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ABSTRACT

We have constructed a sample of radio-loud and radio-quiasays from the Faint Im-
ages Radio Sky at Twenty-one centimetres (FIRST) and thenIhigital Sky Survey Data
Release 7 (SDSS DR?7), over the H-ATLAS Phase 1 A®a (2" and 14.5"). Using a
stacking analysis we find a significant correlation betwédenfar-infrared luminosity and
1.4-GHz luminosity for radio-loud quasars. Partial caatiein analysis confirms the intrinsic
correlation after removing the redshift contribution vehfbr radio-quiet quasars no partial
correlation is found. Using a single-temperature greyyhoddel we find a general trend of
lower dust temperatures in the case of radio-loud quasanpaong to radio-quiet quasars.
Also, radio-loud quasars are found to have almost constaanmalues of dust mass along
redshift and optical luminosity bins. In addition, we findattradio-loud quasars at lower
optical luminosities tend to have on average higher FIR &@32n luminosity with respect
to radio-quiet quasars with the same optical luminositegnBf we use a two-temperature
grey-body model to describe the FIR data, the FIR luminasityess remains at lower optical
luminosities. These results suggest that powerful rad#ogee associated with star formation
especially at lower accretion rates.
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1 INTRODUCTION demonstrated the close connection between AGNs and thets.ho
A tight correlation exists between black hole and galaxygbéul
masses (e.d. Boyle & Terlevich 1998; Ferrarese & Merritt (200

Star formation and Active Galactic Nucleus (AGN) activitiap McLure & Dunlop 2001 Merloni et al. 2004). In addition, thece
important roles in the formation and evolution of galaxi€ser lutionary behaviour of AGN shows a strong correlation witml-

the past two decades a significant number amount of evideae h Nosity: the space density of luminous AGN peaks at 2, while
for lower luminosity AGN it peaks at ~ 1 (e.g..Hasinger et al.

2005%; Babit et al. 2007; Bongiorno etlal. 2007; Rigby €t @l 2a).
This so-called anti-hierarchical evolution is similar teetdown-

1.1 AGN and star-formation connection

* Herschelis an ESA space observatory with science instruments pedvid . . - -
o . . . . sizing behaviour of galaxy star-formation activity (¢.a@vie et al.
by European-led Principal Investigator consortia and withortant partic- 9 9 y y (e.g

ipation from NASA 1996 Fontanot et &l. 2009) which, in some cases, is assedaiath
t Email: e.kalfountzou@herts.ac.uk the decline in frequency of major mergers (e.9. Treistet| 204 2).
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Although AGN activity and star formation in galaxies do agpt®
have a common triggering mechanism, recent studies do robt fin
strong evidence that the presence of AGN affects the stardiion
process in the host galaxy (e.g. Bongiorno et al. 2012; &eltal.
2013).

Theoretical models suggest that these possible corretatio
arise through feedback processes between the galaxy aad-its
creting black hole. Such regulation has been shown to berimpo
tant in large cosmological simulations (€.9. Di Matteo eP8i05;
Springel et all. 2005; Croton etlal. 2006). In general thesetake
two forms, AGN-winds (often referrred to as quasar-modeictvh
comprise wide-angle, sub-relativistic outflows and tenotdriven
by the radiative output of the AGN, and jets (often referrecs$
radio-mode), which are relativistic outflows with narrowenjng
angles that are launched directly from the accretion floalfitén
the case of quasar-mode the objects are accreting raptdhgaa
their Eddington rate and their radiation can couple to the ayal
dust in the interstellar medium, driving winds that may sthoivn
further accretion onto the black hole or even drive materialof
the galaxy, thereby quenching star formation (e.g. Di Maéteal.
2005). Although there is no compelling evidence for AGN feed
back quenching star formation, there is mounting evidermre f
quasar-driven outflows (e.g. Maiolino et lal. 2012).Howenezrent
surveys find little evidence that X-ray luminous AGN quentdr s
formation (Harrison et al. 2012 cf. Page etlal. 2012). Siryila
the radio-mode and the role of radio-loud AGN and their jats i
the evolution of galaxies has been studied intensively ssiijug
that jets can have positive as well as negative feedbackarn st
formation rates with the observational consensus beingniker-
tainly, some studies advocate that radio-jets effectiglppress
or even quench star formation (e.g. Best et al. 2005; Crdtafl e
2006; | Best & Heckman 2012; Karouzos etial. 2013; Chenlet al.
2013) by warming-up and ionizing the interstellar mediu®Ml)
which leads to less efficient star formation, or through ctilex-
pulsion of the molecular gas from the galaxy, effectiveljnosing
the ingredient for stars to form (elg. Nesvadba &t al. 200671 P
On the other hand, positive feedback can enhance star fiormat
which could be explained by shocks driven by the radio-jats i
the ISM that compress it and eventually lead to enhanced star
formation efficiency (e.g. Silk & Nusser 2010; Kalfountzdiaé
2012] Gaibler et al. 2012; Best & Heckman 2012).

Itis therefore apparent, that although some form of feeklizac
needed to explain the observational results supportingvotution
of central spheroids and their galaxies, much still remaimdear.
Radio-loud and radio-quiet quasars provide ideal candedfatr the
study of star formation in powerful AGN under the presence of
jets or otherwise. Indeed, optically selected radio-loudsagrs are
found to have enhanced star formation at lower luminositi&sg
optical spectral feature as a diagnostic (Kalfountzoule2@12).
The latter result raises the question of why such an effexditiseen
at high radio power and/or AGN activity which could be expkd
under the assumption of a dominant mechanical feedbacknat lo
Eddington luminaosities, in which case this would plausibéy/the
major source of positive feedback.

However, spectral diagnostics are not immune to AGN con-
tamination and optical diagnostics, in particular, areceptible
to the effects of reddening. Indeed, the measurement oftére s
formation activity in the host galaxy is difficult, mainly duo
contamination by the AGN. Many studies have attempted to de-
termine the star-formation activity in quasar host galsxising
optical colours (e.g._Sanchez et al. 2004) or spectrosdepy.
Trichas et all 2010; Kalfountzou etlal. 2011; Trichas et 8i122).

or X-ray selection (e.d. Comastri et al. 2003; Treister 2pal1).
In addition, AGN emission can outshine both the ultra-igléV)
and optical emission from young stars. By contrast, thérfared
(FIR) emission is shown to be dominated by emission from bust
the host galaxy, except in the most extreme cases (e.g. Nstak
2007 Mullaney et al. 2011), and to be a proxy of its star faram
activity that is largely uncontaminated by the AGN (e.g. lahal.
2003 Hatziminaoglou et al. 2010).

1.2 Radio-loud and radio-quiet quasars

A property of quasars is the existence of radio-loud ancbrgdiet
populations. One of the more controversial topics in swdié
these objects is whether these radio-loud and radio-quigsars
form two physically distinct populations of objects. Ratiod
guasars are often defined to be the subset of quasars witloa rad
loudness satisfying?; > 10, whereR; = L(5GHz)/L(4000A)
(Kellermann et &l. 1989) is the ratio of monochromatic luosities
measured at (rest frame) 5 GHz and 4d00?adio-quiet guasars
must minimally satisfyR; < 10. However, even radio-quiet
guasars quasars can be detected as radio sources (Kelteeirain
1989). This has led to two opposing views of the radio-losdne
distribution which have long been debated. The first is that t
radio-loudness distribution is bimodal (e.g. Kellermahal21989;
Miller et all|1990] Ivezit et al. 2002). The other is that thstribu-
tion is continuous with no clear dividing line (elg. Cirakuet al.
2003 La Franca et al. 201i0; Singal et al. 2011, 2013; Bortchli e
2013). Typically, optically selected radio-loud quasams anly a
small fraction,~10-20 per cent, of all quasars (e.g. lvezic et al.
2002 but see alsp Richards etlal. 2006 with a small radio-loud
fraction of 3 per cent), with this fraction possibly varyimgth
both optical luminosity and redshift (Jiang et al. 2007).clon-
trast, X-ray selected samples show lower fractions of réwliol
AGN < 5 per cent (e.d. Donley etal. 2007; La Franca €t al. 2010).
However, many low-power radio sources in these samplestmigh
be star formation-driven (e.g. Massardi etial. 2010). X-salec-
tions overall probe much higher (or complete) portions efAGN
populations than optical ones. This may affect the comparf
same subsamples (i.e., radio-loud) selected with diffenegth-
ods. Radio-loud quasars usually reside in very massivexigala
and have typically a lower optical or X-ray output at giveallstr
mass (i.e. lowel./Lr4q at given Lgqq, ISikora et all 2007) com-
pared to radio-quiet quasars. This means thdt afimited sample
will have a lower radio-loud quasars fraction, compared toess-
limited sample. However, in the case of a strictly limiteteséon
of X-ray-Type | AGN, then possibly the subsamples of radiod
AGN might end up being more comparable to optical ones.

While a definitive physical explanation of this dichotomy re
mains elusive, a large number of models have been put forward
to explain it. Both types of quasars are likely powered byilsim
physical mechanisms (e.g. Urry & Padovani 1995; Shankdl et a
2010), but their radio loudness has been shown to be antilated
with accretion rate onto their central supermassive bladkh(e.g.
Fernandes et al. 2011). Additionally, it has been demotestridat,
relative to radio-quiet quasars, radio-loud quasars &edylito re-
side in more massive host galaxies (Kukula €t al. 2001; Sikoal.
2007). However, Dunlop et al. (2003) found that spheroidet$
become more prevalent with increasing nuclear luminogishs
that, for nuclear luminositiesly < —23.5, the hosts of both radio-
loud and radio-quiet AGN are virtually all massive elliftis.

Along with the idea of different host galaxies it has beemfibu
that radio-loud quasars require more massive central atds
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than radio-quiet quasars (e.g. Dunlop et al. 2003; MclLure&is 2 SAMPLE DEFINITION AND MEASUREMENTS
2004; see als0_Shankar et al. 2010, who finds this to be red-
shift dependent) and it has also been suggested that m@aio-|
quasars host more rapidly spinning black holes than radietq  |n this section we describe the data used throughout thisrpap
quasars (e.d. Blandford & Znajek 1977; Punsly & Coroniti 0,99

Wilson & Colberl 1995 Sikora et 5l. 2007; Fernandes 5t a1120 () Radio source catalogues and images from the Faint Images
but see alsb Garofalo et/al. 2010). The low radio-loud foactilso of the Radio Sky at Twenty-one centimetres (FIRST. Becketiet

suggests a change in jet occurrence rates among active- supert295) survey and NRAO NLA Sky Survey (NVSS; Condon et al.
massive black holes at low luminosities. This could be linke 1998). Both cover the entire H-ATLAS (Eales etlal. 2010) Rhas

2.1 Thedata

to changes in the Eddington fraction, evolutionary statethef 1 area. To check the possibility of non-thermal contamérath
black hole, or the host galaxy mass, evolutionary stateparan- theHerschelbands, we also cross matched our sample with the Gi-
ment.Recently, Falder etlal. (2010) showed that radio-laGN ant Metrewave Radio Telescope (GMRT) catalogue of Mauch/ et a

appear to be found in denser environments than their radit-q ~ (2013), who have imaged the majority of the Phase 1 area at 325
counterparts at ~ 1, in contrast with previous studies at lower MHZ, inorder to estimate the radio spectral index for theaddud

redshifts (e.g._McLure & Dunlop 2001). However the diffecen sar.rl1p|e. ' .
are not large and may be partly explained by an enhancemée in (ii) Point spread function (PSF) convolved, background-sub
radio emission due to the confinement of the radio jet in aelens tracted images of the H-ATLAS Phase 1 fields at wavelengths of
environment (e.d. Barthel & Arnalid 1996). 100, 160, 250, 350 and 5Q0n, provided by the Photodetector Ar-

If the radio-loudness is due to the physics of the centrafeng '@y Camera & Spectrometer (PACS; Poglitsch et al. 2010) hed t
and how it is fueled, and the environment plays a relativeilyam Spectr_al and Photometric Imaging REceiver (SPIRE; Griffiale
role, the quasar properties may be connected with the stavafo 2010) instruments on thiderschel Space Observatorjhe Phase

tion in their host galaxies (elg. Herbert el al. 2010; Hastlezet al. 1 area consists of three e.quatoriall strips Ce”g?ghamh Oand
2013). On the one hand, AGN feedback could be stronger in the 14-5" - Each field is approximately2® in RA by 3° in Dec (5 by
case of the radio-loud quasars due to their higher blackreses 3° for the 12" field). The construction of these maps is described

and therefore potentially stronger radiation field, redgdhe star- in detail by Pascale etial. (2011) for SPIRE. From these maps,
formation rate compared to radio-quiet quasars; on ther tted catalogue of the FIR sources was generated (Rigby et al.téﬂhll

radio jets could increase the star-formation activity bynpeess- ~ Which includes any source detected at & better at any SPIRE

ing the intergalactic medium (elg. Croft et/al. 2006: Silk &sséer wavelength. PACS fluxes were derived using apertures planed
2010). - the mapsl(Ibar et &l. 2010) at the locations of the 260positions.

The 50 point source flux limits are 132, 121, 30.4, 36.9 and 40.8
mJy, with beam sizes ranging from 9 to 35 arcsec FWHM in the
100, 160, 250, 350 and 5Qfm bands, respectively.
(i) Redshift and optical magnitudes from the Sloan Digi-
tal Sky Survey Data Release 7 (SDSS DR7) Quasar Catalogue
(Schneider et al. 2010) which provides the most reliablesifa
1.3 This work cation and redshift of SDSS quasars with absollitdoand magni-

With the HerschelSpace Observatory (Pilbratt i al. 2010) we are tudes brighter than -22.
able to measure the FIR emission of AGN host galaxies andehenc We constructed a sample of radio-detected quasars in the
the cool-dust emissiorHerschel offers an ideal way of mea-  FIRST field with optical magnitudes and redshifts from SDSS

suring the instantaneous star-formation rate (SFR) of ABN.(  pR7. A matching radius < 5 arcsec is used to identify the com-
Bonfield et al! 2011). UntiHerschel hot dust emission has typi-  pact radio sources while a larger radius3of arcsec is used for

cally been determined from Spitzer data at near/mid-ieftavave- extended sources. With this method we found 144 quasars with
lengths, but emission from the torus can also contributdede matching radius less thdi and 3 extended quasars.

bands, especially in the case of quasars. \Meinschelwe are able In order to check that the radio maps from the FIRST survey
to determine the level of cool dust emission in AGN, provida do not miss a significant fraction of extended emission aidhe
detailed picture of how the full SEDs of AGN change as aforeti  gyasars, we also cross-correlate the optical positiorts MitSS.

of luminosity, radio-loudness and redshift. Under theseurn- For the undetected quasars in FIRST we used a stacking analy-

stancesHerschelprovides a good tool to study the star formation  gjs to estimate their flux densities followihg White et a100Z),
and AGN activity in a special type of AGN: quasars. We are also \yhere they quantified the systematic effects associatedstack-

able to study the star formation in different types of quagarg. ing FIRST images and examined the radio properties of gsasar
radio-loud and radio-quiet quasars) and thus to say howghttie from the SDSS by median-stacking radio maps centered ocabpti
affected by the presence of powerful radio jets. position of these quasars. More details of the cross-maggtthe

The paper is structured as follows. In secfién 2 we discuss th  stacking analysis and the radio-loudness parameter aceilofss
selection of the sample and the observations we have usedcin by|Kalfountzou et dl/(2012).

tion[3 we describe the statistical methods and the modelsawe h A total of 1,618 quasars (141 radio-loud and 1,477 radio-
used in order to estimate the FIR parameters (e.g. FIR I8itino  quijet quasars) are found in the H-ATLAS Phase 1 field based on
dust temperature, dust mass) of our sample. Here we alsenppres  thejr optical positions. For this sample, we have investigaow

the results of the comparison of the FIR parameters between t many quasars are significantly detected in the H-ATLAS ogtaé
radio-loud and radio-quiet quasars. Finally, in sectidasd®, we

explore the general conclusions that can be drawn from cuittee
Throughout the paper we use a cosmology wily = 1 The cited paper is for the SV data release, but the same ingeech-
70 km s~ Mpc™!, Q,,, = 0.3 andQ2y = 0.7. niques were used to create the catalogue for the Phase 1 area.



Kalfountzou et al.

40

39

IOQIO(Lopt / W)

[ e e L L B B

37

Redshift

28T T LT ]
*

27¢ *#* *** o PO . x 7
- R L B
o 26F *¥ ***;**k . _*—”" E
Yoo T RV E
I E o * % E
z 25- **:***f**,v’ E
S * ]
I E ’ =
Q 24 *,*i’ E
< e
323 4 +.“P E
o E 3
E :
22;:{,{'
216 e e e e E

0 1 2 3 4 5

Redshift

Figure 1. Left: Optical luminosity of the radio-loud (black stars)daradio-quiet (grey circles) samples as a function of rétisfihe red lines show the
correspondingVl; for i = 19.1 (z < 2.9) and: = 20.2 (z > 2.9), respectively, and the black dashed line shows the e@uivdbri = 15 (the bright
limit for SDSS quasar targets: Shen ef al. 2011). Right: ®adhinosity as a function of redshift. The mean values amdetinors for undetected quasars are
represented by large grey circles. The dashed line comelspio the nominabo flux cut-off of FIRST, i.e.1.0 mJy.

at the o level. Cross-matching with the H-ATLAS Phase 1 Cat-
alogue applying a likelihood ratio technique (Smith et @12)
yielded 146 { 9 per cent) counterparts with a reliabilify > 0.8.
Among the 146 counterparts 9 are radio-loud quasars per cent

of the radio-loud population). A similar percentage wasnibipy
Bonfield et al. [(2011). Comparing the detected samples abrad
loud and radio-quiet quasars by applying a K-S test giveslia nu
hypothesis ofp = 0.07, p = 0.11, p = 0.08, p = 0.11 and

p = 0.14 for 100, 160um PACS and 250, 350 and 5@0n SPIRE
bands.

Since the radio-loud sample includes sources with highoradi
flux density we also investigated the possibility of syn¢too con-
tamination, which is not associated with star formatiorth FIR
flux densities. The method we are using to estimate the sgtronr
contamination is described in Appendix A. We have found thet
of the 141 objects in our radio-loud quasar sample, 21 rhulid-
gquasars have significant non-thermal contamination irr thER
emission. These objects have been removed from our sample. W
have also found that 27 sources are possible candidategdogs
contamination using an upper limit for their radio spectralex.
These sources have been also removed from the sample.

We then compare the distribution tnand L of radio-loud
and radio-quiet quasars and force the two subsamples tothave
sameL,p: and z distribution by randomly removing radio-quiet
guasars from our parent sample. Running a K-S test on these sa
ples we find the distribution of the two populations in theicgt
luminosity - redshift plane is similar. A Kolmogorov-Smaw test
(K-S test) applied to the optical luminosity gives a reshéttcor-
responds to a probability, = 0.69 under the null hypothesis (i.e.
they are statistically indistinguishable) while the K-Sttéo the
redshift givegp = 0.75. A 2-d K-S test on the redshift and optical
luminosity for both samples returps= 0.58. We can therefore as-
sume the populations are matched in optical luminosityaritis
process provides a radio-optical catalogue of quasarsspithtro-
scopic redshift up ta ~ 5. Fig.[d shows the optical luminosity -
redshift and the radio luminosity - redshift plots for theafisample
of 93 radio-loud and 1,007 radio-quiet quasars. We haveorahd

removed 470 radio-quiet quasars from our original samptedier
to match the two populations intoand L.

The optical luminosity was measured using tHeand magni-
tude since redder passbands measure flux from the part gi¢lse s
trum relatively insensitive to recent star formation ansbasuffer
less dust extinction. Since thieband luminosity itself is expected
to correlate with the AGN luminosity and is less sensitivegtoent
star-formation activity we use the optical luminosity asA®BN
tracer. The rest-frame 1.4-GHz radio luminosities of thasgus
were calculated from the FIRST 1.4-GHz flux density and tlezsp
troscopic redshift, assuming a power law$f « v~ *. The spec-
tral index was measured using the FIRST and GMRT data. For the
sources undetected by GMRT either a spectral slope ef 0.71
was used or the estimated spectral index using the nominaly5 m
limit of the GMRT data (see Appendix).

2.2 Herschd flux measurements and stacked fluxes

Due to the limited sample of SPIRE-detected quasars, esfyeci
the radio-loud quasars, we directly measure the FIR fluxidens
ties from the PSF-convolved images for all three H-ATLASdtel
rather than just use ther catalogues. For each of the quasars found
inside the H-ATLAS Phase 1 field we derive the FIR flux den-
sities in the two PACS and the three SPIRE bands directly from
the background-subtracted, PSF-convolved H-ATLAS imagés
take the flux density to be the value in the image at the pixa-cl
est to the optical position of our targets. The errors arenaséd
from the centroid of the corresponding noise map includimg t
confusion noise. In addition, the current H-ATLAS catalegec-
ommends including calibration errors of 10 per cent of th& es
mated flux for the PACS bands and 7 per cent for the SPIRE bands.
The flux densities are background subtracted using a meda bac
ground value for each band. The mean background is estimated
from 100,000 randomly selected pixels within the three H-AB
blank fields.

To establish whether sources in the bins were significamrtly d
tected, we compared the flux measurements with the backdroun
flux distribution from 100,000 randomly selected positiontihe



fields, followinglHardcastle et al. (2010). Using a K-S teat, can
examine whether the flux densities are statistically digtishable
from those taken from randomly chosen positions, as a K{3ges
not influenced by the non-Gaussian nature of the noise asilhoés
confusion. We found a distinguishable difference in alldmwith
K-S probability lower tharl0~5. The mean background flux den-
sities ared.06 + 0.01, 0.10 £ 0.02, 1.12 + 0.03, 2.91 £ 0.04 and
0.51 4+ 0.03 mJy at 100, 160, 250,350 and 508, respectively.

We have separated the samples in bins corresponding to red-Maust =

shift, radio luminosity and optical luminosity to investig whether

the far-infrared fluxes vary with those parameters. Wittsiohebin

we have estimated the weighted mean of the FIR background-
subtracted flux densities in eatterschelband. The mean values

H-ATLAS: radio-loud/quiet quasars 5

determined by mapping thAx? = 2.3 error ellipse, which cor-
responds to thedl error for 2 parameters of freedom. For every
source in our sample, we calculate the integrated FIR lusitiypo
(8 — 1000 pm), the monochromatic luminosity at 2%0n and the
isothermal dust mass using the 266 luminosity. The mass de-
rived on the assumption of a single temperature for the dsist,
given by:

Laso
dkaso B(vaso, T')
where k250 IS the dust mass absorption coefficient, which

Dunne et al.[(2011) take to &89 m? kg=* and B(v, T is the
Planck function. K-corrections have been appﬁed

@)

for each band are shown in Talile 1. The errors have been deter-

mined by bootstrapping. The bootstrapped errors are diatedn
by randomly selecting galaxies from within each bin and aete-
ing the median for this subsample. The K-S test results ®two
populations and the Mann-Whitney (M-W) test results are ple-
sented in TablE]2. We find that there is no statistical diffeecbe-
tween the FIR flux densities of radio-loud and radio-quiedsgrs
as a whole. However, separating the two populations intshifd
and optical luminosity bins we find different results. Witistdivi-
sion, we can see that at lower redshifts and/or lower oplizal-
nosities the mean 350m and 500:m flux densities for the radio-
loud objects are significantly higher than for the radioefjoines at
greater than thealevel.

2.3 Luminosity calculation

To convert between measured FIR flux densityHatschelwave-
lengths and total luminosity in the FIR band and to derive the
dust temperature, we have to adopt a model for the FIR spec-
tral energy distribution (SED). We use a single temperaguey-
body fitting function |(Hildebrand 1933) in which the thernaaist
spectrum is approximated by?, = QQ.B.,(T), where B, is
the Planck functionQ is the solid angle@, = Qo(v/w)? is
the dust emissivity (with & 8 <2) andT is the effective dust
temperature. Sinc& and 3 are degenerate for sparsely sampled
SEDs, following Dye et al! (2010) we have fixed the dust emissi
ity index to 5 = 2.0 and varied the temperature over the range
10 < T(K) < 60. The selection of theg parameter has been
made based on thg? value. Using a3 = 2.0 instead of e.g.
1.5, the best-fitting model returns lowgf values for both of the
populations. For each source we estimated the integraedu~I
minosity (8 — 1000um) using the grey-body fitting with the best
fit temperature. The dust temperature was obtained fromeke b
fit model derived from minimization of thg? values. The uncer-
tainty in the measurement was obtained by mappingthé error
ellipse. In addition to the integrated FIR luminosity weatdhte the
monochromatic FIR-luminosity at 256m, where the temperature-
luminosity relation affects only the k-correction paraeretvhich

is far less sensitive than the integrated FIR to the dust éeatpre
(e.g. Jarvis et al. 2010; Hardcastle et al. 2013; Virdee. &l 3).

3 FAR-INFRARED PROPERTIES

In order to estimate the FIR properties of our samples based o
the isothermal grey-body model, we use Levenberg-Mardugrd
minimization to find the best-fitting temperature and noinadion
value for the grey-body model. The errors on the parameters w

3.1 Stacking

The majority of our sources are undetected at thdifit of the
Phase 1 catalogue so, in order to calculate their propevtesse
two different stacking methods and we compare the resulte. T
first method is based on a weighted stacking analysis whitiwie
the method of Hardcastle et al. (2010). We determine therosi
ity for each source from the background-subtracted flux itiens
even if negative, on the grounds that this is the maximuralitiood
estimator of the true luminosity, and take the weighted ntdfahe
parameter we are interested in within each bin. We use the sam
redshift and optical luminosity bins across the radio-land radio-
quiet samples in order to facilitate comparisons. The lasity is
weighted using the errors calculated frany? = 2.3 and the er-
rors on the stacked parameters are determined using thstiagot
method. The advantage of bootstrapping is that no assumijstio
made on the shape of the luminosity distribution. Tables @4n
show the weighted mean values of the estimated parametgnwit
each bin for both populations and the K-S/M-W test probtédiof
the individual measurements comparing the radio-loud adibs
quiet quasars in the same bins.

Using the weighted stacking analysis might bias our measure
ment to the brightest and hottest objects. In order to engae
the FIR parameters from the weighted stacking method are rel
able, we calculate, as an alternative, the mean tempesatare
objects using the Maximum Likelihood Temperature method. (e
Hardcastle et al. 2013). As in the previous sections, we Hdi
radio-loud and radio-quiet quasars into bins defined byr ttesl-
shift, optical luminosity and radio luminosity. For eachbive
calculate the best fit temperature that gives the Résfit to the
observed fluxes of every quasar in the bin. In order to do s,
cycle through temperatures between 5 - 60 K allowing eackajua
to vary and have a free normalization. For each temperatape s
we calculate the totay?. This result is a distribution from which
we determine the temperature with the lowest tgtal Errors in
this fitted temperature are estimated by finding the rangegthes
Ax? = 1. Using the best-fitting temperature and normalizations
for all the galaxies, we estimate the FIR luminosity, the-250 lu-
minosity and the dust mass for each bin. The errors for eaempa
eter are determined by bootstrapping. The results of thithode
are shown in TablE]5. The advantages of this method are that al
the sources in a given bin are used in the temperature egiimat

2 The K-correction is given by:

o Vone 3+ o (Mobs(142) /*Tiso) _
- Vobs(1+2) e(hobs/kTis0) —1

serve frequency at 2p0n, vops(14 ) IS the rest-frame frequency afid,

andg are the temperature and emissivity index.

L wherevgys is the ob-
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Table 1. The radio-loud and radio-quiet quasars (RLQs and RQQs) RBmilux densities in the 100, 160, 250, 350 and pf® bandpasses. The two
populations have been separated into redshift, radio lositinand optical luminosity bins. The number of objectshiviteach stack is also given.

Class z-range N per bin Mean flux density (mJy)
100 pum 160um 250pum 350um 500um
RLQs 0.2-1.0 24 794+1.9 7.6+ 1.7 18.5 + 2.2 26.9+4.4 20.1£34
1.0-1.5 30 82+18 16.7%£4.2 36.8 2.1 40.4.0£3.9 342432
1.5—-2.0 21 41+14 7.14+1.3 17.3+2.3 23.0£2.2 18.5 + 2.7
2.0-5.0 18 26+1.4 5.6+ 1.9 18.3+2.3 23.5£21 21.3£238
RQQs 0.2-1.0 264 7.3+0.5 9.9+0.7 21.2+1.0 20.0£0.7 12.3 4+ 0.6
1.0-1.5 355 5.1+0.6 82+£1.0 20.3£1.6 21.24+1.0 13.7+ 0.6
1.5—-2.0 230 39+04 9.5+ 0.5 18.7+0.8 21.2+£0.7 14.7+0.7
2.0-5.0 158 4.4+0.6 7.44+1.2 17.59 £ 1.7 222+1.2 16.7+ 1.0
Class logyo(L1.4/W Hz~1) N per bin Mean flux density (mJy)
100 pum 160um 250pum 350um 500um
RLQs 23.0 - 25.0 20 9.7£1.7 9.2+£25 19.9+3.3 274+3.1 20.1+£2.7
25.0 — 26.0 35 3.1+1.6 88+14 23.6 £2.3 274+£22 18.24+1.9
26.0 — 27.0 30 6.8+1.3 12.8+£3.6 26.4+5.3 33.5+6.1 30.9£8.3
27.0 — 28.5 8 7.5+23 72+34 28.1£4.0 31.3+4.2 36.9 £ 5.3
RQQs 21.0 —23.0 228 7.4+0.6 9.7£0.7 209+£1.1 19.4 £0.7 11.8+ 0.6
23.0 —23.5 249 5.3+0.8 86+1.3 204 +2.1 21.1+1.3 13.7+0.8
23.5—24.0 378 4.3+£0.3 89+04 18.8 £ 0.7 21.3+0.6 14.5+ 0.5
24.0 — 25.5 152 45+0.7 7.6+1.2 19.1+1.8 225+1.2 169+ 1.1
Class logo(Lopt /W) N per bin Mean flux density (mJy)
100 um 160um 250pum 350um 500um
RLQs 37.3 —38.5 31 6.8+1.7 122+£22 23.4+3.0 28.2£2.7 20.1£2.3
38.5 —39.0 32 72+1.5 9.9+£3.7 19.5£2.1 25.5+1.8 18.0+ 1.8
39.0 — 40.3 30 43+14 80+14 29.8 +£4.8 35.8+4.6 36.0£5.6
RQQs 37.3 — 38.5 301 5.94+0.5 9.0+ 0.6 19.1+0.9 19.6 £ 0.6 12.6 £ 0.6
38.5 —39.0 400 5.1+0.5 82+£0.8 18.7+£1.2 20.6 £0.8 13.5+ 0.6
39.0 — 40.3 306 5.0+ 0.4 9.5+0.7 21.7+£1.1 229+0.8 16.1 £ 0.7

Table 2. The K-S (left column) and M-W (right column) probabilitie$ rdio-loud quasars flux densities being indistinguisbdbdm radio-quiet quasars in
redshift and optical luminosity bins at 100, 160, 250, 356 800 .:m, respectively.

z-range K-S/M-W probability (%)
100pm  160pm  250pm  350pm  500um
0.0—-1.0 41.0/22.3 10.5/6.7 82.2/15.0 0.9/4.2 0.1/0.3
1.0—-1.5 44.8/38.8 67.0/39.4 54.6/31.7 3.5/4.8 3.6/4.9
1.5 —2.0 88.9/30.8 56.0/35.2 96.4/29.2 57.5/36.4 39.9/7.6
2.0—-4.0 80.5/39.4 14.4/4.1 18.7/3.3 64.6/15.8 67.9/26.7
logo(Lopt /W) K-S/M-W probability (%)

100 um 160um 250um 350um 500pm
37.3 —38.5 55.7/37.1 80.6/40.9 36.9/27.7 3.8/2.9 0.7/0.4
38.5 — 39.0 51.6/9.5 16.6/7.6  93.2/42.0 20.8/8.8 12.4/3.0
39.0 —40.3 99.7/46.9  17.9/6.7 32.6/4.1 70.9/13.4 71.2/37.4

and the luminosities of the sources in bins are not autowmijtic the temperature-luminosity correlation does not have aifsignt

correlated. However, there are bins where the estimated teea effect on the inferred monochromatic luminosities. In cast, FIR
perature is significantly different from the individual tperature luminosity and dust masses seem to be affected when hottsbjec
of each source, which could result in underestimation (eresti- are present. Despite the differences we get in some cast#s, bo
mation) of luminosities and dust masses. methods show that radio-loud quasars have systematicailgrl

dust temperature than radio-quiet quasars. Regarding Ithei-

In general terms, the two methods are in good agreement with nosities, and especially the 250n luminosity which seems to be
some exceptions in the case of ‘sensitive’ parametersecblat a safer choice as it is less affected by temperature, theyttehe
temperature. Specifically, it seems that we get larger riffees comparable for most of the bins but not at lower optical lussin
in bins where the objects span a greater range in temperdture  ties (and/or redshifts) where an excess in the case of fadib-
these cases, the weighted mean method is dominated by the hotquasars is found.
ter objects returning higher luminosities. Despite thédénces in
temperature between the methods, we see that the monodieoma In order to study the FIR properties (e.g. FIR luminositystdu
luminosities are broadly consistent in both methods inmgythat temperature, dust mass) for the two populations as a functio
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Table 3.Estimated weighted-mean far-infrared properties usirigglescomponent grey-body fitting, K-S and M-W probabdithat the estimations for the
radio-loud quasars in redshift, radio luminosity and agdtiominosity bins are drawn from the same population aoradiet quasars, as a function of quasars

class and parameter.

Class z Weighted mean values
range log,o (LFIR/Lo) Tiso (K) logo(Maust/Mo)  logyo(Laso/W Hz™!)
RLQs 0.0—-1.0 11.11 £0.07 18.42 +£1.30 7.79 £0.08 25.80 +0.08
1.0—-1.5 11.90 £ 0.06 19.41 £ 1.26 8.00 £0.11 26.68 +0.12
1.5—-2.0 12.17 £ 0.06 25.79 +1.49 8.06 = 0.09 27.07 £ 0.10
2.0-4.0 12.38 £ 0.09 27.14+1.43 7.77 £0.08 27.26 + 0.26
RQQs 0.0-1.0 11.23 £0.17 22.48 +0.35 7.91 £0.02 25.96 + 0.04
1.0-1.5 11.97 £0.12 26.28 + 0.40 8.08 £ 0.02 27.01 +0.05
1.5-2.0 12.22 £0.11 26.35 + 0.36 8.15 £ 0.02 27.28 +0.03
2.0—-4.0 12.68 £ 0.04 30.29 4+ 0.46 8.33 £0.03 28.15 +0.08
Class logqo(L1.4gHz/W Hz™1) Weighted mean values
log,o (LFIR/Lo) Tiso (K) logo(Maust/Mo)  logyo(Laso/W Hz™ ')
RLQs 23.0 —25.0 11.52 £0.20 19.95 £+ 1.54 7.83 £0.10 25.85 +0.38
25.0 —26.0 11.95 £ 0.06 24.25+1.01 7.94 £0.05 26.70 £ 0.14
26.0 — 27.0 12.06 £ 0.09 25.82 +1.18 7.99 £0.13 26.79 +0.37
27.0 — 28.5 12.33 £0.19 27.18 +£1.17 8.10 £0.09 27.08 +0.23
RQQs 21.0 —23.0 11.17£0.16 22.09 +0.39 7.59 £0.03 25.87 +0.05
23.0 —23.5 11.89 £0.17 25.91 +0.45 8.05 £0.03 26.86 + 0.09
23.5—24.0 12.16 £0.10 26.56 + 0.33 8.10 £0.02 27.21 +0.03
24.0 —25.5 12.74 £0.04 31.91 +0.51 8.38 £0.03 28.21 +0.09
Class logo(Lopt /W) Weighted mean values
log, o (LFIR/Lo) Tiso (K) logo(Maust/Mo)  logo(L2so/W Hz™1)
RLQs 37.3 — 38.5 11.74 £ 0.08 18.89 +£1.29 7.90 £ 0.02 26.57 +0.25
38.5 —39.0 11.94 £ 0.07 19.98 £ 1.18 8.10 £0.03 26.89 +0.11
39.0 — 40.3 12.32 £0.10 27.05 + 1.06 8.15 £ 0.02 27.31 +0.26
RQQs 37.3 — 38.5 11.36 £ 0.02 21.43+0.33 7.67 £0.02 26.22 + 0.07
38.5 —39.0 12.00 £ 0.08 25.94 +0.33 8.01 £0.03 27.04 +0.05
39.0 — 40.3 12.53 £ 0.02 29.16 +0.34 8.31 £0.02 27.92 +0.08

Table 4. The K-S and M-W probabilities that the estimations for theéiodoud quasars in redshift, radio luminosity and opticahinosity bins are drawn

from the same population as radio-quiet quasars.

z-range K-S/M-W probability (%)
LFIR Tiso Mdust Laso
0.0 -1.0 11.9/9.5  25.0/29.8 93.3/29.8 21.8/38.7
1.0 - 1.5 95.7/39.5 60.6/24.8 25.8/26.2 38.2/33.1
1.5—-2.0 15.0/4.2  74.4/22.4 79.1/17.6  11.9/8.1
2.0 -4.0 27.716.7 6.0/1.0 7.6/1.1 21.2/4.8
logqo(Lopt /W) K-S/M-W probability (%)
LFIR Tiso Maust Laso
37.3 —38.5 4.1/0.6 9.1/21.6  32.9/12.8 2.1/4.6
38.5 —39.0 18.6/2.6 1.0/1.0 35.6/6.3 1.44/0.5
39.0 — 40.3 36.4/10.9 4.0/3.0 53.6/13.1 2.0/0.9

redshift and optical luminosity we present in Hij. 2 the mdast
temperature as a function of the mean FIR luminosity. The two
populations have been divided into redshift (left) and cgtiumi-
nosity (right) bins which are represented by a rainbow cetmde
with purple colour for lower and red colour for higher valuésr
each bin the weighted mean and the ML mean values are prdsente

3.2 FIR luminosity

With respect to the redshift bins (see Higj. 2 left), the twpwa-
tions have the same mean FIR luminosities within their erfor
each bin. The largest difference between the mean FIR Iwhino
ties of the two populations is observed at the highest rédsim

(z > 2.0; red colour) with radio-quiet quasars having the higher
FIR luminosity. However, this difference could be an effetthe
calculation of the mean values as both methods do not reigymif-s
icant excess for the radio-quiet population (small versigd red
symbols). To summarize, the mean FIR luminosities of théorad
loud and radio-quiet quasars show no significant differsaeen
the two population are split into redshift bins. In contragten we
divide the two populations into optical luminosity bins ¢ggig.[2
right), there is a clear excess of FIR luminosity in lowemlnosity
bins for the case of radio-loud quasatsg(,(Lopt/W) < 38.5;
purple colour). The fact that both methods show the saméfisign
cant excess indicates that the observed differences betived¢wo
populations are not a result of the calculation methodsni&trime-
diate optical luminosities3g.5 < log,,(Lopt/W) < 39.0; blue
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Table 5. Mean far-infrared parameters for each bin as they are etihizy the Maximum Likelihood (ML) stacking method. The bgstfor each bin is also
presented.
Class z-range ML mean values X2
log;o(LFIR/Le)  Tiso (K)  logio(Mausi/Me)  logyg(Laso/W Hz™ 1)
RLQs 0.0-1.0 11.19 £ 0.08 18.017 97 7.88 £ 0.07 25.81 £ 0.08 111
1.0-15 11.81£0.07 21727151 8.26 £+ 0.09 26.70 £ 0.08 0.68
1.5—2.0 12.04 + 0.05 25.761132 8.10 £ 0.08 27.00 £ 0.07 0.56
2.0 — 4.0 12.424£0.08  27.2273°57 7.97 +0.08 27.19 + 0.08 0.14
RQQs 0.0 —1.0 11.11+£0.02  21.2770-20 7.78 £ 0.02 25.99 4 0.03 0.69
1.0-15 11.86+£0.03  24.1970-% 8.09 + 0.03 26.88 + 0.03 0.50
1.5—20 12.21 +0.02 27.24%7077 8.21 £ 0.02 27.24 £ 0.02 0.46
2.0 — 4.0 12,56 £0.17  30.267 20 8.27 +0.04 27.88 + 0.04 0.67
Class logyq(L1.4GHz/W Hz 1) ML mean values x>
log,o(LFIR/Lo)  Tiso (K)  logyo(Maust/Me)  logyo(Laso/W Hz 1)
RLQs 23.0 — 25.0 11.19£0.13 17.79727% 7.81 £ 0.12 25.77 +0.16 1.06
25.0 — 26.0 11.934£0.06  22.257 120 8.05 + 0.05 26.62 + 0.05 0.60
26.0 — 27.0 12.09 +£0.07  25. 03*} 23 8.10£0.10 26.91 £ 0.07 0.47
27.0 — 28.5 12.55 £ 0.15 30.26112¢ 8.15£0.10 27.19 £ 0.08 0.23
RQQs 21.0 — 23.0 11.03 + 0.03 19.7575-23 7.79 £ 0.02 25.84 £ 0.03 0.69
23.0 — 23.5 11.76 £0.04 22587075 8.11 4+ 0.04 26.61 + 0.05 0.50
23.5 — 24.0 1216 £0.01  27.5570%% 8.17 £ 0.02 27.19 £ 0.02 0.48
24.0 — 25.5 12.68 +0.16 30.5715 31 8.20 £ 0.04 27.82 £ 0.03 0.70
Class log1o(Lopt /W) ML mean values X2
log)o(LFIR/Lo)  Tiso (K)  logyo(Maust/Me)  logio(Laso/W Hz™ )
RLQs 37.3 — 385 11.62 £ 0.10 17.257522 8.00 £ 0.09 25.95 + 0.11 1.96
38.5 - 39.0 11.93 £ 0.06 21.25%; 2% 8.18 £ 0.06 26.50 £ 0.05 1.20
39.0 —40.3 12.36 £0.07 2652170 8.09 + 0.08 27.12 + 0.06 1.56
RQQs 37.3—38.5 11.22 + 0.03 19.221328 7.84 +0.02 25.81 + 0.03 0.71
38.5 — 39.0 11.92+0.02  25.28"52 8.07 +0.03 26.89 + 0.02 0.44
39.0 — 40.3 12.36 + 0.02 28.0611°53 8.20 £ 0.02 27.33 £ 0.03 0.45
30T T 7
2<1.0 o ) i l0go(Lop/ W) < 38.5 ]
30-10<z<15 , u 28385 <logy(L g/ W) < 39.0 ]
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Figure 2. FIR luminosity versus dust temperature when the two pojmatare divided into redshift (left) and optical lumingsitight) bins. The rainbow
colour-code represents the redshift/optical lumimositpvalues, purple for lower and red for higher values respelgt The radio-loud quasars are represented
by stars while the radio-quiet quasars are shown as cifEleslarge symbols show the estimates based on the weighiaad method while the small symbols
show the estimates based on the maximum likelihood stacHihg black lines correspond to the dust mass estimates lbastite LFIR -7}, relation
(LFIRx ko Mgust dust) assuming3 = 2.0, for dust masses dfo?, 10® and10° M.



colour) both of the populations have consistent mean FIRrasa
ity values. At the highest optical luminosity bitog, ,(Lopt /W) >

39.0; red colour) we have the same picture as at the highest fedshi

bin; a possible FIR luminosity excess for the radio-quiehsars
which, however, is not supported by both of the methods.

3.3 Dust temperature and mass

Our results reported in Fifl 2 and Tablgé$ B, 5 show that thseee i
general trend that the radio-loud quasars have lower dogieea-
ture than radio-quiet quasars, at least at lower redshiftogatical
luminosity bins. This difference reaches 5 K in some bins. At
higher redshift and optical luminosity bins both of the plagions
have the same mean dust temperatures within their errors.

H-ATLAS: radio-loud/quiet quasars 9

The mean values of the estimated dust mass based on both cal-

culation methods show that radio-loud quasars have almocsha
stant mean dust mass over the whole redshift and opticahlsni
ity range. In the case of radio-quiet quasars, the mean dastes
decrease at lower redshift/optical luminosity bins. Cormaathe
results for the two populations, it seems that radio-loudsaus
have higher dust masses at lower luminosity bins while atdrig
luminosities both of the populations have similar meaneslDust
masses must be interpreted with care as they could be biggkd b
stacking analysis towards the brightest and hottest abjétie ex-
cess in dust mass, in the case of radio-loud quasars whidhere
class with the lower dust temperature, could be requireddardo
be detectable at a level that allows a temperature to be.fitted

3.4 250um luminosity

In this section we present the stacked monochromatic lusitinat

250 um for both stacking methods and populations as a function of

redshift, radio luminosity and optical luminosity (Fid. 3he lumi-
nosities calculated using the weighted stack method angrshy
solid error bars while the luminosities calculated via thaxdhum
Likelihood method are shown by the dashed error bars. Both-me
ods show a good level of agreement within theirekror. The cases
with the larger disagreement are those where strong caitties
found within the bin (unusually hot or cold sources in congxaT
with the rest of the population). Based on these plots, wetssge
the Maximum Likelihood Temperature method is more seresttv
outliers. We therefore argue that the weighted stackindhatets
sufficiently accurate to calculate the stacked rest-frararaohro-
matic luminosity at 25Q:m. For clarity, we do not show the stacks
generated by the Maximum Likelihood Temperature methotién t
subsequent sections, although consistency checks wdmed
throughout the analysis.

As we see in Figl]3, 25@m luminosity is correlated with
radio luminosity for both populations. However, the quastis
whether radio activity induces star formation, leading & Emis-
sion. Redshift will affect the correlation between the twminosi-
ties so, as a first way to measure the strength of correlaéitwdzn
FIR luminosity and radio luminosity we use partial-cort&a
analysis |(Akritas & Siebert 1996), which allows us to detieien
the correlation between the two parameters while accogiritin
the effects of redshift. For our analysis, we avoid bias rgatIR
weak sources by adding undetected sources (‘censoredlsgiop
the detected sample. For this reason, in order to measupaittial
correlations we use the FORTRAN program CENS-TAU, avadabl
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Figure 3. Correlation between infrared luminosity at 2hth as a function
of redshift (top), radio luminosity (middle) and opticahtinosity (bottom).
Individual measurements for radio-loud (black stars) adia-quiet (grey
circles) quasars detected at 26 at the3o level are also included. Dots
represent the entire samples. Error bars with solid linestihte the stacked
luminosities calculated using the weighted method. Lursities calculated
via the Maximum Likelihood method are dashed line error bEne errors
have the same colour as the population that they represent.
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from the Penn State Center for Astrostatiﬂidnking ‘censored’
data into account as upper limits using the methodologyeprtesl
in|Akritas & Siebert|(1996).

The partial-correlation shows that radio luminosity isrsiig
cantly correlated with 25@m luminosity in the case of radio-loud
guasars with a partial-correlation of= 0.17. The null hypothesis
of zero partial correlation is rejected at te level. In the case of
radio-quiet quasars we found that the correlation is naissizally
significant withT = 0.06 and a probability under the null hypoth-

esisp = 0.11. The results are almost the same even when we com-

pare the integrated FIR luminosity to the radio luminosity &en
more significant for the case of radio-loud quasars with thié n
hypothesis of no correlation rejected at higher than4hdevel.
Despite the results found for both the populations as a,tthal
different trends which we found for lowtdg, o (Lopt /W) < 38.5)
and high [og;(Lopt /W) > 38.5) optical luminosities lead us to
investigate the correlations also for these sub-sampiethel case
of radio-loud quasars, the significant correlation betweelio lu-
minosity and 25Q:m luminosity remains only for the low optical
luminosity bin with~ = 0.12 (p < 0.001; the probability of no
correlation) while for the high luminosity bin no signifidacorre-
lation is found ¢ = 0.04 andp ~ 0.29). In contrast, for radio-quiet
guasars no correlation is again found for either lew<{ 0.02 and
p ~ 0.26) or high ¢ = 0.03 andp ~ 0.36) optical luminos-
ity bins. Similar trends are also obtained when we compage th
FIR luminosity with the radio luminosity for the two popuilats
at lower and higher optical luminosities. In terms of radiget
quasars, all sources withg,,(Las0/W Hzfl) > 27.0 are asso-
ciated with optical luminosities above the threshold atalhtihe
dichotomy is found. At this level of 25p@m luminosity it seems
that all correlations with optical luminosity, radio lunoisity and,
possibly, also with redshift, tend to disappear. Regardimgcor-
relation betweerl250 and radio luminosity, a significant number
of radio-quiet quasars withog,,(L2s0/W Hzfl) > 27.0 have
radio-luminosity higher thari0** W /Hz, a limit often used for
the distinction between radio-loud and radio-quiet potoita

3.5 Star-formation rate

For the calculation of the star-formation rate (SFR) the FiRi-
nosity is required. As we discussed in Secfiod 3.1 the FIR-lum
nosity seems to be more sensitive to temperature dispecsion
pared to the 25Q:m luminosity. In this case, the SFR estimation
could be strongly affected by the dust temperature. On therot
hand, the rest-frame monochromatic luminosity at 280 min-
imises the dispersion in our calculations and small difiees are
found, within their errors, between the two methods (wedgtand
maximum likelihood temperature). In addition, the FIR lnwsity,

as described using the two-temperature model, could betaffe
by a strong cold component. However, our results show thet bo
FIR luminosity andL250 are dominated by the warm component.

we compare the warm-component 250 luminosity to the warm-
component FIR luminosity as they were estimated using tlee tw
temperature model. For both of the populations we found ahges
linear correlation, within the errors, between the warm-250
and integrated FIR luminosities. The linear regressiorwben
the warm 250xm luminosity and the warm FIR luminosity is
found with the ordinary least squares (OLS) bisector (Isttw.
1990) fit beingLFIRgr, o 10%%%%%01[ociry; LFIRRq
100-63£0-03 1, yrq for radio-loud and radio-quiet quasars respec-
tively. The same trends for both of the populations show &sat
long as we investigate only the differences of SFR betweemth
the selection of either thBssg or the integrated LFIR as indicators
of star formation would not affect our results or, at leds, ¢ffect
should be the same for both populations.

The calculation of the SFR was performed using the equation
by|Kennicuit (1998):

SFR(Mg yr ') = 4.5 x 10 **LFIR (ergs™ '), 2

which assumes a Salpeter IMF in the mass rahge- 100 Mg,
continuous starbursts of age 10 - 100 Myr, and requires ttge in
grated IR luminosity over the range 8 - 10000.

Fig.[4 shows the weighted mean star-formation raf8ER),
derived from the warm-component FIR luminosities, as ationc
of optical luminosity and redshift, for radio-loud and radjuiet
quasars. We split the samples into 4 redshift and 3 opticainas-
ity bins trying to keep the same number of objects within daich
for each population and determined the SFR as describedtio8e

[Bl The larger symbols represent the weighted mean SFR insach

based on th&. = 15 KandT,, = 35 K temperature fittings. Addi-
tionally, a dashed area is used to represent the mean valsed bn
the different temperature pairs withiss K of the original temper-
atures. Taking into account the errors of the original mesnoes,
it seems that the selection of the temperatures would nohgty
affect our results as in most of the cases the errors arerltrge
the estimated differences between the different temperathod-
els. Comparing théSFR) for the two populations as a function
of redshift, no difference is found. Both radio-loud andicaquiet
quasars seem to have the sa(€'R) within their errors in each
bin. Even if we take into consideration any possible comtimma
of different temperature pairs, we would not observe antiqdar
differences. On the other hand, comparing ¢8ER) as a function
of optical luminosity, a significant excess is found in theecaf
radio-loud quasars fdog,,(Lopt /W) < 38.5. This difference re-
mains significant even if we assume that the two populati@ve h
different dust temperatures. Floig; o (Lopt /W) > 38.5 both pop-
ulations tend to have the same star-formation rate withesr tr-
rors. Another interesting point is the presence of a posdibkak
atlog,,(Lopt /W) ~ 38.5 in the case of radio-loud quasars while
radio-quiet quasars’ data points could be easily desciiiyeal lin-
ear function.

For these reasons we prefer to use the warm dust component as a

tracer of the current star formation, whose mass and luritinase
primarily an indicator of the star-formation rate (Dunneak2011;
Smith et all 2012).

In order to investigate how strongly and in which cases the
warm-component FIR luminosity is affected by the tempemgtu

3 Available at
http://www.astrostatistics.psu.edu/statcodes/censta

4 DISCUSSION

The results of the previous sections show that radio-louasars
tend to have different FIR properties from a matched sample i
redshift and optical luminosity of radio-quiet quasarse3édiffer-
ences lead to an excess of star-formation for the radio-pmmli-
lation but are only significant in the case of low optical lnwsity
radio-loud and radio-quiet quasars.

Studying the FIR properties of an AGN population is usually
a difficult task as possible contamination could affect tbsults.
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Figure 4. Weighted mean star formation ratdSFR), as a function of redshift (left) and optical luminositygt). The dots represent the entire sample.
Small black stars represent the radio-loud quasars ddtat®50um at the3o level. Small grey cycles represent the radio-quiet quadetescted at 25@m

at the3o level. The same but larger symbols for each population seprtethe weighted mean values based orifthe= 15 K, T3, = 35 K two-temperature
fitting model. The dashed regions (red for radio-loud anckblr radio-quiet quasars) show the range of the weightechmehkies based on the5 K
two-temperature fitting model regarding to the initiél. (= 15 K and 7%, = 35 K) choice of temperatures. In the left figure the large gregies have been

slightly left-shifted for clarity.

However, in this paper, we are mainly interested in studyhey
differences between the two populations instead of examittie
exact properties for each one. In the case of our sample #rere
two main sources of contamination a) the warm dusty torus-emi
sion and b) the synchrotron emission of the powerful jetslabds
in the case of radio-loud quasars. In order to overcome {hede
lems we followed two methods, one for each case. We try to re-
move the problem of the warm dusty torus emission by matching
our populations in redshift and optical luminosity. In thiay, al-
though we expect that FIR emission is largely uncontamihate
the AGN (e.g Haas et al. 2003; Hatziminaoglou et al. 2010y, an
possible contamination would be the same for both populatio
Different evolutionary models for the two populations abbé also
a possibility for different AGN contamination in the casenobre
evolved AGN, in which the BH gets closer to its final mass. How-
ever, this could not affect our results as optical luminoisita good
tracer of the median accretion rate onto the central bladk &od
the Eddington ratio distribution is expected to be simitarthe two
populations at least at lower redshifts £ 2.0) and/or optical lu-
minosity (e.g. Shankar etlal. 2010) with both types of quabaing
likely powered by similar physical mechanisms.

For the case of synchotron contamination, we estimated-an up
per limit on the possible contamination at FIR bands (seesgjx
A). Based on these estimations, we either rejected contdedn
objects from our sample or subtracted the synchrotron éoniss
Using these methods we consider our results to be unaffdgted
possible synchrotron contamination effects.

4.1 Star-formation excess

Although the initial formation mechanisms of supermassilaek
holes remain largely unknown, the notion of seed black holes
that form primordially and grow into a distribution of blatiole

highest gas density, and it will be in these sites where werngbs
high-redshift radio galaxies and radio-loud quasars. Tigklrel-
ativistic, supersonic jets that power into the surroundimgdium
are able to trigger star formation along cocoons surroundfire
jets (e.g. Bicknell et al. 2000; Fragile et lal. 2004). Thisdmlgpro-
vides the means of orchestrating star formation over terslaf
parsecs on light crossing timescales. This process has iheen
voked to explain the radio-optical alignment effect at higtshift
(Rees 1989). More recent, Drouart et al. (2014) suggestddh
dio galaxies have higher mean specific star formation ra®BR)
than typical star-forming galaxies with the same black moéss at
least at higher redshifts, < 2.5.

Here we explore the link between radio AGN emission and
star formation. Assuming that FIR luminosity is a good trace
star formation, our results show a strong positive con@fabe-
tween radio and FIR luminosity, independent of redshift réalio-
loud quasars (see Sect{onl3.4). In contrast, no such cborelaas
found for radio-quiet quasars. Our results support the ifea
strong alignment between dust and jets from supermassaak bl
holes. Powerful radio jets may increase the star-formadictiv-
ity by compressing the intergalactic medium (e.g. Silk & Bleis
2010), resulting in the observed star-formation excessowsd for
the radio-loud quasars.

However, our results are not uniform over all the optical lu-
minosity range of our sample. Radio-loud quasars seem te hav
higher star-formation rates (and FIR luminosities) thaticgajuiet
guasars only at lower optical luminosities. Specificallg,fimd that
star-formation shows a possible break arounidgg, (Lopt /W) =~
38.5 in the case of radio-loud quasars. For lower optical luniinos
ties, radio-loud quasars have higher star-formation thdiorquiet,
while for higher optical luminosities both populations deo have
comparabldSFR) within their errors. The same results were found
no matter which method we used to estimate the FIR luminosity

masses has been around for four decades I(e.g. Carr & HawkingThis difference between the two populations could be anceffe

1974;| Silk & Rees 1998). The mass distribution would neaessa
ily be governed, at least partially, by the density of the@unding
gas; the most massive black holes would then form in regibtieo

either of redshift or of AGN activity, as the optical lumiritysis
affected by both of these parameters. However, both papotat
seem to have the same FIR luminosity distribution over ahéfts
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within their errors. As the star-formation excess is notestsd in
the case of redshift distribution we deduce that the AGNvagti
is the main reason of this difference. Although we have fonad
strong evidence of star-formation suppression due to tthie -
tivity at any redshift there are some hints like the decrezdbe
mean FIR flux densities at higher redshift in the case of réulid
quasars (see Tallg 1). A possible suppression of the stagfion
due to the radio-jet activity would be in agreement with a elod
of short-lived episodes of radio-loud states in the life IbA&N.
These events are associated with the active nucleus and A&N f
back.

The physical mechanisms responsible for triggering thieeact
AGN phase are still debated. Indeed, it is still poorly ustieod
whether the AGN activity impacts star formation or vice eers
Negative AGN feedback, where the AGN emission is believed to
be responsible for gas heating, is necessary in order taiexsie
strong suppression of star formation especially in the nmastsive
galaxies (e.g. Croton etlal. 2006; Hopkins et al. 2010). Terexl

dust mass i$0” — 10°Mg. In our sample, despite the low tempera-
tures just a few sources are found to hava,s; > 10°Mg, which

is not unexpected as most of them have FIR fluxes even lowear tha
the 20 detection limit. Moreover, based on the single-tempegatur
model, we found that both the populations tend to have titatity
indistinguishable dust masses.

An additional point which could play a significant role in the
observed differences would be the gas supply in the hoskgala
ies of radio-loud and radio-quiet quasars. The gas congetite
fundamental ingredient driving star formation in galaxi@sidi-
tionally, AGNs are preferentially hosted by gas rich gataxfe.g.
Silverman et all_2009; Vito et al. 2014) which is not surprisi
since gas accretion onto SMBH is the process at the origiruef n
clear activity. Given the dependency of both SFR and AGN en th
gas content, the enhanced star formation in AGN galaxiesapp
to be primarily the result of a larger gas content, with respe
the bulk of the galaxy population at similar stellar masseg.(
Rosario et al. 2012; Santini etal. 2012). Many semi-anakytod-

back process becomes more complicated in the case of pdwerfu els and direct observations suggest that the gas fractiayeaxies

radio sources where there are results that suggest a pofstd-
back due to the jets inducing star formation in the host ge{axg.
Elbaz et al. 2009). These two mechanisms could be the pessibl
planation for the star-formation difference between the pepula-
tions and the minimum observed in the case of radio-loudarsas

We found that théSFR) as a function of optical luminosity
shows a bi-modality fotog,,(Lopt/W) < 38.5 with the radio-
loud quasars covering the upper level. If this bi-modalityld be
explained by the presence or absence of powerful radiovjétat
could explain the same level of star formation for both papahs
atlog,,(Lopt /W) > 38.5? As we move to higher optical lumi-
nosities, the AGN luminosity increases as a result the tatfect
of the radiation from the AGN on the host galaxy ISM. In thisea
the feedback is predominantly negative, though occasiposi-
tive feedback may occur in the form of jet-induced star faiora
As the jets cannot now play the critical role they did at loWeni-
nosities both of the populations have the same star-foom#&tend.
These results are in agreement with our previous work irormid
and radio-quiet quasais (Kalfountzou €t al. 2012).

4.2 Host galaxy and dust properties

Based on diverse studies of several samples, it can be s#id th
radio-loud quasars are associated with luminous elliptjataxies
while radio-quiet quasars are usually found in both eltigtiand
spiral hosts, depending on the optical luminosity threshGlener-
ally, it has been proposed that the nuclear luminosity isteel to
the morphology of the host, but AGN more luminous than a @erta
luminosity limit can only be hosted by massive spheroidalg.(
McLure et all 1999; Dunlop et al. 2003). Based on this assiompt
our results for different dust temperature could have tegin in
the different hosts of radio-loud and radio-quiet quasars.

In the case of the single-temperature model, we found that
radio-loud quasars tend to have lower dust temperaturdeast
for lower redshifts and/or lower optical luminosities. Loamper-
atures are associated with the old stellar population gbtedél
galaxies. This fact is in agreement with the previously roeed
studies regarding the hosts of radio-loud and radio-quiesgrs.
On the other hand, the low dust temperature could be assdciat
with a strong cold component described by the two-tempegatu
grey-body model. Dust temperatures of 10-15 K would implgtdu
masses of up t@0'°M,, quite unrealistic for the case of elliptical
hosts and generally for quasars’ hosts where the expeatge Gt

grow at lower stellar masses and, at fixed mass, increaseliatr ea
cosmic epochs. In the local Universe, low mass galaxies amne g
erally gas-rich and actively star-forming, while the highenass
galaxies are almost always gas-poor and have very littl@iogg
star formation. This is probably why optical AGN with the hast
values ofL /L 44 tend to occur in galaxies with the smallest bulges
and black holes (Heckman et al 2004). Assuming Gaussiaraguas
Eddington ratio distributions at all epochs, then the @ptiami-
nosity which is used as an AGN activity tracer would map intb B
mass and thus on galaxy mass. In this case, radio-loud guaghr
lower optical luminosities should, on average, be assediatith
lower mass and gas-rich galaxies (see Fiddre 2, right pdoel)
which the effects of a jet-driven star-formation rate mayni@re
evident. On the other hand, the fact that no SFR differenceis
tected between the two populations at higher redshifts bigater
optical luminosities, when gas fractions should grow, daaiply
that both populations evolve in gas fractions at the sange rat

In order to explain these possible temperature differemees
have to take into account that the integrated dust temperaier
pends also on the dust distribution throughout the galasgviP
ous studies (e.q. Goudfrooij & de Jong 1995; Leeuw et al. [p004
investigating the origin of dust in elliptical galaxies posed
the presence of various components. Similarly, we used a two
component model to describe the FIR properties of our sample
a warm dust componenf, = 35 K) and a cold one®T. = 15
K). |Goudfrooij & de Jong|(1995) proposed the presence ofastle
two sources of the observed interstellar matter (ISM) iipgédal
galaxies, mass-losing giant stars within the galaxy anedxyain-
teractions. Minor mergers and/or accretion of materiathfreearby
companions could possible explain the presence of the wath a
cold components. Such an assumption of an external origitinéo
ISM in the early-type galaxies leads to a strong link with éme
vironment of quasars. Falder et al. (2010) showed that +adid
AGN appear to be found in denser environments than theioradi
quiet counterparts at ~ 1. These environments represent ideal
candidates for galaxy-galaxy interactions. In this cdsecbld dust
properties in radio-loud quasars could have an externgirori

5 CONCLUSIONS

In this paper we have studied the far-infrared properties tae
star-formation of matched samples of radio-loud and ragiiet



guasars. The main result of our study is that radio-loud apsasave
higher star-formation rates than radio-quiet quasarsvajatical
luminosities. This result is in agreement with our previeusk
(Kalfountzou et all. 2012) where the jQ emission was used as a
tracer of the star-formation.

Additionally, we have found a strong correlation betweedn je
activity and the star-formation, controlling the effect refdshift,
in the case of radio-loud quasars and especially at low alpiic
minosities and redshifts. This correlation supports tleaidf the
jet-induced star-formation.

The possible differences we found between the two popula-
tions regarding the dust mass and dust temperature couldiexp
the differences in star-formation rate, but they also ptietway
forwards further investigation of the evolution of theirsh@alax-
ies and their environment and their correlation with AGNaigt
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APPENDIX A: SYNCHROTRON CONTAMINATION

The far-infrared luminosity is used as a measure of the tiadia
from dust, which may be heated by star-formation and/or ére c
tral quasar nucleus. However, since the radio-loud samplades
high radio flux density sources, it is possible that the férared
flux densities we measure may be subject to contaminatian fro
synchrotron emission not associated with star formatitve. §pec-
tra of powerful radio-loud AGN are in some cases entirely dom
inated by synchrotron emission from the jets at all waveleng
Radio spectra have been compiled for each radio-loud spuwitte
the aim of subtracting the radio contribution to the FIR esiais.

All of the radio-loud quasars in our sample have a detected
counterpart in FIRST within a search radius of 5 arcsec. tteor
to estimate their spectral index we also cross-matched amr s
ple to the Giant Metrewave Radio Telescope (GMRT) catalogue
of IMauch et al. [(2013), who have coverage of the H-ATLAS
12" and14.5" areas at 325 MHz, using a simple positional cross-
matching with a maximum of 5 arcsec. Despite the incompliege s
coverage and variable sensitivity of the GMRT survey, al tota
71/141 sources are found to have 325 MHz counterparts. [Eor th
matched objects, we can measure their spectral index asguami
power law and then use their mean spectral index for the félseo
population.

In Fig.[AT we present a sample of the spectral energy distribu
tions (SEDs) of the radio-loud quasars using the availaa®rand
FIR fluxes. The data include tiéerscheland the VLA (FIRST cat-
alogue| Becker et &l. 1995) observations presented ind®ggtnd
the 325 MHz radio fluxes taken from the GMRT catalogue. Using
the extrapolation of the radio fluxes (dashed black line) ttenapt
to subtract the synchrotron contamination of the FIR fluXdwe
subtracted FIR flux densities are fitted with the grey-bodydeho
once again (red dashed line) to produce a new estimationeof th
free parameters.

In the cases where the subtracted FIR fluxes do not fall close
to the original FIR flux densities (within the errors) for rechan
two FIR bands, the parameters of the new grey-body fittingehav
changed significantly within the errors from the originaksenin
these cases we have found that synchrotron emission sgrafigl
fects the FIR flux densities and the FIR luminosity and thecesl
are rejected from our sample. Specifically, we have divided o
sample into 3 categories a) sources where the extrapoletitire
radio fluxes massively overestimates the synchrotron oant
tion (Fig[AJa), b) sources where the synchrotron emissiamgly
affects the FIR flux densities (Fig._A1b) and sources whegesyim-
chrotron contamination is weak and the FIR flux densitiesnate
affected at all (Fid_AlLc).

From our sample of the 71 radio-loud quasars with both
FIRST and GMRT radio detections we found 9 sources belong to
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(a) Examples of the 9 sources where the extrapolation isinehs®verestimating the synchrotron contamination. Theo@rces with spectral energy
distribution similar to these examples have been rejectad bur sample.
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(b) Examples of the 10 sources found having strong syndmatontamination. The 10 sources with spectral energyildigion similar to these
examples have been rejected from our sample.
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(c) Examples of the 52 sources found having weak or no sytrciir@ontamination. The sources with spectral energyibigion similar to these
examples have been included in our sample. Applying thesction to these sources has no impact on the derived tempesatnd luminosities.

Figure Al. Spectral energy distribution at radio and FIR wavelengtiisafselected sample of radio-loud quasé&ited black stars the FIR dataCircles
the radio data, green for FIRST and black for GMBTack small starssynchrotron contamination at SPIRE and PACS baRes asterisksthe subtracted
flux at SPIRE and PACS bandBlack dashed lineLinear fit to radio dataBlack solid line grey-body fit,Red dashed linegrey-body fit after synchrotron
subtraction.
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the (a) category. The examples of two of these sources are pre (Si.4cuz) = 5.79 = 0.81 mJy. Due to their faint radio emission,

sented in Fig—Alla. It is obvious that the straight-line agtlation
of the low-frequency radio emission massively overestanahe
synchrotron contamination at the FIR bands;for these ssuadio
data at higher frequencies would be required in order tordmsc
accurate radio spectra. Due to the lack of high-frequendip data
we had to reject these 10 sources from our sample in ordestoen
that the synchrotron emission does not affect the star fiiomas-
timation in the radio-loud population. We should mentioattbnly
one of these sources has FIR detections asthievel.

we do not expect for most of them strong contamination. Wedou
that 26 sources show possible synchrotron contaminatidriteay
have been removed them from our sample. Finally, our sanmple ¢
sists of 93 radio-loud quasars.

In order to investigate whether there are any particulardse
for the sources detected biersche] we investigated the level of
synchrotron contribution in those sources. Due to the &thitum-
ber of detected radio-loud quasars, we used as a detectidrifie
30 level at 250um. We found 26 objects with an available GMRT

In the second (b) category we have classified the 10 sourcesdetection out of the 46 radio-loud quasars withaadetection at

with strong synchrotron contamination. Examples of twolefse
sources are presented in Hig.JAlb and they show that all tRe FI
flux densities appear to be seriously contaminated withthemnal
synchrotron. Although we expect the radio spectra to appeae
at higher frequencies and have less effect on the highguémcy
FIR bands (e.g. PACS bands) it seems that the/&a®0and 350zm
detections are likely to be seriously synchrotron contateid. In
order to classify a source as seriously contaminated we amipe
results of the grey-body fitting using the original FIR fluxdéies
(black stars) and the FIR flux densities corrected for syotcbn
contamination (red stars). As the examples show in[Eig. Atid,
grey-body fitting after correction for synchrotron contaation
(red dashed line) is significantly different from the origfirone
(black solid line) implying that the parameters estimatsithg the
original grey-body fitting are strongly affected by the dyratron

250 um and as a result, estimated spectral index. In this case, we
find a consistent spectral index;= 0.66 + 0.08.

A final method of investigating the synchrotron contamina-
tion level is to study the level of core emission. A reasoeas-
timation of the level of compact emission can be derived fthen
comparison of the NVSS and FIRST fluxes, investigating wéreth
the quasar radio fluxes are underestimated due to the FIR88ysu
resolving out extended flux. The cross-match with the NVS8-ca
logue gave us a total of 90 matches within a 5 arcsec radiusrgym
these there are 58 sources with a GMRT detection. Compdrang t
NVSS - FIRST fluxes we found a fraction 6f0 + 1.7 per cent
excess in their NVSS fluxes. No significant differences wetmél
even when we compared the NVSS - FIRST emission for the sub-
samples that are detected and undetected with GMRT. Suchlh sm
fraction shows there is no evidence that either the FIRSTeflux

emission. These 10 sources have been rejected from our sampl the estimated spectral indices of the sources are undasdstl. On

due to their probably serious contamination from non-ttedrsgn-
chrotron emission.

the other hand, the low level of extended emission showsthieat
radio sources are fairly compact and a flatter radio specivaoid

In the third (c) category we have classified the remaining 52 be expected. However, a comparison of the spectral indéxtiwt

sources out of the 71 with both FIRST and GMRT radio detestion

The examples of two of these sources are presented i Elg. Alc

In this class are sources with weak (not significant) syrtcbno
contamination. As the examples show in Hig]Alc, the FIR flux
densities after correction for synchrotron contaminatiea stars)
are within the & errors of the original FIR flux densities (black
stars) and as a result the estimated parameters from thégdsy
fittings (black solid line and red dashed line) using the exted
and the original FIR flux densities are within their errordl 32
sources with similar SEDs to the examples in Eigl Alc aréneth

in our sample.

NVSS shows no particular trend.

Overall, we have found that out of the 141 objects in our radio
loud quasar sample, 21 radio-loud quasars have significamt n
thermal contamination in their FIR emission while an adxiil
sample of 27 sources possible has strong contaminatiog asin
upper limit for their radio spectral index. These objectsehbeen
rejected from our sample. We emphasize that this is a contbezv
estimate, given that the steep-spectrum synchrotron coemtas
likely to fall more quick than the fitted power-law at higheef
guencies due to spectral aging of the electron populatiberér
fore, our fitting extrapolation is likely to provide an ovetienate of

Overall, we have found 21 objects of our detected at 325 MHz the synchrotron contamination at FIR wavelengths in ourgam

sample where the synchrotron contamination strongly efféree
estimates of the grey-body fitting, indicating that thesects have
the potential for contamination by their synchrotron comgrats.
These sources are rejected from further study. For the fabkeo
sources which are detected at 325 MHz, we are able to sulttect
synchrotron contamination and fit a new grey-body modelgigia
subtracted fluxes.

Among the rest 70/141 sources that are undetected in the

GMRT data, there are 8 sources with available radio dataeiitth
erarurel(Griffith et &l. 1995; Douglas etlal. 1996; Cohen 2G07;
Healey et al. 2007; Mason etlal. 2009) which are used in owler t
estimate the spectral indiced. One of them shows signifisamt

especially in the cases of power-law fitting. Radio data ghéi
frequencies would give us a clearer view of the possibilityao
flat, core dominated spectrum in this frequency range, agh@ur
analysis does not support the presence of a flat spectrunoésh
wavelengths.

APPENDIX B: TWO-TEMPERATURE MODEL

The estimation of the dust mass has been made based on the mea-
sured temperature of the grey-body model. Comparing owttses
with those of Dunne et all (2011) feterscheldetectedz < 0.5

chrotron contamination and has been removed from the sample galaxies, we see that the isothermal dust temperatures asumge

For the other 62 undetected in the GMRT data we conservativel
useda = —0.4, the minimum value observed in the GMRT-
detected sources, to estimate the maximum possible synahro
contamination. The main characteristic of the sample wuted

by GMRT is the faint radio emission at 1.4 GHz, compared to
the rest of the radio-loud quasars. The main bulk of thesecesu
hasSi.acn. < 10 mJy while, the mean value of this sample is

span the same range. Taking into account the fact that we use a
B = 2.0 emissivity index, our dust mass measurements should in-
crease byd0 — 50 per cent from those of Dunne et al. (2011) with
the same temperature. Indeed, for a mean temperati@ -6f25

K our population is found to haver 10%° Mg . One question

is if the estimated isothermal dust mass can be biased lotheas
dust exists at a range of temperatures in galaxies, whilenthes



we have estimated is that of the dust close to the source tihgea
(star-forming regions) which warm it enough to emit at FIR/era
lengths. Another important question is whether the preseaia
cold component could explain the differences we found ferttio
populations regarding their dust temperatures and dustesas

To investigate this we use a model which requires two com-
ponents of dust. The two required components consist of dastl
with 7, ~ 10 — 25 K and warmer dust witfl, ~ 25 — 60 K. The
cold component is associated with the old stellar poputeaditd the
warm one with the current star formation. The luminosity loé t
warm component is primarily the indicator of the star-fotima
rate. Previous studies preferred to use two fixed tempest{a
cold and a warm one) in order to fit the two-temperature model.
However, the correct choice of the fixed temperatures woeld b
difficult as our single-temperature results show that thepeapula-
tions (radio-loud and radio-quiet quasars) may have diffedust
temperatures. In order to overcome this problem of the plessi
different temperatures between the two populations, wetfitca
temperature model for several different temperature paitisin
+5 K of our initial chosen fixed temperature, = 15 K and
Tw =35 K.

Using each possible pair of cold and warm component temper-
atures we estimate the FIR luminosities and the dust massafdr
component. For the two-component model the FIR luminosity i

v

1+ z’Tc) (B1)

whereN,, and N, are the relative contribution due to the warm and
cold dust components. The dust mass is computed from the sum
of the masses in the two temperature components (VIahakis et
2005):

LFIR = N’ B, (L,Tw) + N.*B, (
1+ 2

Ny n N
B (#5:Tw) B (1 Te)

1
Nw + Ne

My = Laso

4 K250

(B2)

whererazso = 0.89 m? kg~! is the dust mass absorption coeffi-
cient andB, is the two-temperature modified Planck function.

In the cases where the objects are well described by a single
temperature for the warm component that is significantlfecknt
from T, = 35 K the two-temperature model with fixed tempera-
tures fit less well. However, we have found a good correlatien
tween the FIR luminosities of the two fitting models. In cast;
the estimated dust masses show less good agreement witr high
scatter. This suggests that, at least for this sample, tivaaon
of the FIR luminosity is not strongly affected by the fittingodel,
while the dust mass must be interpreted with a little more.car
Comparing the contamination of the cold component to thal tot
FIR and250 pm luminosities we found that in both populations
the warm component dominated the overall luminosity at &drig
level than 70 per cent. This result shows that any differercend
should not be a result of a strong cold component in any ofitioe t
populations.

This paper has been typeset fromgXmMATEX file prepared by the
author.
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