperatures of teni§ of
are expected for dust in the centres of elliptical galaxiesthe ef-
fective temperature should be an emission-weighted asevagr

the dust distribution throughout the galaxy, and the endegsity

in photons falls off very rapidly with distance from the cenof the
galaxy, so the integrated temperature depends on dusbdisin,

but could be substantially lower than the peak value. Howeékie
lowest temperatures found by the fits would imply dust mas$es
up to 1d°M.,, which is probably not realistic. Inspection of the im-
ages for the sources with very low temperatures suggestsefa
eral of them are the result of flux confusion: given oarfRuix cuts,

5< T < 55 K is used. We see that this plot reproduces the broad
trends seen in the left-hand panel: the SF objects havelyaviat-
defined peak in temperature at around 26 K, the Aes have adaroad

MOll) span the range 10-50 Kpeak at around 30 K, and the Aas span a range between around 10

and 30 K. Even taking into account possible contaminatioodny
fused sources and/or synchrotron emission in a few casése#
not seem likely that the Aa and Ae sources have the samesittrin
temperature distribution. In addition, it is hard to see hbis dif-
ference in the PDFs could be explained by, for example, rdiffe
B values for different populations.

It is natural to interpret the wide range of temperatures in
the temperature-luminosity plots in terms of two populasiaf
dust: (1), a cold dust component which is always presentchvhi
is essentially in thermal equilibrium with the old stellaulation
(T ~ 15 K might be reasonable for this as an average over the dust
properties of an elliptical galaxy, as noted above) and whoass
scales with the total galaxy mass, perhaps with some retctishif
pendence; and (2), a warmer dust component With30 K which
traces current star formation and whose mass and luminasity
primarily an indicator of the star-formation rate (cf. Denet al.
[2011; Smith et 2/, 201Pa). In fact, such a two- temperatunderh
might help to explain the lack of objects wilh~ 20 K in Fig.[7:
although there should be objects where the two components co

up to 30 of the Aa sources that we have fitted could be spurious tribute roughly equally to thélerschelSED, these would tend to

detections, and while we do not expect the numbers to be itjiis h
in practice, confusion seems likely to account for a numbi¢he
sources with the lowest fitted temperatures and higheshdasses.
In addition, synchrotron contamination of the SPIRE bamdsch

is observed in nearby LERGs like MOlO) cbald
affecting a few Aas — several fall below the dividing line retplot
of Fig.[, although not all of these will have the flat integitadio
spectrum required for non-thermal emission to appear ags00

Another way of investigating the temperature differences b
tween the samples, which does not put so much weight on akdivi
ual objects, is to consider the stacked posterior protgloiistribu-
tion overT, marginalizing over normalization, for the fitted objects,
and this is shown in the right-hand panel of fiy. 7. Here armfo

be poorly fitted with a single-temperature model and wouldese
jected by our fitting procedure.

The type of broad-band fitting to the FIR through ultraviolet
SEDs carried out b al._(2012a) is beyond the scope of
this paper, but we investigated a two-temperature modelttiydfi
the same dataset for the normalizations of two modifiedkilady
models with3 = 1.8 and fixed temperatures of 15 K and 30 K (nor-
malizations here are explicitly constrained to be positivavoid
trading off negative flux in one component against positiu& fh
another). These models in general fit less well and therejime
fewer sources with acceptable fits, presumably because #rer
objects with well-determined temperatures for the warm pom
nent that are significantly different from 30 K, but we do ntitat
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Figure 8. The relationships between (left) the integrated IR lumityoand (right) the dust mass for objects with fits of both aglértemperature and a

two-temperature model.

they provide good fits to a population of objects that arectegkby
the x2 criterion for the single-temperature fits and that genegrall
have non-zero contributions to the dust luminosity fromhbloot
and cold components. Moreover, and importantly for whdofas,

we find a good correlation between the total luminositie®fgects
where these can be obtained using both methods [Fig. 8)e whil
the estimated dust masses show some systematic differ@russ
suggests that, at least for this sample, the total IR luniinesn

be used without worrying too much about more complex models,
while the dust mass must be interpreted with a little more.ckir
we interpret the mass e@farmdust (or, equivalently for this model,
its luminosity) in these fits as tracing star-formation rditen, us-
ing the results o 2a), the typical SF ahjeour
sample has a star-formation rate~oflOM., yr—1, while the most
luminous Ae objects might have star-formation rates moae ten
times higher. More detailed methods for estimating stamédion
rates are discussed in the following subection.

Finally, we note that the weighted mean of the best-fittimg si
gle temperatures of the Aas and Aes, o= 1.8, is 20.3 K. This
justifies the assumptions we used Kotcorrections in the luminos-
ity stacking of Sectiof 313.

3.6 Loggas a star-formation rate indicator; comparing
emission-line classes

As we noted in the previous subsection, contributionk g, are
made both by cold dust (driven by the old stellar populatiamj
warm dust (driven by star formation). It follows that neithesg
nor the integrated g are reliable indicators of star formation rates
(SFR) in general. However, they should both be usable tmasti
SFR for an object whose FIR emissiondsminatedby emission
from warm dust: these will be the objects whose best-fittamg-t
peratures are- 25 K or more. For objects with a contribution from
cold dust, the SFR estimated fromsg or Ligr will be an upper
limit.

To use the quantity that we have used for stackingp,
in this way we need to calibrate the relationship betweemdt a

(© 0000 RAS, MNRASD0Q, 000—-000

SFR. We choose to do this by considering the objects clagsed o
tically as ‘SF’, as, where temperature information is adali, all

of these have FIR temperatures consistent with being ddetdna
by star formation (Sectioln_3.5). For SF objects with SDSS:spe
tra estimated star formation rates, derived using the nastlod
Brinchmann et 1. (2004) (i.e. by model-fitting to the optiernis-
sion lines and stellar continuum), are available in the MPAJ
database. Cross-matching our SF objects against thisad&tgives

a sample of 158 objects with both SFR dng estimates; we use
the median likelihood estimates given in the MPA-JHU daseba
as being the most robust, and take half the difference betwee
16th and 84th percentiles as an estimate of the error on tRe A5~
these objects are all at low redshifis<(0.24, and mediaz= 0.08)

we need not be concerned about #eorrection used to derive
Loso. When we plol,sp against SFR derived in this way, we see a
good correlation (Fid.]9) with a slope that is, by eye, clasertity.

A Markov-Chain Monte Carlo regression, taking the errordoth
SFR and_,5pinto account and incorporating an intrinsic dispersion

in the manner described by Hardcastle et al. (2009), givgsSan

estimates of the slope and intercept of the correlation:

log; o(Loso/W Hz 1) = 23644 0.96l0g; o(SFR/M¢, yr™?)

Although a slope of unity is not ruled out, we will use thigslily
non-linear relationship in what follows. We emphasise agaat it

is only valid for objects whose FIR emission is known to be dom
nated by warm dust heated by star formation.

As a sanity check on this approach, we can also estimate the
relationship between SFR and integratgg by using our temper-
ature fits from Sectiof 315. The vast majority (143) of SF otgje
with SFR estimates also have estimate§gfand thud g, and this
guantity also correlates well with SFR (Fid. 9). Regresgjives a
linear relation

log1o(Lir/Le) = 9.90+1.0010g3o(SFR/M; yr ™)

whose normalization is only a factor 1.4 away from the stashda
relation given b t@bS), derived for starbur3tsus we
can use our IR-derived SFR with reasonable confidence.
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Applying the Los¢/SFR relation to Fig[]4, we can see that
the most luminous detected radio galaxies, at arourdl@® W
Hz 1, should correspond to star-formation rates around I250

fitting into star formation rates, using the results of Se{8.6. As
already noted, this gives us upper limits if we have reas®ufp
pose that some of the FIR emission comes from cold dust uackla

yr~1, which does not seem unreasonable — these would be radioto star formation. The results of this conversion, givenhia final

galaxies associated with starbursts — although it shoulddbed
that there is a non-negligible uncertainty associated tigh o5
values of these luminous, highsources because of the poorly
known K-correction. Individual powerful, higk-radio galaxies
have been associated with star formation at levels everehihan
this (Barthel et all, 2012; Seymour et al., 2012). The miegag of

the most radio-luminous Aes, with; 4 > 10?° W Hz1, corre-
sponds to 181, yr—1, which is well above the SFRs expected for
normal ellipticals in the local universe. The factod between the
stacked.,5g values for Aes and Aas means that the mean star for-
mation rate in the latter iat leasta factor 4 below that in the Aes;
‘at least’ because the temperature measurements suggésheh
emission from some, and perhaps most, Aas is dominated by col
dust.

3.7 Stacked dust temperatures, masses and SFR

As noted above, direct estimation of dust temperatures cin o
be carried out for the brightest (and possibly hottest) abjeand
so might give misleading results if used in the interpretatf our
stacking analysis of the whole sample. As an alternativesamees-
timate mean temperatures for objects in the sample as folldve
bin our objects in redshift or radio luminosity as in the poers two
sections. For each redshift/luminosity bin, we determimestngle
dust temperature that gives the bgétfit to the observed flux den-
sities of every galaxy in the bin, allowing each galaxy todavree
normalization (which may be negative) and taking a figeg 1.8.
Errors in this fitted temperature are estimated by finding émge
that givesAx2 = 1. We can then use the best-fitting temperature
and normalizations for all the sources to estimate the 2%0hu-
minosity of the bins, determining error bars by bootstrapefsre.
The results of this process are tabulated in Tdbles §hndesxdh
fitting gives acceptable, though not particularly good lssas we
would expect since, from the analysis of Secfiond 3.5, we kthaw
there is a wide range of temperatures in each bin. Neveshelee
can attempt to interpret the results.

Three points are of interest. Firstly, we note that the lwsin
ties we estimate are broadly consistent, within the errith, the
luminosities estimated from the stacking analysis of $e¢d.3;
this gives us confidence that the luminosities from the exaghal-
ysis are reasonable and that the assumption of a single tempe
ture for theK-correction does not have a big effect on the inferred
monochromatic luminosities. The luminosity differencevizen
the Aa and Ae spectral classes clearly persists in this sisaly
Secondly, we see that the temperatures are systematiddédisedt
for the two emission-line classes: Aes have systematidadiier
dust temperatures. Thirdly, we can compute isothermalrdasses
from eq[d using the best-fitting temperature and mean lusitine
these are of course a complicated weighted mean of the dssema
of all the objects in the bin, but still gives us some inforimaton
the properties of the galaxies. These mean isothermal dasses
are tabulated for each bin in Tab[ds 5 &hd 6. No very strorgrelif
ence between the dust masses for the emission-line classesn
in these mean masses. It therefore seems plausible thatetire ¢
observed difference in monochromatic FIR luminosity at 260
between the populations is driven by a difference in duspear
ture rather than by dust mass.

Finally, we can attempt to convert thesg values from this

column of Table§l5 arld 6, must be treated with caution, thesef
Since the mean fitted temperatures of the Aes>a@0 K, their
SFR estimates may be a reasonable estimate of the true m&an SF
in these systems; the same is not true of the Aas, and so, dgain
safest interpretation is to say that the mean SFR in the Ae§ is
order a few tens of solar masses per year, amd lisast~ 0.5 dex
higher than that in the Aas.

3.8 Radio source sizes

V12 noted a strong relationship between the FIR luminositgm-
perature of the objects they studied and the radio souregigithe
sense that larger objects had systematically Idwgeg or T. They
also showed that this discrepancy was largely driven by tbstm
massive objects in their sample.

Itis clearly interesting to ask how this result relates t® ofb-
served differences between emission-line classes. One @3Y)
therefore determined the largest angular size of everycobjehe
present sample, taking the sizes used by V12 for objectsimum
between the two samples and otherwise making measuremnients d
rectly from the FIRST images. Where objects were unresoived
FIRST, an upper limit was assigned, as described by V12irgcal
by the angular size distance, this gives the distributiosafrce
physical sizes for the current sample.

An important caveat in this analysis is that the current damp
is not complete. This isillustrated by the left panel of Eig, which
shows the power/linear-size plot (tHeD diagram’) for the current
sample together with the equivalent plot for the completbwaell-
studied 3CRR sample. For clarity, upper limits are not méue
this plot, but it should be noted that all sources with a ptalssize
> 40 kpc are actually resolved. We see that all emission-laEses
are heavily biased towards smaller physical sizes withaesmp
3CRR: of course, this is not a completely fair comparisoncesi
the 3CRR objects are the most luminous objects in the ragiaisk
any given redshift, and we might expect lower-luminositurses
to be systematically smaller than the most luminous onesv-Ho
ever, there are more subtle signs of bias, such as the fadhtra
are more large AeB sources than there are Aes: this arises-pri
pally because a broad-line object is more likely to have ghbri
radio core and so to be identified with a galaxy or quasar in our
original selection (though there is an additional effece do the
different redshift distribution of AeBs and Aes). The Aa sms,
which should have the full range of angles to the line of sighte
a length distribution intermediate between the Aes and AeBs
expected. This bias towards compact sources, or sourcesovii-
pact cores, is particularly problematic for our sample beeaf the
selection from FIRST radio images, which resolve out |ssgale
emission: the sample of V12 will be closer to being complete.

Having said this, it is still possible to investigate the FliRp-
erties as a function of length. To do this we apply the SF cdt an
then stack the FIR luminosities as in Secfiod 3.3, binnintehgth:
we use only two length bins and the division is set at 40 kpc to
ensure that all upper limits are in the correct bin. The tesate
shown in Fig[ID (right panel). We see first of all that the A= thf-
ference persists in this analysis: Ae sources have highgyrthan
Aas irrespective of length. Secondly, we see no evidencarigr
length dependence of thesg of the Ae population, although the
error bars are large because the sample is small. Thirdly)ote
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Figure 9. The relationship between star-formation rate (SFR), detezd for the SF class from the MPA-JHU emission-line datahasing the methods of

1[(2004), and the two types of FIR luminosiscussed in this paperys, (Ieft) andLig (right). The green lines show the results of a MCMC
regression, as described in the text. Error bars are ndegléar clarity — the uncertainty on SFR can+8.5 dex.

Table 5. Results of temperature fitting, dust mass and star formasittnestimation in redshift bins.

Class Rangein Objects Bestfit Reduced logy(Laso/W Hz 1) log;o(Miso/Ms)  l0gio(SFR/Mg, yr— 1)
z in bin (K) X?
Aa 0.00-0.30 398 10703 1.65 239+0.1 76+0.1 02+0.1
0.30-0.50 472 1858 1.52 243+0.1 80+0.1 07+0.1
0.50 —0.90 309 28'Z; 1.44 246+0.1 7.7+01 10+0.1
Ae 0.00-0.30 62 3807 2.11 243+0.1 73+0.1 07+0.1
0.30-0.50 55 30704 1.45 248+0.1 78+0.1 12+0.1
0.50 - 0.90 36 3277 1.99 251+0.1 80+0.1 15+0.1

a marginally significant difference between thgyg values for the
small and large Aa sources, in the sense noted by V12: théayull
pothesis that these two are equal can be rejected at the @®ipier
confidence level. If, instead of stackihgsg, we fit temperatures
to all the sources in each bin as described in Seétion 3.7,nae fi
no significant difference in luminosities as a function of lénfpr
either emission-line class, but there are significant difiees in
best-fitting temperature (28+ 0.5 vs 22+ 2 K for Ae; 21.8+0.5

vs 122+ 0.4 K for Aa), in both cases in the sense that the larger
objects have lower best-fitting temperatures. This is agesadly
consistent with the results of V12.

4 DISCUSSION

The results of the previous section show very clearly thateths

a difference between the average far-infrared propertigsidio
galaxies whose spectra show strong emission lines and tifose
radio galaxies that do not. How can we interpret this?

Itis first of all important to consider the issue of possibl@M
contamination, discussed in Sectidn 1, in more detail. & hes two
possible sources for this: (1) emission from the warm dustys,
which is expected to be seen predominantly in HERGs, ang/(2) s
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chrotron emission from the jets and lobes, which may appealt i
objects. The first of these is particularly important, asiserelated
emission in the FIR bands might give rise to a HERG/LERG dif-
ference, but we are confident that it is not a significant éffeour
sample, for several reasons. Firstly, when the requirediRuidata
are available, which is not the case for our sample at predent
compositions of the SEDs of radio-loud and radio-quiet A@Nct

to show that observer-franiéerschelSPIRE bands are dominated
by cool dust rather than by the torus component, even for galve
AGN with luminous tori (e.g Barthel et al., 20112; Del Moro éf a
@). Secondly, we know, as pointed out by H10, that the mid-
IR torus luminosities even for the most powerful HERGs in our
sample, if they follow the correlation between radio powed a
mid-IR luminosity established by Hardcastle €t al. (20@®)puld

be about two orders of magnitude less than the total FIR lasiin
ties estimated e.g. in Fiffl 7, implying that even if the toBIEDs
were strikingly different from those of known radio-loud AGit
would still be energetically impossible for them to affelse tob-
served FIR emission significantly. The second possiblecsoaf
contamination, synchrotron emission, we believe to affeostly
the broad-line objects, as discussed in Se¢fioh 3.1, tegetith at
most a very few of the Aas; there is certainly no reason to &xpe
that it would give rise to the observed Aa/Ae differencecsithe
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Table 6. Results of temperature fitting, dust mass and star formasitnestimation in luminosity bins.

Class Rangein Objects Bestfit Reduced logy(Laso/W Hz 1)  log;o(Miso/Ms)  l0g;o(SFR/Mg, yr— 1)
log;o(L1a) in bin (K) X?

Aa  22.0-24.0 456 1870 1.50 240+0.1 79+01 04+0.1
24.0-25.0 589  2870¢ 1.65 245+0.1 77+01 09401
25.0-28.0 140  18'0% 1.48 247+0.1 86+0.1 11+0.1

Ae 22.0-24.0 71 28708 1.70 243+0.1 75401 07401
240-250 57 3002 2.08 250+0.1 80+0.1 15+0.1
25.0-28.0 28  2D'T4 1.59 249+0.2 80+0.2 13+0.2
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Figure 10. The physical sizes of radio sources in our sample and thatigeship to radio and FIR luminosity. Left: the powerdar-size plot for the sample,
broken down by emission-line class, and without the SF calo@s are as in FidL]2; for comparison, 3CRR sources ar¢eglat magenta. Right: the FIR
luminosity/linear size plot, with stacking in bins at40 and> 40 kpc, after the SF cut. Colours and symbols as in[Big. 2; ujgpés in length are denoted

by arrows.

radio fluxes and spectra of these two classes are very simitar
therefore consider it safe to discuss our observationsringef a
difference in the properties of cool dust in the two popolasi.

Our result cannot be significantly affected by contamimatio
by pure star-forming objects whose radio emission is brglough
to cause them to be misidentified as radio galaxies. Whilspeic-
troscopic classification alone does not identify all olgeshose
radio emission is dominated by star formation (Elg. 2) thebina-
tion of optical spectroscopy and the ‘SF cut’ that we impas¢he
radio-FIR luminosity plane, where a clear star-formingusetee is
visible, should remove all such objects. Moreover, the égghadio
luminosities in our sample are well above eventh&0?> W Hz 1
expected from a starburst of a few thousamd yr—1, and we see a
clear difference between the different emission-linesgasn this
luminosity range.

Along similar lines, we do not believe that the relationship
between emission-line class and FIR emission can be a refsult
optical emission-line activity due to the star formatiogess it-
self. Our emission-line classification usesijQ) which, at least at
high luminosities, is widely used as an AGN indicator, altflo it
can be produced by hot, young stars. We do not have a diréct est
mate of the [@1] luminosities of our sample objects in the version

lated, we see that almost all the Ae objects would be expdoted
haveL([On]) > 10*° erg s1, and are thus in the range classified
by e.g! Kauffmann et all (2003) as ‘strong AGN’. Further wark
this area will require measurements of thal[Dfluxes, and ide-
ally those of other lines, for a large radio-galaxy sample ve are
confident that we are assessing genuine AGN activity in tis¢ va
majority of cases.

We can therefore move on to interpreting the relationship as
being one between FIR properties of the host galaxy and the-AG
related emission-line properties of radio galaxies thatliseussed
in Sectior1, with the Aa population corresponding to LERG@ a
the Ae population to HERGs. It then appears that HERGs, on av-
erage, have significantly highénsg than LERGs (Sectioh 3.3);
moreover, HERGs appear to have highegg than normal galax-
ies of comparable absolute magnitude at all redshifts (@€8t4).

In a simple isothermal model, higher luminosity can aritbesi
because of higher masses of dust or higher temperaturesyeha
see from the analysis of Sectidns]3.5 3.7 is that it issplau
ble that the dust masses of the different systems are sjrhiliar
that the mean isothermal temperatures of the HERGs arerhighe
In resolved local galaxies, it has been shown that low-teatpee
dust emissionT ~ 15 K) is driven by the old stellar population,

of the GANDALF-derived database we use, but we have derived a while significantly hotter temperatures are seen from fetlaning

rough indicator of luminosity from the measured equivaleitths
and theK-corrected absolute magnitude in the SOfisand. Cal-
ibrating this indicator using the MPA-JHU emission-lineasere-
ments, for which both equivalent width and1jQ flux are tabu-

regions (e.g._Bendo etlal., 2010; Boguien etlal., 2011). Byife
most obvious interpretation of our result is therefore thatstar-
formation rates are significantly higher in the HERG subdamp
than in the LERGS, giving rise to a significant component ofsem
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sion from hot dust which raises the isothermal temperatsisean
in the analysis of Dunne etlal. (2011). If so, this is strongfite
mation, using a much larger sample, of the picture that eeserg
from the earlier work discussed in Sect[dn 1 (Mp

12008] Herbert et al., 2010; Ramos Almeida ét al., 2011b /P @Y
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classification is made using data at other wavebands (ergy X+
mid-IR).

calibratingL 50 as a star formation indicator using SFRs derived 5 syMMARY AND CONCLUSIONS

from local radio-loud star-forming galaxies (Section] 3:8 have

been able to quantify this, showing that the mean SFR in thet mo The key results from the analysis and discussion above canrbe

luminous/highz Aes is probably at the level of aroundi@g, yr—1,
and isat least~ 0.5 dex higher than that in the Aas at all redshifts
and radio luminosities.

What does this tell us about the association between star for

mation and AGN activity in radio galaxies? The first point to
note is that the association between a HERG classificatidriran
creased FIR luminosity (and therefore star-formation)riatstatis-
tical only. It can be seen from Figl. 4 that there are individlERGs
with high FIR luminosities, while at the same radio lumiripsiie
see HERGs with FIR luminosities 0.5-1 dex lower. Similathg
temperature analysis of Sectibn]3.5 shows that there areGsER
with best-fitting temperatures comparable (within the éaggrors)
to those of the warm dust in known star-forming galaxies.hinag
appears to require HERGs to be associated with high starafiion
rates or LERGs to be associated with completely quiescdak-ga
ies, consistent with the conclusiond of Tadhunter et all 120This
suggests that the mechanism of the association is not theesm
possible one, in which some single event, such as a mergaysl
triggers both HERG activity and star formation. If this wehe
case, we would not see individual LERGs with high star-fdroma
rates (setting aside the possibility, which we regard aotenthat
these sources are all misidentified HERGSs).

Another piece of evidence supporting this picture comesifro
the lobe length analysis of Sectibni3.8. If HERGs were assedi
with AGN triggering following a merger, we might expect them
to show a very strong relationship between FIR propertiedaive
physical size, since star formation would be expected tk paav-
erage at early times in the radio source’s lifetime. This wa®s-
sible interpretation of the results of V12, who showed tlaagyér
sources in general have lower FIR temperatures and luntiegsi
However, our analysis shows that this resulhat driven by the
HERG (Ae) population, and in fact for our sample is more obsgio
for the LERGs (which, however, have considerably bettetissta
tics).

We would therefore argue that we are not seeing a sim-

ple triggering relationship, but rather that the differermetween

HERGs and LERGs is that HERGs tend to inhabit environments

in which star formation is favoured relative to the generabgy
population, while by contrast star formation is disfavaline the

environments of LERGs. The FIR differences as a function of

marized as follows:

e We have used individual measurements and stacking analy-
ses to determine the FIR properties (mean luminosities amd t
peratures) of a large sample of radio-selected sourcesspith-
troscopic redshifts and HERG/LERG classifications fromiazbt
spectroscopy. Sources near the known FIR-radio correlatie ex-
cluded from our analysis; the vast majority of the objectsstuely
should be bona fide radio galaxies.

e We find a clear difference between the FIR properties of the
two populations in the sense that the rest-frame @B0Oluminosi-
ties are systematically higher in the HERGs than in the LERGs
the host galaxies of LERGs in fact occupy galaxies with loRié&t
luminosities than normal galaxies matched in absolute it
while HERGs tend to have higher FIR luminosities. This difece
is apparent at all redshifts and all radio luminosities dahpy our
targets.

e A comparison of the temperatures and dust masses of HERGs
and LERGs, stacked in coarse bins, suggests that the dusesnas
are reasonably comparable for the two samples but that the te
peratures in the HERGs are systematically higher. Thisigesv
strong evidence that the higher FIR luminosities we arenggien-
ply, on average, higher star formation rates (which areireduo
raise the mean temperature of the dust) rather than jusehirst
masses. The low mean temperatures seen for LERGs are eonsist
with what would be expected for quiescent dust which is imrtize
equilibrium with the photon field of the old stellar poputatiof the
host galaxy, although the fact that these objects are detexttall
implies that large masses of dust are present.

e Quantifying the SFR by calibratinb,sg as a star-formation
indicator in the ‘SF’ sources known to be dominated by hot,dus
we find that the mean SFR in the radio-luminous Aes i80M.,
yr~1, and isat least~ 0.5 dex higher than that in the Aas at all
luminosities and redshifts.

e Consistent with the results of V12, we find that both emission
line classes in our sample show some evidence for a depemdénc
FIR properties on radio source size.

e We argue that there is certainly not a simple triggering re-
lation, and not even a one-to-one association, betweemeatia
star formation and a particular AGN type (a conclusion con-
sistent with detailed studies of starburst radio galaxigshsas

source length would then be explained by some other process,yq; of[Tadhunter et all, 2011). However, the statisticahdr for
such as jet-induced star formation when the bow shock of the iFpGs to have higher star formation rates is consistent both

source is within the host galaxy, which can in principle takace
in both emission-line classes (although we note there isyabt
any direct evidence for this process affecting emissiom ge¢he

FIR band). Such a model is consistent both with all the obser-

vations to date (e.g. Baldi & Capetti, 2008; Herbert etlad1(®

IBest & Heckmanl, 2012; Janssen etlal., 2012) and with the €xpla

nation of the HERG/LERG dichotomy in terms of accretion mode

discussed in Sectidd 1. It will be of great interest to seethdrethis
result is confirmed by the larger samples that will be madd-ava
able by the full H-ATLAS dataset, whether it can be extended t
higher redshifts using deeper spectroscopic or photoosiriveys,

with what is known from other wavebands ( man,

2012:/ Janssen etlal.. 2012) and with the general class oflmode

(Hardcastle et all, 2007) in which HERG activity takes plate
lower-mass galaxies where the black hole is able to accigte s
nificant quantities of cold gas.

As more H-ATLAS data and supporting optical imaging and
spectroscopy become available we expect to extend this twork
much larger samples, allowing more detailed binning and-tem
perature analysis, to investigate different methods afyaay out
the LERG/HERG classification, and to consider radio gaksie

and whether the same results are obtained when the HERG/LERGhigher redshifts in order to search for evidence of cosmoidg

(© 0000 RAS, MNRASD0Q, 000—-000
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evolution of the star-formation properties of the radiadoAGN

population.
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