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ABSTRACT

We have constructed a sample of radio-loud and radio-quiet quasars from the Faint Im-
ages Radio Sky at Twenty-one centimetres (FIRST) and the Sloan Digital Sky Survey Data
Release 7 (SDSS DR7), over the H-ATLAS Phase 1 Area (9

h, 12h and 14.5
h). Using a

stacking analysis we find a significant correlation between the far-infrared luminosity and
1.4-GHz luminosity for radio-loud quasars. Partial correlation analysis confirms the intrinsic
correlation after removing the redshift contribution while for radio-quiet quasars no partial
correlation is found. Using a single-temperature grey-body model we find a general trend of
lower dust temperatures in the case of radio-loud quasars comparing to radio-quiet quasars.
Also, radio-loud quasars are found to have almost constant mean values of dust mass along
redshift and optical luminosity bins. In addition, we find that radio-loud quasars at lower
optical luminosities tend to have on average higher FIR and 250-µm luminosity with respect
to radio-quiet quasars with the same optical luminosites. Even if we use a two-temperature
grey-body model to describe the FIR data, the FIR luminosityexcess remains at lower optical
luminosities. These results suggest that powerful radio jets are associated with star formation
especially at lower accretion rates.

Key words: (galaxies:) quasars:general - infrared:galaxies

1 INTRODUCTION

1.1 AGN and star-formation connection

Star formation and Active Galactic Nucleus (AGN) activity play
important roles in the formation and evolution of galaxies.Over
the past two decades a significant number amount of evidence has

⋆ Herschelis an ESA space observatory with science instruments provided
by European-led Principal Investigator consortia and withimportant partic-
ipation from NASA
† Email: e.kalfountzou@herts.ac.uk

demonstrated the close connection between AGNs and their hosts.
A tight correlation exists between black hole and galaxy bulge
masses (e.g. Boyle & Terlevich 1998; Ferrarese & Merritt 2000;
McLure & Dunlop 2001; Merloni et al. 2004). In addition, the evo-
lutionary behaviour of AGN shows a strong correlation with lumi-
nosity: the space density of luminous AGN peaks atz ∼ 2, while
for lower luminosity AGN it peaks atz ∼ 1 (e.g. Hasinger et al.
2005; Babić et al. 2007; Bongiorno et al. 2007; Rigby et al. 2011a).
This so-called anti-hierarchical evolution is similar to the down-
sizing behaviour of galaxy star-formation activity (e.g. Cowie et al.
1996; Fontanot et al. 2009) which, in some cases, is associated with
the decline in frequency of major mergers (e.g. Treister et al. 2012).

http://arxiv.org/abs/1404.5676v1
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Although AGN activity and star formation in galaxies do appear to
have a common triggering mechanism, recent studies do not find
strong evidence that the presence of AGN affects the star-formation
process in the host galaxy (e.g. Bongiorno et al. 2012; Feltre et al.
2013).

Theoretical models suggest that these possible correlations
arise through feedback processes between the galaxy and itsac-
creting black hole. Such regulation has been shown to be impor-
tant in large cosmological simulations (e.g. Di Matteo et al. 2005;
Springel et al. 2005; Croton et al. 2006). In general these can take
two forms, AGN-winds (often referrred to as quasar-mode) which
comprise wide-angle, sub-relativistic outflows and tend tobe driven
by the radiative output of the AGN, and jets (often referred to as
radio-mode), which are relativistic outflows with narrow opening
angles that are launched directly from the accretion flow itself. In
the case of quasar-mode the objects are accreting rapidly, at near
their Eddington rate and their radiation can couple to the gas and
dust in the interstellar medium, driving winds that may shutdown
further accretion onto the black hole or even drive materialout of
the galaxy, thereby quenching star formation (e.g. Di Matteo et al.
2005). Although there is no compelling evidence for AGN feed-
back quenching star formation, there is mounting evidence for
quasar-driven outflows (e.g. Maiolino et al. 2012).Howeverrecent
surveys find little evidence that X-ray luminous AGN quench star
formation (Harrison et al. 2012 cf. Page et al. 2012). Similarly,
the radio-mode and the role of radio-loud AGN and their jets in
the evolution of galaxies has been studied intensively suggesting
that jets can have positive as well as negative feedback on star-
formation rates with the observational consensus being mixed. Cer-
tainly, some studies advocate that radio-jets effectivelysuppress
or even quench star formation (e.g. Best et al. 2005; Croton et al.
2006; Best & Heckman 2012; Karouzos et al. 2013; Chen et al.
2013) by warming-up and ionizing the interstellar medium (ISM)
which leads to less efficient star formation, or through direct ex-
pulsion of the molecular gas from the galaxy, effectively removing
the ingredient for stars to form (e.g. Nesvadba et al. 2006, 2011).
On the other hand, positive feedback can enhance star formation
which could be explained by shocks driven by the radio-jets in
the ISM that compress it and eventually lead to enhanced star-
formation efficiency (e.g. Silk & Nusser 2010; Kalfountzou et al.
2012; Gaibler et al. 2012; Best & Heckman 2012).

It is therefore apparent, that although some form of feedback is
needed to explain the observational results supporting co-evolution
of central spheroids and their galaxies, much still remainsunclear.
Radio-loud and radio-quiet quasars provide ideal candidates for the
study of star formation in powerful AGN under the presence of
jets or otherwise. Indeed, optically selected radio-loud quasars are
found to have enhanced star formation at lower luminositiesusing
optical spectral feature as a diagnostic (Kalfountzou et al. 2012).
The latter result raises the question of why such an effect isnot seen
at high radio power and/or AGN activity which could be explained
under the assumption of a dominant mechanical feedback at low
Eddington luminosities, in which case this would plausiblybe the
major source of positive feedback.

However, spectral diagnostics are not immune to AGN con-
tamination and optical diagnostics, in particular, are susceptible
to the effects of reddening. Indeed, the measurement of the star-
formation activity in the host galaxy is difficult, mainly due to
contamination by the AGN. Many studies have attempted to de-
termine the star-formation activity in quasar host galaxies using
optical colours (e.g. Sánchez et al. 2004) or spectroscopy(e.g.
Trichas et al. 2010; Kalfountzou et al. 2011; Trichas et al. 2012).

or X-ray selection (e.g. Comastri et al. 2003; Treister et al. 2011).
In addition, AGN emission can outshine both the ultra-violet (UV)
and optical emission from young stars. By contrast, the far-infrared
(FIR) emission is shown to be dominated by emission from dustin
the host galaxy, except in the most extreme cases (e.g. Netzer et al.
2007; Mullaney et al. 2011), and to be a proxy of its star formation
activity that is largely uncontaminated by the AGN (e.g. Haas et al.
2003; Hatziminaoglou et al. 2010).

1.2 Radio-loud and radio-quiet quasars

A property of quasars is the existence of radio-loud and radio-quiet
populations. One of the more controversial topics in studies of
these objects is whether these radio-loud and radio-quiet quasars
form two physically distinct populations of objects. Radio-loud
quasars are often defined to be the subset of quasars with a radio-
loudness satisfyingRi > 10, whereRi = L(5GHz)/L(4000Å)
(Kellermann et al. 1989) is the ratio of monochromatic luminosities
measured at (rest frame) 5 GHz and 4000Å. Radio-quiet quasars
must minimally satisfyRi 6 10. However, even radio-quiet
quasars quasars can be detected as radio sources (Kellermann et al.
1989). This has led to two opposing views of the radio-loudness
distribution which have long been debated. The first is that the
radio-loudness distribution is bimodal (e.g. Kellermann et al. 1989;
Miller et al. 1990; Ivezić et al. 2002). The other is that thedistribu-
tion is continuous with no clear dividing line (e.g. Cirasuolo et al.
2003; La Franca et al. 2010; Singal et al. 2011, 2013; Bonchi et al.
2013). Typically, optically selected radio-loud quasars are only a
small fraction,∼10-20 per cent, of all quasars (e.g. Ivezić et al.
2002 but see also Richards et al. 2006 with a small radio-loud
fraction of 3 per cent), with this fraction possibly varyingwith
both optical luminosity and redshift (Jiang et al. 2007). Incon-
trast, X-ray selected samples show lower fractions of radio-loud
AGN < 5 per cent (e.g. Donley et al. 2007; La Franca et al. 2010).
However, many low-power radio sources in these samples might
be star formation-driven (e.g. Massardi et al. 2010). X-rayselec-
tions overall probe much higher (or complete) portions of the AGN
populations than optical ones. This may affect the comparison of
same subsamples (i.e., radio-loud) selected with different meth-
ods. Radio-loud quasars usually reside in very massive galaxies
and have typically a lower optical or X-ray output at given stellar
mass (i.e. lowerL/LEdd at givenLEdd, Sikora et al. 2007) com-
pared to radio-quiet quasars. This means that anLX -limited sample
will have a lower radio-loud quasars fraction, compared to amass-
limited sample. However, in the case of a strictly limited selection
of X-ray-Type I AGN, then possibly the subsamples of radio-loud
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 by similar
physical mechanisms (e.g. Urry & Padovani 1995; Shankar et al.
2010), but their radio loudness has been shown to be anti-correlated
with accretion rate onto their central supermassive black holes (e.g.
Fernandes et al. 2011). Additionally, it has been demonstrated that,
relative to radio-quiet quasars, radio-loud quasars are likely to re-
side in more massive host galaxies (Kukula et al. 2001; Sikora et al.
2007). However, Dunlop et al. (2003) found that spheroidal hosts
become more prevalent with increasing nuclear luminosity such
that, for nuclear luminositiesMV < −23.5, the hosts of both radio-
loud and radio-quiet AGN are virtually all massive ellipticals.

Along with the idea of different host galaxies it has been found
that radio-loud quasars require more massive central blackholes
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than radio-quiet quasars (e.g. Dunlop et al. 2003; McLure & Jarvis
2004; see also Shankar et al. 2010, who finds this to be red-
shift dependent) and it has also been suggested that radio-loud
quasars host more rapidly spinning black holes than radio-quiet
quasars (e.g. Blandford & Znajek 1977; Punsly & Coroniti 1990;
Wilson & Colbert 1995; Sikora et al. 2007; Fernandes et al. 2011;
but see also Garofalo et al. 2010). The low radio-loud fraction also
suggests a change in jet occurrence rates among active super-
massive black holes at low luminosities. This could be linked
to changes in the Eddington fraction, evolutionary state ofthe
black hole, or the host galaxy mass, evolutionary state, or environ-
ment.Recently, Falder et al. (2010) showed that radio-loudAGN
appear to be found in denser environments than their radio-quiet
counterparts atz ∼ 1, in contrast with previous studies at lower
redshifts (e.g. McLure & Dunlop 2001). However the differences
are not large and may be partly explained by an enhancement inthe
radio emission due to the confinement of the radio jet in a dense
environment (e.g. Barthel & Arnaud 1996).

If the radio-loudness is due to the physics of the central engine
and how it is fueled, and the environment plays a relatively minor
role, the quasar properties may be connected with the star forma-
tion in their host galaxies (e.g. Herbert et al. 2010; Hardcastle et al.
2013). On the one hand, AGN feedback could be stronger in the
case of the radio-loud quasars due to their higher black holemasses
and therefore potentially stronger radiation field, reducing the star-
formation rate compared to radio-quiet quasars; on the other hand
radio jets could increase the star-formation activity by compress-
ing the intergalactic medium (e.g. Croft et al. 2006; Silk & Nusser
2010).

1.3 This work

With theHerschelSpace Observatory (Pilbratt et al. 2010) we are
able to measure the FIR emission of AGN host galaxies and hence
the cool-dust emission.Herschel offers an ideal way of mea-
suring the instantaneous star-formation rate (SFR) of AGN (e.g.
Bonfield et al. 2011). UntilHerschel, hot dust emission has typi-
cally been determined from Spitzer data at near/mid-infrared wave-
lengths, but emission from the torus can also contribute at these
bands, especially in the case of quasars. WithHerschelwe are able
to determine the level of cool dust emission in AGN, providing a
detailed picture of how the full SEDs of AGN change as a function
of luminosity, radio-loudness and redshift. Under these circum-
stances,Herschelprovides a good tool to study the star formation
and AGN activity in a special type of AGN: quasars. We are also
able to study the star formation in different types of quasars (e.g.
radio-loud and radio-quiet quasars) and thus to say how it might be
affected by the presence of powerful radio jets.

The paper is structured as follows. In section 2 we discuss the
selection of the sample and the observations we have used. Insec-
tion 3 we describe the statistical methods and the models we have
used in order to estimate the FIR parameters (e.g. FIR luminosity,
dust temperature, dust mass) of our sample. Here we also present
the results of the comparison of the FIR parameters between the
radio-loud and radio-quiet quasars. Finally, in sections 4and 5, we
explore the general conclusions that can be drawn from our results.

Throughout the paper we use a cosmology withH0 =
70 km s−1 Mpc−1, Ωm = 0.3 andΩΛ = 0.7.

2 SAMPLE DEFINITION AND MEASUREMENTS

2.1 The data

In this section we describe the data used throughout this paper.

(i) Radio source catalogues and images from the Faint Images
of the Radio Sky at Twenty-one centimetres (FIRST; Becker etal.
1995) survey and NRAO NLA Sky Survey (NVSS; Condon et al.
1998). Both cover the entire H-ATLAS (Eales et al. 2010) Phase
1 area. To check the possibility of non-thermal contamination in
theHerschelbands, we also cross matched our sample with the Gi-
ant Metrewave Radio Telescope (GMRT) catalogue of Mauch et al.
(2013), who have imaged the majority of the Phase 1 area at 325
MHz, in order to estimate the radio spectral index for the radio-loud
sample.

(ii) Point spread function (PSF) convolved, background sub-
tracted images of the H-ATLAS Phase 1 fields at wavelengths of
100, 160, 250, 350 and 500µm, provided by the Photodetector Ar-
ray Camera & Spectrometer (PACS; Poglitsch et al. 2010) and the
Spectral and Photometric Imaging REceiver (SPIRE; Griffin et al.
2010) instruments on theHerschel Space Observatory. The Phase
1 area consists of three equatorial strips centred at9h, 12h and
14.5h. Each field is approximately12o in RA by 3o in Dec (6o by
3o for the12h field). The construction of these maps is described
in detail by Pascale et al. (2011) for SPIRE. From these maps,a
catalogue of the FIR sources was generated (Rigby et al. 2011b)1,
which includes any source detected at 5σ or better at any SPIRE
wavelength. PACS fluxes were derived using apertures placedon
the maps (Ibar et al. 2010) at the locations of the 250µm positions.
The5σ 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 500µm bands, respectively.

(iii) 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 reliable classifi-
cation and redshift of SDSS quasars with absolutei′−band magni-
tudes brighter than -22.

We constructed a sample of radio-detected quasars in the
FIRST field with optical magnitudes and redshifts from SDSS
DR7. A matching radiusr 6 5 arcsec is used to identify the com-
pact radio sources while a larger radius of30 arcsec is used for
extended sources. With this method we found 144 quasars with
matching radius less than5′′ and 3 extended quasars.

In order to check that the radio maps from the FIRST survey
do not miss a significant fraction of extended emission around the
quasars, we also cross-correlate the optical positions with NVSS.
For the undetected quasars in FIRST we used a stacking analy-
sis to estimate their flux densities following White et al. (2007),
where they quantified the systematic effects associated with stack-
ing FIRST images and examined the radio properties of quasars
from the SDSS by median-stacking radio maps centered on optical
position of these quasars. More details of the cross-matching, the
stacking analysis and the radio-loudness parameter are described
by Kalfountzou et al. (2012).

A total of 1,618 quasars (141 radio-loud and 1,477 radio-
quiet quasars) are found in the H-ATLAS Phase 1 field based on
their optical positions. For this sample, we have investigated how
many quasars are significantly detected in the H-ATLAS catalogue

1 The cited paper is for the SV data release, but the same processing tech-
niques were used to create the catalogue for the Phase 1 area.
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Figure 1. Left: Optical luminosity of the radio-loud (black stars) and radio-quiet (grey circles) samples as a function of redshift. The red lines show the
correspondingMi for i = 19.1 (z < 2.9) andi = 20.2 (z > 2.9), respectively, and the black dashed line shows the equivalent for i = 15 (the bright
limit for SDSS quasar targets; Shen et al. 2011). Right: Radio luminosity as a function of redshift. The mean values and the errors for undetected quasars are
represented by large grey circles. The dashed line corresponds to the nominal5σ flux cut-off of FIRST, i.e.1.0 mJy.

at the 5σ level. Cross-matching with the H-ATLAS Phase 1 Cat-
alogue applying a likelihood ratio technique (Smith et al. 2011)
yielded 146 (∼ 9 per cent) counterparts with a reliabilityR > 0.8.
Among the 146 counterparts 9 are radio-loud quasars (∼ 7 per cent
of the radio-loud population). A similar percentage was found by
Bonfield et al. (2011). Comparing the detected samples of radio-
loud and radio-quiet quasars by applying a K-S test gives a null
hypothesis ofp = 0.07, p = 0.11, p = 0.08, p = 0.11 and
p = 0.14 for 100, 160µm PACS and 250, 350 and 500µm SPIRE
bands.

Since the radio-loud sample includes sources with high radio
flux density we also investigated the possibility of synchrotron con-
tamination, which is not associated with star formation, tothe FIR
flux densities. The method we are using to estimate the synchrotron
contamination is described in Appendix A. We have found thatout
of the 141 objects in our radio-loud quasar sample, 21 radio-loud
quasars have significant non-thermal contamination in their FIR
emission. These objects have been removed from our sample. We
have also found that 27 sources are possible candidates for strong
contamination using an upper limit for their radio spectralindex.
These sources have been also removed from the sample.

We then compare the distribution inz andLopt of radio-loud
and radio-quiet quasars and force the two subsamples to havethe
sameLopt and z distribution by randomly removing radio-quiet
quasars from our parent sample. Running a K-S test on these sam-
ples we find the distribution of the two populations in the optical
luminosity - redshift plane is similar. A Kolmogorov-Smirnov test
(K-S test) applied to the optical luminosity gives a result that cor-
responds to a probability,p = 0.69 under the null hypothesis (i.e.
they are statistically indistinguishable) while the K-S test to the
redshift givesp = 0.75. A 2-d K-S test on the redshift and optical
luminosity for both samples returnsp = 0.58. We can therefore as-
sume the populations are matched in optical luminosity andz. This
process provides a radio-optical catalogue of quasars withspectro-
scopic redshift up toz ∼ 5. Fig. 1 shows the optical luminosity -
redshift and the radio luminosity - redshift plots for the final sample
of 93 radio-loud and 1,007 radio-quiet quasars. We have randomly

removed 470 radio-quiet quasars from our original sample inorder
to match the two populations intoz andLopt.

The optical luminosity was measured using thei-band magni-
tude since redder passbands measure flux from the part of the spec-
trum relatively insensitive to recent star formation and also suffer
less dust extinction. Since thei-band luminosity itself is expected
to correlate with the AGN luminosity and is less sensitive torecent
star-formation activity we use the optical luminosity as anAGN
tracer. The rest-frame 1.4-GHz radio luminosities of the quasars
were calculated from the FIRST 1.4-GHz flux density and the spec-
troscopic redshift, assuming a power law ofSν ∝ ν−α. The spec-
tral index was measured using the FIRST and GMRT data. For the
sources undetected by GMRT either a spectral slope ofα = 0.71
was used or the estimated spectral index using the nominal 5 mJy
limit of the GMRT data (see Appendix).

2.2 Herschel flux measurements and stacked fluxes

Due to the limited sample of SPIRE-detected quasars, especially
the radio-loud quasars, we directly measure the FIR flux densi-
ties from the PSF-convolved images for all three H-ATLAS fields
rather than just use the5σ 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 images. We
take the flux density to be the value in the image at the pixel clos-
est to the optical position of our targets. The errors are estimated
from the centroid of the corresponding noise map including the
confusion noise. In addition, the current H-ATLAS catalogue rec-
ommends including calibration errors of 10 per cent of the esti-
mated flux for the PACS bands and 7 per cent for the SPIRE bands.
The flux densities are background subtracted using a mean back-
ground value for each band. The mean background is estimated
from 100,000 randomly selected pixels within the three H-ATLAS
blank fields.

To establish whether sources in the bins were significantly de-
tected, we compared the flux measurements with the background
flux distribution from 100,000 randomly selected position in the
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fields, following Hardcastle et al. (2010). Using a K-S test,we can
examine whether the flux densities are statistically distinguishable
from those taken from randomly chosen positions, as a K-S test is
not influenced by the non-Gaussian nature of the noise as a result of
confusion. We found a distinguishable difference in all bands with
K-S probability lower than10−5. The mean background flux den-
sities are0.06 ± 0.01, 0.10 ± 0.02, 1.12 ± 0.03, 2.91 ± 0.04 and
0.51 ± 0.03 mJy at 100, 160, 250,350 and 500µm, respectively.

We have separated the samples in bins corresponding to red-
shift, radio luminosity and optical luminosity to investigate whether
the far-infrared fluxes vary with those parameters. Within each bin
we have estimated the weighted mean of the FIR background-
subtracted flux densities in eachHerschelband. The mean values
for each band are shown in Table 1. The errors have been deter-
mined by bootstrapping. The bootstrapped errors are determined
by randomly selecting galaxies from within each bin and determin-
ing the median for this subsample. The K-S test results for the two
populations and the Mann-Whitney (M-W) test results are also pre-
sented in Table 2. We find that there is no statistical difference be-
tween the FIR flux densities of radio-loud and radio-quiet quasars
as a whole. However, separating the two populations into redshift
and optical luminosity bins we find different results. With this divi-
sion, we can see that at lower redshifts and/or lower opticallumi-
nosities the mean 350µm and 500µm flux densities for the radio-
loud objects are significantly higher than for the radio-quiet ones at
greater than the 3σ level.

2.3 Luminosity calculation

To convert between measured FIR flux density atHerschelwave-
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 temperaturegrey-
body fitting function (Hildebrand 1983) in which the thermaldust
spectrum is approximated by:Fν = ΩQνBν(T ), whereBν is
the Planck function,Ω is the solid angle,Qν = Q0(ν/ν0)

β is
the dust emissivity (with 16 β 62) andT is the effective dust
temperature. SinceT andβ are degenerate for sparsely sampled
SEDs, following Dye et al. (2010) we have fixed the dust emissiv-
ity index to β = 2.0 and varied the temperature over the range
10 < T (K) < 60. The selection of theβ parameter has been
made based on theχ2 value. Using aβ = 2.0 instead of e.g.
1.5, the best-fitting model returns lowerχ2 values for both of the
populations. For each source we estimated the integrated FIR lu-
minosity (8 – 1000µm) using the grey-body fitting with the best
fit temperature. The dust temperature was obtained from the best
fit model derived from minimization of theχ2 values. The uncer-
tainty in the measurement was obtained by mapping the∆χ2 error
ellipse. In addition to the integrated FIR luminosity we calculate the
monochromatic FIR-luminosity at 250µm, where the temperature-
luminosity relation affects only the k-correction parameter, which
is far less sensitive than the integrated FIR to the dust temperature
(e.g. Jarvis et al. 2010; Hardcastle et al. 2013; Virdee et al. 2013).

3 FAR-INFRARED PROPERTIES

In order to estimate the FIR properties of our samples based on
the isothermal grey-body model, we use Levenberg-Marquardt χ2

minimization to find the best-fitting temperature and normalization
value for the grey-body model. The errors on the parameters were

determined by mapping the∆χ2 = 2.3 error ellipse, which cor-
responds to the 1σ error for 2 parameters of freedom. For every
source in our sample, we calculate the integrated FIR luminosity
(8− 1000 µm), the monochromatic luminosity at 250µm and the
isothermal dust mass using the 250-µm luminosity. The mass de-
rived on the assumption of a single temperature for the dust,is
given by:

Mdust =
L250

4πκ250B(ν250, T )
(1)

where κ250 is the dust mass absorption coefficient, which
Dunne et al. (2011) take to be0.89 m2 kg−1 andB(ν, T ) is the
Planck function. K-corrections have been applied2.

3.1 Stacking

The majority of our sources are undetected at the 5σ limit of the
Phase 1 catalogue so, in order to calculate their propertieswe use
two different stacking methods and we compare the results. The
first method is based on a weighted stacking analysis which follows
the method of Hardcastle et al. (2010). We determine the luminos-
ity for each source from the background-subtracted flux density,
even if negative, on the grounds that this is the maximum-likelihood
estimator of the true luminosity, and take the weighted meanof the
parameter we are interested in within each bin. We use the same
redshift and optical luminosity bins across the radio-loudand radio-
quiet samples in order to facilitate comparisons. The luminosity is
weighted using the errors calculated from∆χ2 = 2.3 and the er-
rors on the stacked parameters are determined using the bootstrap
method. The advantage of bootstrapping is that no assumption is
made on the shape of the luminosity distribution. Tables 3 and 4
show the weighted mean values of the estimated parameter within
each bin for both populations and the K-S/M-W test probabilities of
the individual measurements comparing the radio-loud and radio-
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 ensurethat
the FIR parameters from the weighted stacking method are reli-
able, we calculate, as an alternative, the mean temperatures for
objects using the Maximum Likelihood Temperature method (e.g.
Hardcastle et al. 2013). As in the previous sections, we split the
radio-loud and radio-quiet quasars into bins defined by their red-
shift, optical luminosity and radio luminosity. For each bin, we
calculate the best fit temperature that gives the bestχ2 fit to the
observed fluxes of every quasar in the bin. In order to do this,we
cycle through temperatures between 5 - 60 K allowing each quasar
to vary and have a free normalization. For each temperature step,
we calculate the totalχ2. This result is a distribution from which
we determine the temperature with the lowest totalχ2. Errors in
this fitted temperature are estimated by finding the range that gives
∆χ2 = 1. Using the best-fitting temperature and normalizations
for all the galaxies, we estimate the FIR luminosity, the 250-µm lu-
minosity and the dust mass for each bin. The errors for each param-
eter are determined by bootstrapping. The results of this method
are shown in Table 5. The advantages of this method are that all
the sources in a given bin are used in the temperature estimation

2 The K-correction is given by:

K =

(

νobs
νobs(1+z)

)3+β
e
(hνobs(1+z)/kTiso)−1

e(hνobs/kTiso)−1
, whereνobs is the ob-

serve frequency at 250µm, νobs(1+z) is the rest-frame frequency andTiso

andβ are the temperature and emissivity index.
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Table 1. The radio-loud and radio-quiet quasars (RLQs and RQQs) FIR mean flux densities in the 100, 160, 250, 350 and 500µm bandpasses. The two
populations have been separated into redshift, radio luminosity and optical luminosity bins. The number of objects within each stack is also given.

Class z-range N per bin Mean flux density (mJy)
100µm 160µm 250µm 350µm 500µm

RLQs 0.2− 1.0 24 7.9± 1.9 7.6± 1.7 18.5± 2.2 26.9 ± 4.4 20.1± 3.4
1.0− 1.5 30 8.2± 1.8 16.7± 4.2 36.8± 2.1 40.4.0± 3.9 34.2± 3.2
1.5− 2.0 21 4.1± 1.4 7.1± 1.3 17.3± 2.3 23.0 ± 2.2 18.5± 2.7
2.0− 5.0 18 2.6± 1.4 5.6± 1.9 18.3± 2.3 23.5 ± 2.1 21.3± 2.8

RQQs 0.2− 1.0 264 7.3± 0.5 9.9± 0.7 21.2± 1.0 20.0 ± 0.7 12.3± 0.6
1.0− 1.5 355 5.1± 0.6 8.2± 1.0 20.3± 1.6 21.2 ± 1.0 13.7± 0.6
1.5− 2.0 230 3.9± 0.4 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 7.4± 1.2 17.59 ± 1.7 22.2 ± 1.2 16.7± 1.0

Class log10(L1.4/W Hz−1) N per bin Mean flux density (mJy)
100µm 160µm 250µm 350µm 500µm

RLQs 23.0− 25.0 20 9.7± 1.7 9.2± 2.5 19.9± 3.3 27.4 ± 3.1 20.1± 2.7
25.0− 26.0 35 3.1± 1.6 8.8± 1.4 23.6± 2.3 27.4 ± 2.2 18.2± 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± 2.3 7.2± 3.4 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 20.9± 1.1 19.4 ± 0.7 11.8± 0.6
23.0− 23.5 249 5.3± 0.8 8.6± 1.3 20.4± 2.1 21.1 ± 1.3 13.7± 0.8
23.5− 24.0 378 4.3± 0.3 8.9± 0.4 18.8± 0.7 21.3 ± 0.6 14.5± 0.5
24.0− 25.5 152 4.5± 0.7 7.6± 1.2 19.1± 1.8 22.5 ± 1.2 16.9± 1.1

Class log10(Lopt/W) N per bin Mean flux density (mJy)
100µm 160µm 250µm 350µm 500µm

RLQs 37.3− 38.5 31 6.8± 1.7 12.2± 2.2 23.4± 3.0 28.2 ± 2.7 20.1± 2.3
38.5− 39.0 32 7.2± 1.5 9.9± 3.7 19.5± 2.1 25.5 ± 1.8 18.0± 1.8
39.0− 40.3 30 4.3± 1.4 8.0± 1.4 29.8± 4.8 35.8 ± 4.6 36.0± 5.6

RQQs 37.3− 38.5 301 5.9± 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 8.2± 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 22.9 ± 0.8 16.1± 0.7

Table 2.The K-S (left column) and M-W (right column) probabilities of radio-loud quasars flux densities being indistinguishable from radio-quiet quasars in
redshift and optical luminosity bins at 100, 160, 250, 350 and 500µm, respectively.

z-range K-S/M-W probability (%)
100µm 160µm 250µm 350µm 500µm

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

log10(Lopt/W) K-S/M-W probability (%)
100µm 160µm 250µm 350µm 500µm

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 automatically
correlated. However, there are bins where the estimated mean tem-
perature is significantly different from the individual temperature
of each source, which could result in underestimation (or overesti-
mation) of luminosities and dust masses.

In general terms, the two methods are in good agreement with
some exceptions in the case of ‘sensitive’ parameters related to
temperature. Specifically, it seems that we get larger differences
in bins where the objects span a greater range in temperature. In
these cases, the weighted mean method is dominated by the hot-
ter objects returning higher luminosities. Despite the differences in
temperature between the methods, we see that the monochromatic
luminosities are broadly consistent in both methods implying that

the temperature-luminosity correlation does not have a significant
effect on the inferred monochromatic luminosities. In contrast, FIR
luminosity and dust masses seem to be affected when hot objects
are present. Despite the differences we get in some cases, both
methods show that radio-loud quasars have systematically lower
dust temperature than radio-quiet quasars. Regarding their lumi-
nosities, and especially the 250-µm luminosity which seems to be
a safer choice as it is less affected by temperature, they tend to be
comparable for most of the bins but not at lower optical luminosi-
ties (and/or redshifts) where an excess in the case of radio-loud
quasars is found.

In order to study the FIR properties (e.g. FIR luminosity, dust
temperature, dust mass) for the two populations as a function of
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Table 3.Estimated weighted-mean far-infrared properties using a single-component grey-body fitting, K-S and M-W probabilities that the estimations for the
radio-loud quasars in redshift, radio luminosity and optical luminosity bins are drawn from the same population as radio-quiet quasars, as a function of quasars
class and parameter.

Class z Weighted mean values
range log10(LFIR/L⊙) Tiso (K) log10(Mdust/M⊙) log10(L250/W Hz−1)

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± 0.46 8.33 ± 0.03 28.15 ± 0.08

Class log10(L1.4GHz/W Hz−1) Weighted mean values
log10(LFIR/L⊙) Tiso (K) log10(Mdust/M⊙) log10(L250/W Hz−1)

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 log10(Lopt/W) Weighted mean values
log10(LFIR/L⊙) Tiso (K) log10(Mdust/M⊙) log10(L250/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 the radio-loud quasars in redshift, radio luminosity and opticalluminosity bins are drawn
from the same population as radio-quiet quasars.

z-range K-S/M-W probability (%)
LFIR Tiso Mdust L250

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 27.7/6.7 6.0/1.0 7.6/1.1 21.2/4.8

log10(Lopt/W) K-S/M-W probability (%)
LFIR Tiso Mdust L250

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 Fig. 2 the meandust
temperature as a function of the mean FIR luminosity. The two
populations have been divided into redshift (left) and optical lumi-
nosity (right) bins which are represented by a rainbow colour-code
with purple colour for lower and red colour for higher values. For
each bin the weighted mean and the ML mean values are presented.

3.2 FIR luminosity

With respect to the redshift bins (see Fig. 2 left), the two popula-
tions have the same mean FIR luminosities within their errors for
each bin. The largest difference between the mean FIR luminosi-
ties of the two populations is observed at the highest redshift bin

(z > 2.0; red colour) with radio-quiet quasars having the higher
FIR luminosity. However, this difference could be an effectof the
calculation of the mean values as both methods do not return signif-
icant excess for the radio-quiet population (small versus large red
symbols). To summarize, the mean FIR luminosities of the radio-
loud and radio-quiet quasars show no significant differences when
the two population are split into redshift bins. In contrast, when we
divide the two populations into optical luminosity bins (see Fig. 2
right), there is a clear excess of FIR luminosity in lower-luminosity
bins for the case of radio-loud quasars (log10(Lopt/W) < 38.5;
purple colour). The fact that both methods show the same signifi-
cant excess indicates that the observed differences between the two
populations are not a result of the calculation methods. At interme-
diate optical luminosities (38.5 < log10(Lopt/W) < 39.0; blue
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Table 5.Mean far-infrared parameters for each bin as they are estimated by the Maximum Likelihood (ML) stacking method. The bestχ2 for each bin is also
presented.

Class z-range ML mean values χ2

log10(LFIR/L⊙) Tiso (K) log10(Mdust/M⊙) log10(L250/W Hz−1)

RLQs 0.0− 1.0 11.19± 0.08 18.01+1.01
−0.72 7.88± 0.07 25.81± 0.08 1.11

1.0− 1.5 11.81± 0.07 21.72+1.61
−1.35 8.26± 0.09 26.70± 0.08 0.68

1.5− 2.0 12.04± 0.05 25.76+1.32
−1.13 8.10± 0.08 27.00± 0.07 0.56

2.0− 4.0 12.42± 0.08 27.22+1.54
−2.74 7.97± 0.08 27.19± 0.08 0.14

RQQs 0.0− 1.0 11.11± 0.02 21.27+0.41
−0.38 7.78± 0.02 25.99± 0.03 0.69

1.0− 1.5 11.86± 0.03 24.19+0.53
−0.42 8.09± 0.03 26.88± 0.03 0.50

1.5− 2.0 12.21± 0.02 27.24+0.77
−0.43 8.21± 0.02 27.24± 0.02 0.46

2.0− 4.0 12.56± 0.17 30.26+1.20
−0.84 8.27± 0.04 27.88± 0.04 0.67

Class log10(L1.4GHz/W Hz−1) ML mean values χ2

log10(LFIR/L⊙) Tiso (K) log10(Mdust/M⊙) log10(L250/W Hz−1)

RLQs 23.0− 25.0 11.19± 0.13 17.79+2.75
−0.46 7.81± 0.12 25.77± 0.16 1.06

25.0− 26.0 11.93± 0.06 22.25+1.29
−1.50 8.05± 0.05 26.62± 0.05 0.60

26.0− 27.0 12.09± 0.07 25.03+1.98
−1.64 8.10± 0.10 26.91± 0.07 0.47

27.0− 28.5 12.55± 0.15 30.26+1.26
−3.16 8.15± 0.10 27.19± 0.08 0.23

RQQs 21.0− 23.0 11.03± 0.03 19.75+0.43
−0.32 7.79± 0.02 25.84± 0.03 0.69

23.0− 23.5 11.76± 0.04 22.58+1.75
−0.42 8.11± 0.04 26.61± 0.05 0.50

23.5− 24.0 12.16± 0.01 27.55+0.58
−0.42 8.17± 0.02 27.19± 0.02 0.48

24.0− 25.5 12.68± 0.16 30.57+1.37
−0.73 8.20± 0.04 27.82± 0.03 0.70

Class log10(Lopt/W) ML mean values χ2

log10(LFIR/L⊙) Tiso (K) log10(Mdust/M⊙) log10(L250/W Hz−1)

RLQs 37.3− 38.5 11.62± 0.10 17.25+3.12
−1.20 8.00± 0.09 25.95± 0.11 1.96

38.5− 39.0 11.93± 0.06 21.25+1.28
−0.96 8.18± 0.06 26.50± 0.05 1.20

39.0− 40.3 12.36± 0.07 26.52+2.16
−1.21 8.09± 0.08 27.12± 0.06 1.56

RQQs 37.3− 38.5 11.22± 0.03 19.22+1.25
−0.75 7.84± 0.02 25.81± 0.03 0.71

38.5− 39.0 11.92± 0.02 25.28+1.62
−0.35 8.07± 0.03 26.89± 0.02 0.44

39.0− 40.3 12.36± 0.02 28.06+1.83
−1.72 8.20± 0.02 27.33± 0.03 0.45
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Figure 2. FIR luminosity versus dust temperature when the two populations are divided into redshift (left) and optical luminosity (right) bins. The rainbow
colour-code represents the redshift/optical lumimosity bin values, purple for lower and red for higher values respectively. The radio-loud quasars are represented
by stars while the radio-quiet quasars are shown as circles.The large symbols show the estimates based on the weighted mean method while the small symbols
show the estimates based on the maximum likelihood stacking. The black lines correspond to the dust mass estimates basedon the LFIR -Tdust relation
(LFIR∝ κ0MdustT

4+β
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), assumingβ = 2.0, for dust masses of107, 108 and109 M⊙.
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colour) both of the populations have consistent mean FIR luminos-
ity values. At the highest optical luminosity bin (log10(Lopt/W) >
39.0; red colour) we have the same picture as at the highest redshift
bin; a possible FIR luminosity excess for the radio-quiet quasars
which, however, is not supported by both of the methods.

3.3 Dust temperature and mass

Our results reported in Fig. 2 and Tables 3, 5 show that there is a
general trend that the radio-loud quasars have lower dust tempera-
ture than radio-quiet quasars, at least at lower redshift and optical
luminosity bins. This difference reaches∼ 5 K in some bins. At
higher redshift and optical luminosity bins both of the populations
have the same mean dust temperatures within their errors.

The mean values of the estimated dust mass based on both cal-
culation methods show that radio-loud quasars have almost acon-
stant mean dust mass over the whole redshift and optical luminos-
ity range. In the case of radio-quiet quasars, the mean dust masses
decrease at lower redshift/optical luminosity bins. Comparing the
results for the two populations, it seems that radio-loud quasars
have higher dust masses at lower luminosity bins while at higher
luminosities both of the populations have similar mean values. Dust
masses must be interpreted with care as they could be biased by the
stacking analysis towards the brightest and hottest objects. The ex-
cess in dust mass, in the case of radio-loud quasars which arethe
class with the lower dust temperature, could be required in order to
be detectable at a level that allows a temperature to be fitted.

3.4 250-µm luminosity

In this section we present the stacked monochromatic luminosity at
250µm for both stacking methods and populations as a function of
redshift, radio luminosity and optical luminosity (Fig. 3). The lumi-
nosities calculated using the weighted stack method are shown by
solid error bars while the luminosities calculated via the Maximum
Likelihood method are shown by the dashed error bars. Both meth-
ods show a good level of agreement within their 1σ error. The cases
with the larger disagreement are those where strong outliers are
found within the bin (unusually hot or cold sources in comparison
with the rest of the population). Based on these plots, we seethat
the Maximum Likelihood Temperature method is more sensitive to
outliers. We therefore argue that the weighted stacking method is
sufficiently accurate to calculate the stacked rest-frame monochro-
matic luminosity at 250µm. For clarity, we do not show the stacks
generated by the Maximum Likelihood Temperature method in the
subsequent sections, although consistency checks were performed
throughout the analysis.

As we see in Fig. 3, 250-µm luminosity is correlated with
radio luminosity for both populations. However, the question is
whether radio activity induces star formation, leading to FIR emis-
sion. Redshift will affect the correlation between the two luminosi-
ties so, as a first way to measure the strength of correlation between
FIR luminosity and radio luminosity we use partial-correlation
analysis (Akritas & Siebert 1996), which allows us to determine
the correlation between the two parameters while accounting for
the effects of redshift. For our analysis, we avoid bias against FIR
weak sources by adding undetected sources (‘censored’ sample) to
the detected sample. For this reason, in order to measure thepartial
correlations we use the FORTRAN program CENS-TAU, available
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Figure 3. Correlation between infrared luminosity at 250µm as a function
of redshift (top), radio luminosity (middle) and optical luminosity (bottom).
Individual measurements for radio-loud (black stars) and radio-quiet (grey
circles) quasars detected at 250µm at the3σ level are also included. Dots
represent the entire samples. Error bars with solid lines illustrate the stacked
luminosities calculated using the weighted method. Luminosities calculated
via the Maximum Likelihood method are dashed line error bars. The errors
have the same colour as the population that they represent.
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from the Penn State Center for Astrostatistics3, taking ‘censored’
data into account as upper limits using the methodology presented
in Akritas & Siebert (1996).

The partial-correlation shows that radio luminosity is signifi-
cantly correlated with 250-µm luminosity in the case of radio-loud
quasars with a partial-correlation ofτ = 0.17. The null hypothesis
of zero partial correlation is rejected at the3σ level. In the case of
radio-quiet quasars we found that the correlation is not statistically
significant withτ = 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 but even
more significant for the case of radio-loud quasars with the null
hypothesis of no correlation rejected at higher than the4σ level.
Despite the results found for both the populations as a total, the
different trends which we found for low (log10(Lopt/W) 6 38.5)
and high (log10(Lopt/W) > 38.5) optical luminosities lead us to
investigate the correlations also for these sub-samples. In the case
of radio-loud quasars, the significant correlation betweenradio lu-
minosity and 250-µm luminosity remains only for the low optical
luminosity bin withτ = 0.12 (p < 0.001; the probability of no
correlation) while for the high luminosity bin no significant corre-
lation is found (τ = 0.04 andp ≃ 0.29). In contrast, for radio-quiet
quasars no correlation is again found for either low (τ = 0.02 and
p ≃ 0.26) or high (τ = 0.03 and p ≃ 0.36) optical luminos-
ity bins. Similar trends are also obtained when we compare the
FIR luminosity with the radio luminosity for the two populations
at lower and higher optical luminosities. In terms of radio-quiet
quasars, all sources withlog10(L250/W Hz−1) > 27.0 are asso-
ciated with optical luminosities above the threshold at which the
dichotomy is found. At this level of 250-µm luminosity it seems
that all correlations with optical luminosity, radio luminosity and,
possibly, also with redshift, tend to disappear. Regardingthe cor-
relation betweenL250 and radio luminosity, a significant number
of radio-quiet quasars withlog10(L250/W Hz−1) > 27.0 have
radio-luminosity higher than1024 W/Hz, a limit often used for
the distinction between radio-loud and radio-quiet population.

3.5 Star-formation rate

For the calculation of the star-formation rate (SFR) the FIRlumi-
nosity is required. As we discussed in Section 3.1 the FIR lumi-
nosity seems to be more sensitive to temperature dispersioncom-
pared to the 250-µm luminosity. In this case, the SFR estimation
could be strongly affected by the dust temperature. On the other
hand, the rest-frame monochromatic luminosity at 250µm min-
imises the dispersion in our calculations and small differences are
found, within their errors, between the two methods (weighted and
maximum likelihood temperature). In addition, the FIR luminosity,
as described using the two-temperature model, could be affected
by a strong cold component. However, our results show that both
FIR luminosity andL250 are dominated by the warm component.
For these reasons we prefer to use the warm dust component as a
tracer of the current star formation, whose mass and luminosity are
primarily an indicator of the star-formation rate (Dunne etal. 2011;
Smith et al. 2012).

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

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

we compare the warm-component 250-µm luminosity to the warm-
component FIR luminosity as they were estimated using the two-
temperature model. For both of the populations we found the same
linear correlation, within the errors, between the warm 250-µm
and integrated FIR luminosities. The linear regression between
the warm 250-µm luminosity and the warm FIR luminosity is
found with the ordinary least squares (OLS) bisector (Isobeet al.
1990) fit beingLFIRRL ∝ 100.66±0.01L250RL; LFIRRQ ∝
100.63±0.03L250RQ for radio-loud and radio-quiet quasars respec-
tively. The same trends for both of the populations show thatas
long as we investigate only the differences of SFR between them,
the selection of either theL250 or the integrated LFIR as indicators
of star formation would not affect our results or, at least, the effect
should be the same for both populations.

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

SFR(M⊙ yr−1) = 4.5 × 10−44LFIR (erg s−1), (2)

which assumes a Salpeter IMF in the mass range0.1 − 100 M⊙,
continuous starbursts of age 10 - 100 Myr, and requires the inte-
grated IR luminosity over the range 8 - 1000µm.

Fig. 4 shows the weighted mean star-formation rates,〈SFR〉,
derived from the warm-component FIR luminosities, as a function
of optical luminosity and redshift, for radio-loud and radio-quiet
quasars. We split the samples into 4 redshift and 3 optical luminos-
ity bins trying to keep the same number of objects within eachbin
for each population and determined the SFR as described in Section
B. The larger symbols represent the weighted mean SFR in eachbin
based on theTc = 15 K andTw = 35 K temperature fittings. Addi-
tionally, a dashed area is used to represent the mean values based on
the different temperature pairs within±5 K of the original temper-
atures. Taking into account the errors of the original mean values,
it seems that the selection of the temperatures would not strongly
affect our results as in most of the cases the errors are larger that
the estimated differences between the different temperature mod-
els. Comparing the〈SFR〉 for the two populations as a function
of redshift, no difference is found. Both radio-loud and radio-quiet
quasars seem to have the same〈SFR〉 within their errors in each
bin. Even if we take into consideration any possible combination
of different temperature pairs, we would not observe any particular
differences. On the other hand, comparing the〈SFR〉 as a function
of optical luminosity, a significant excess is found in the case of
radio-loud quasars forlog10(Lopt/W) 6 38.5. This difference re-
mains significant even if we assume that the two populations have
different dust temperatures. Forlog10(Lopt/W) > 38.5 both pop-
ulations tend to have the same star-formation rate within their er-
rors. Another interesting point is the presence of a possible break
at log10(Lopt/W) ∼ 38.5 in the case of radio-loud quasars while
radio-quiet quasars’ data points could be easily describedby a lin-
ear function.

4 DISCUSSION

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

Studying the FIR properties of an AGN population is usually
a difficult task as possible contamination could affect the results.
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Figure 4. Weighted mean star formation rates,〈SFR〉, as a function of redshift (left) and optical luminosity (right). The dots represent the entire sample.
Small black stars represent the radio-loud quasars detected at 250µm at the3σ level. Small grey cycles represent the radio-quiet quasarsdetected at 250µm
at the3σ level. The same but larger symbols for each population represent the weighted mean values based on theTc = 15 K, Tw = 35 K two-temperature
fitting model. The dashed regions (red for radio-loud and blue for radio-quiet quasars) show the range of the weighted mean values based on the±5 K
two-temperature fitting model regarding to the initial (Tc = 15 K andTw = 35 K) choice of temperatures. In the left figure the large grey circles have been
slightly left-shifted for clarity.

However, in this paper, we are mainly interested in studyingthe
differences between the two populations instead of examining the
exact properties for each one. In the case of our sample thereare
two main sources of contamination a) the warm dusty torus emis-
sion and b) the synchrotron emission of the powerful jets andlobes
in the case of radio-loud quasars. In order to overcome theseprob-
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 thisway, al-
though we expect that FIR emission is largely uncontaminated by
the AGN (e.g Haas et al. 2003; Hatziminaoglou et al. 2010), any
possible contamination would be the same for both populations.
Different evolutionary models for the two populations could be also
a possibility for different AGN contamination in the case ofmore
evolved AGN, in which the BH gets closer to its final mass. How-
ever, this could not affect our results as optical luminosity is a good
tracer of the median accretion rate onto the central black hole and
the Eddington ratio distribution is expected to be similar for the two
populations at least at lower redshifts (z < 2.0) and/or optical lu-
minosity (e.g. Shankar et al. 2010) with both types of quasars being
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 (see Appendix
A). Based on these estimations, we either rejected contaminated
objects from our sample or subtracted the synchrotron emission.
Using these methods we consider our results to be unaffectedby
possible synchrotron contamination effects.

4.1 Star-formation excess

Although the initial formation mechanisms of supermassiveblack
holes remain largely unknown, the notion of seed black holes
that form primordially and grow into a distribution of blackhole
masses has been around for four decades (e.g. Carr & Hawking
1974; Silk & Rees 1998). The mass distribution would necessar-
ily be governed, at least partially, by the density of the surrounding
gas; the most massive black holes would then form in regions of the

highest gas density, and it will be in these sites where we observe
high-redshift radio galaxies and radio-loud quasars. The highly rel-
ativistic, supersonic jets that power into the surroundingmedium
are able to trigger star formation along cocoons surrounding the
jets (e.g. Bicknell et al. 2000; Fragile et al. 2004). This model pro-
vides the means of orchestrating star formation over tens ofkilo-
parsecs on light crossing timescales. This process has beenin-
voked to explain the radio-optical alignment effect at highredshift
(Rees 1989). More recent, Drouart et al. (2014) suggested that ra-
dio galaxies have higher mean specific star formation rates (sSFR)
than typical star-forming galaxies with the same black holemass at
least at higher redshifts,z 6 2.5.

Here we explore the link between radio AGN emission and
star formation. Assuming that FIR luminosity is a good tracer of
star formation, our results show a strong positive correlation be-
tween radio and FIR luminosity, independent of redshift, for radio-
loud quasars (see Section 3.4). In contrast, no such correlation was
found for radio-quiet quasars. Our results support the ideaof a
strong alignment between dust and jets from supermassive black
holes. Powerful radio jets may increase the star-formationactiv-
ity by compressing the intergalactic medium (e.g. Silk & Nusser
2010), resulting in the observed star-formation excess we found 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 to have
higher star-formation rates (and FIR luminosities) than radio-quiet
quasars only at lower optical luminosities. Specifically, we find that
star-formation shows a possible break around tolog10(Lopt/W) ≈
38.5 in the case of radio-loud quasars. For lower optical luminosi-
ties, radio-loud quasars have higher star-formation than radio-quiet,
while for higher optical luminosities both populations tend to have
comparable〈SFR〉within their errors. The same results were found
no matter which method we used to estimate the FIR luminosity.
This difference between the two populations could be an effect
either of redshift or of AGN activity, as the optical luminosity is
affected by both of these parameters. However, both populations
seem to have the same FIR luminosity distribution over all redshifts
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within their errors. As the star-formation excess is not observed in
the case of redshift distribution we deduce that the AGN activity
is the main reason of this difference. Although we have foundno
strong evidence of star-formation suppression due to the radio ac-
tivity at any redshift there are some hints like the decreaseof the
mean FIR flux densities at higher redshift in the case of radio-loud
quasars (see Table 1). A possible suppression of the star-formation
due to the radio-jet activity would be in agreement with a model
of short-lived episodes of radio-loud states in the life of all AGN.
These events are associated with the active nucleus and AGN feed-
back.

The physical mechanisms responsible for triggering the active
AGN phase are still debated. Indeed, it is still poorly understood
whether the AGN activity impacts star formation or vice versa.
Negative AGN feedback, where the AGN emission is believed to
be responsible for gas heating, is necessary in order to explain the
strong suppression of star formation especially in the mostmassive
galaxies (e.g. Croton et al. 2006; Hopkins et al. 2010). The feed-
back process becomes more complicated in the case of powerful
radio sources where there are results that suggest a positive feed-
back due to the jets inducing star formation in the host galaxy (e.g.
Elbaz et al. 2009). These two mechanisms could be the possible ex-
planation for the star-formation difference between the two popula-
tions and the minimum observed in the case of radio-loud quasars.

We found that the〈SFR〉 as a function of optical luminosity
shows a bi-modality forlog10(Lopt/W) 6 38.5 with the radio-
loud quasars covering the upper level. If this bi-modality could be
explained by the presence or absence of powerful radio jets,what
could explain the same level of star formation for both populations
at log10(Lopt/W) > 38.5? As we move to higher optical lumi-
nosities, the AGN luminosity increases as a result the direct effect
of the radiation from the AGN on the host galaxy ISM. In this case,
the feedback is predominantly negative, though occasionalposi-
tive feedback may occur in the form of jet-induced star formation.
As the jets cannot now play the critical role they did at lowerlumi-
nosities both of the populations have the same star-formation trend.
These results are in agreement with our previous work in radio-loud
and radio-quiet quasars (Kalfountzou et al. 2012).

4.2 Host galaxy and dust properties

Based on diverse studies of several samples, it can be said that
radio-loud quasars are associated with luminous elliptical galaxies
while radio-quiet quasars are usually found in both elliptical and
spiral hosts, depending on the optical luminosity threshold. Gener-
ally, it has been proposed that the nuclear luminosity is related to
the morphology of the host, but AGN more luminous than a certain
luminosity limit can only be hosted by massive spheroidals (e.g.
McLure et al. 1999; Dunlop et al. 2003). Based on this assumption,
our results for different dust temperature could have theirorigin 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 temperatures, atleast
for lower redshifts and/or lower optical luminosities. Lowtemper-
atures are associated with the old stellar population of elliptical
galaxies. This fact is in agreement with the previously mentioned
studies regarding the hosts of radio-loud and radio-quiet quasars.
On the other hand, the low dust temperature could be associated
with a strong cold component described by the two-temperature
grey-body model. Dust temperatures of 10-15 K would imply dust
masses of up to1010M⊙, quite unrealistic for the case of elliptical
hosts and generally for quasars’ hosts where the expected range of

dust mass is107−109M⊙. In our sample, despite the low tempera-
tures just a few sources are found to haveMdust > 109M⊙, which
is not unexpected as most of them have FIR fluxes even lower than
the2σ detection limit. Moreover, based on the single-temperature
model, we found that both the populations tend to have statistically
indistinguishable dust masses.

An additional point which could play a significant role in the
observed differences would be the gas supply in the host galax-
ies of radio-loud and radio-quiet quasars. The gas content is the
fundamental ingredient driving star formation in galaxies. Addi-
tionally, AGNs are preferentially hosted by gas rich galaxies (e.g.
Silverman et al. 2009; Vito et al. 2014) which is not surprising
since gas accretion onto SMBH is the process at the origin of nu-
clear activity. Given the dependency of both SFR and AGN on the
gas content, the enhanced star formation in AGN galaxies appears
to be primarily the result of a larger gas content, with respect to
the bulk of the galaxy population at similar stellar masses (e.g.
Rosario et al. 2012; Santini et al. 2012). Many semi-analytic mod-
els and direct observations suggest that the gas fractions in galaxies
grow at lower stellar masses and, at fixed mass, increase at earlier
cosmic epochs. In the local Universe, low mass galaxies are gen-
erally gas-rich and actively star-forming, while the highest mass
galaxies are almost always gas-poor and have very little ongoing
star formation. This is probably why optical AGN with the highest
values ofL/LEdd tend to occur in galaxies with the smallest bulges
and black holes (Heckman et al 2004). Assuming Gaussian quasar
Eddington ratio distributions at all epochs, then the optical lumi-
nosity which is used as an AGN activity tracer would map into BH
mass and thus on galaxy mass. In this case, radio-loud quasars with
lower optical luminosities should, on average, be associated with
lower mass and gas-rich galaxies (see Figure 2, right panel)for
which the effects of a jet-driven star-formation rate may bemore
evident. On the other hand, the fact that no SFR difference isde-
tected between the two populations at higher redshifts or athigher
optical luminosities, when gas fractions should grow, could imply
that both populations evolve in gas fractions at the same rate.

In order to explain these possible temperature differenceswe
have to take into account that the integrated dust temperature de-
pends also on the dust distribution throughout the galaxy. Previ-
ous studies (e.g. Goudfrooij & de Jong 1995; Leeuw et al. 2004)
investigating the origin of dust in elliptical galaxies proposed
the presence of various components. Similarly, we used a two-
component model to describe the FIR properties of our sample,
a warm dust component (Tw = 35 K) and a cold one (Tc = 15
K). Goudfrooij & de Jong (1995) proposed the presence of at least
two sources of the observed interstellar matter (ISM) in elliptical
galaxies, mass-losing giant stars within the galaxy and galaxy in-
teractions. Minor mergers and/or accretion of material from nearby
companions could possible explain the presence of the warm and
cold components. Such an assumption of an external origin for the
ISM in the early-type galaxies leads to a strong link with theen-
vironment of quasars. Falder et al. (2010) showed that radio-loud
AGN appear to be found in denser environments than their radio-
quiet counterparts atz ∼ 1. These environments represent ideal
candidates for galaxy-galaxy interactions. In this case, the cold dust
properties in radio-loud quasars could have an external origin.

5 CONCLUSIONS

In this paper we have studied the far-infrared properties and the
star-formation of matched samples of radio-loud and radio-quiet
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quasars. The main result of our study is that radio-loud quasars have
higher star-formation rates than radio-quiet quasars at low optical
luminosities. This result is in agreement with our previouswork
(Kalfountzou et al. 2012) where the [OII ] emission was used as a
tracer of the star-formation.

Additionally, we have found a strong correlation between jet
activity and the star-formation, controlling the effect ofredshift,
in the case of radio-loud quasars and especially at low optical lu-
minosities and redshifts. This correlation supports the idea of the
jet-induced star-formation.

The possible differences we found between the two popula-
tions regarding the dust mass and dust temperature could explain
the differences in star-formation rate, but they also pointthe way
forwards further investigation of the evolution of their host galax-
ies and their environment and their correlation with AGN activity.
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APPENDIX A: SYNCHROTRON CONTAMINATION

The far-infrared luminosity is used as a measure of the radiation
from dust, which may be heated by star-formation and/or the cen-
tral quasar nucleus. However, since the radio-loud sample includes
high radio flux density sources, it is possible that the far-infrared
flux densities we measure may be subject to contamination from
synchrotron emission not associated with star formation. The spec-
tra of powerful radio-loud AGN are in some cases entirely dom-
inated by synchrotron emission from the jets at all wavelengths.
Radio spectra have been compiled for each radio-loud source, with
the aim of subtracting the radio contribution to the FIR emission.

All of the radio-loud quasars in our sample have a detected
counterpart in FIRST within a search radius of 5 arcsec. In order
to estimate their spectral index we also cross-matched our sam-
ple to the Giant Metrewave Radio Telescope (GMRT) catalogue
of Mauch et al. (2013), who have coverage of the H-ATLAS9h,
12h and14.5h areas at 325 MHz, using a simple positional cross-
matching with a maximum of 5 arcsec. Despite the incomplete sky
coverage and variable sensitivity of the GMRT survey, a total of
71/141 sources are found to have 325 MHz counterparts. For the
matched objects, we can measure their spectral index assuming a
power law and then use their mean spectral index for the rest of the
population.

In Fig. A1 we present a sample of the spectral energy distribu-
tions (SEDs) of the radio-loud quasars using the available radio and
FIR fluxes. The data include theHerscheland the VLA (FIRST cat-
alogue; Becker et al. 1995) observations presented in Section 2 and
the 325 MHz radio fluxes taken from the GMRT catalogue. Using
the extrapolation of the radio fluxes (dashed black line) we attempt
to subtract the synchrotron contamination of the FIR fluxes.The
subtracted FIR flux densities are fitted with the grey-body model
once again (red dashed line) to produce a new estimation of the
free parameters.

In the cases where the subtracted FIR fluxes do not fall close
to the original FIR flux densities (within the errors) for more than
two FIR bands, the parameters of the new grey-body fitting have
changed significantly within the errors from the original ones. In
these cases we have found that synchrotron emission strongly af-
fects the FIR flux densities and the FIR luminosity and the sources
are rejected from our sample. Specifically, we have divided our
sample into 3 categories a) sources where the extrapolationof the
radio fluxes massively overestimates the synchrotron contamina-
tion (Fig. A1a), b) sources where the synchrotron emission strongly
affects the FIR flux densities (Fig. A1b) and sources where the syn-
chrotron contamination is weak and the FIR flux densities arenot
affected at all (Fig. A1c).

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 is massively overestimating the synchrotron contamination. The 9sources with spectral energy
distribution similar to these examples have been rejected from our sample.
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(b) Examples of the 10 sources found having strong synchrotron contamination. The 10 sources with spectral energy distribution 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 synchrotron contamination. The sources with spectral energy distribution similar to these
examples have been included in our sample. Applying the correction to these sources has no impact on the derived temperatures and luminosities.

Figure A1. Spectral energy distribution at radio and FIR wavelengths for a selected sample of radio-loud quasars.Filled black stars: the FIR data,Circles:
the radio data, green for FIRST and black for GMRT,Black small stars: synchrotron contamination at SPIRE and PACS bands,Red asterisks: the subtracted
flux at SPIRE and PACS bands,Black dashed line: Linear fit to radio data,Black solid line: grey-body fit,Red dashed line: grey-body fit after synchrotron
subtraction.
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the (a) category. The examples of two of these sources are pre-
sented in Fig. A1a. It is obvious that the straight-line extrapolation
of the low-frequency radio emission massively overestimates the
synchrotron contamination at the FIR bands;for these sources radio
data at higher frequencies would be required in order to describe
accurate radio spectra. Due to the lack of high-frequency radio data
we had to reject these 10 sources from our sample in order to ensure
that the synchrotron emission does not affect the star formation es-
timation in the radio-loud population. We should mention that only
one of these sources has FIR detections at the3σ level.

In the second (b) category we have classified the 10 sources
with strong synchrotron contamination. Examples of two of these
sources are presented in Fig. A1b and they show that all the FIR
flux densities appear to be seriously contaminated with non-thermal
synchrotron. Although we expect the radio spectra to appearcurve
at higher frequencies and have less effect on the higher-frequency
FIR bands (e.g. PACS bands) it seems that the 500-µm and 350-µm
detections are likely to be seriously synchrotron contaminated. In
order to classify a source as seriously contaminated we compare the
results of the grey-body fitting using the original FIR flux densities
(black stars) and the FIR flux densities corrected for synchrotron
contamination (red stars). As the examples show in Fig. A1b,the
grey-body fitting after correction for synchrotron contamination
(red dashed line) is significantly different from the original one
(black solid line) implying that the parameters estimated using the
original grey-body fitting are strongly affected by the synchrotron
emission. These 10 sources have been rejected from our sample
due to their probably serious contamination from non-thermal syn-
chrotron emission.

In the third (c) category we have classified the remaining 52
sources out of the 71 with both FIRST and GMRT radio detections.
The examples of two of these sources are presented in Fig. A1c.
In this class are sources with weak (not significant) synchrotron
contamination. As the examples show in Fig. A1c, the FIR flux
densities after correction for synchrotron contamination(red stars)
are within the 1σ errors of the original FIR flux densities (black
stars) and as a result the estimated parameters from the grey-body
fittings (black solid line and red dashed line) using the corrected
and the original FIR flux densities are within their errors. All 52
sources with similar SEDs to the examples in Fig. A1c are retained
in our sample.

Overall, we have found 21 objects of our detected at 325 MHz
sample where the synchrotron contamination strongly affects the
estimates of the grey-body fitting, indicating that these objects have
the potential for contamination by their synchrotron components.
These sources are rejected from further study. For the rest of the
sources which are detected at 325 MHz, we are able to subtractthe
synchrotron contamination and fit a new grey-body model using the
subtracted fluxes.

Among the rest 70/141 sources that are undetected in the
GMRT data, there are 8 sources with available radio data in the lit-
erarure (Griffith et al. 1995; Douglas et al. 1996; Cohen et al. 2007;
Healey et al. 2007; Mason et al. 2009) which are used in order to
estimate the spectral indiced. One of them shows significantsyn-
chrotron contamination and has been removed from the sample.
For the other 62 undetected in the GMRT data we conservatively
usedα = −0.4, the minimum value observed in the GMRT-
detected sources, to estimate the maximum possible synchrotron
contamination. The main characteristic of the sample undetected
by GMRT is the faint radio emission at 1.4 GHz, compared to
the rest of the radio-loud quasars. The main bulk of these sources
hasS1.4GHz < 10 mJy while, the mean value of this sample is

〈S1.4GHz〉 = 5.79 ± 0.81 mJy. Due to their faint radio emission,
we do not expect for most of them strong contamination. We found
that 26 sources show possible synchrotron contamination and they
have been removed them from our sample. Finally, our sample con-
sists of 93 radio-loud quasars.

In order to investigate whether there are any particular trends
for the sources detected byHerschel, we investigated the level of
synchrotron contribution in those sources. Due to the limited num-
ber of detected radio-loud quasars, we used as a detection limit the
3σ level at 250µm. We found 26 objects with an available GMRT
detection out of the 46 radio-loud quasars with a 3σ detection at
250µm and as a result, estimated spectral index. In this case, we
find a consistent spectral index;α = 0.66 ± 0.08.

A final method of investigating the synchrotron contamina-
tion level is to study the level of core emission. A reasonable es-
timation of the level of compact emission can be derived fromthe
comparison of the NVSS and FIRST fluxes, investigating whether
the quasar radio fluxes are underestimated due to the FIRST survey
resolving out extended flux. The cross-match with the NVSS cata-
logue gave us a total of 90 matches within a 5 arcsec radius. Among
these there are 58 sources with a GMRT detection. Comparing the
NVSS - FIRST fluxes we found a fraction of7.0 ± 1.7 per cent
excess in their NVSS fluxes. No significant differences were found
even when we compared the NVSS - FIRST emission for the sub-
samples that are detected and undetected with GMRT. Such a small
fraction shows there is no evidence that either the FIRST fluxes or
the estimated spectral indices of the sources are underestimated. On
the other hand, the low level of extended emission shows thatthe
radio sources are fairly compact and a flatter radio spectrumwould
be expected. However, a comparison of the spectral index with the
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 significant non-
thermal contamination in their FIR emission while an additional
sample of 27 sources possible has strong contamination using an
upper limit for their radio spectral index. These objects have been
rejected from our sample. We emphasize that this is a conservative
estimate, given that the steep-spectrum synchrotron component is
likely to fall more quick than the fitted power-law at higher fre-
quencies due to spectral aging of the electron population. There-
fore, our fitting extrapolation is likely to provide an overestimate of
the synchrotron contamination at FIR wavelengths in our sample,
especially in the cases of power-law fitting. Radio data at higher
frequencies would give us a clearer view of the possibility of a
flat, core dominated spectrum in this frequency range, although our
analysis does not support the presence of a flat spectrum at shorter
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 our results
with those of Dunne et al. (2011) forHerschel-detectedz < 0.5
galaxies, we see that the isothermal dust temperatures we measure
span the same range. Taking into account the fact that we use a
β = 2.0 emissivity index, our dust mass measurements should in-
crease by30 − 50 per cent from those of Dunne et al. (2011) with
the same temperature. Indeed, for a mean temperature of20 − 25
K our population is found to have∼ 108.0 M⊙ . One question
is if the estimated isothermal dust mass can be biased low, asthe
dust exists at a range of temperatures in galaxies, while themass
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we have estimated is that of the dust close to the source of heating
(star-forming regions) which warm it enough to emit at FIR wave-
lengths. Another important question is whether the presence of a
cold component could explain the differences we found for the two
populations regarding their dust temperatures and dust masses.

To investigate this we use a model which requires two com-
ponents of dust. The two required components consist of colddust
with Tc ∼ 10− 25 K and warmer dust withTw ∼ 25− 60 K. The
cold component is associated with the old stellar population and the
warm one with the current star formation. The luminosity of the
warm component is primarily the indicator of the star-formation
rate. Previous studies preferred to use two fixed temperatures (a
cold and a warm one) in order to fit the two-temperature model.
However, the correct choice of the fixed temperatures would be
difficult as our single-temperature results show that the two popula-
tions (radio-loud and radio-quiet quasars) may have different dust
temperatures. In order to overcome this problem of the possible
different temperatures between the two populations, we fit atwo-
temperature model for several different temperature pairswithin
±5 K of our initial chosen fixed temperatures,Tc = 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 mass foreach
component. For the two-component model the FIR luminosity is:

LFIR = Nwν
βBν

(

ν

1 + z
, Tw

)

+Ncν
βBν

(

ν

1 + z
, Tc

)

(B1)

whereNw andNc 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 (Vlahakis etal.
2005):
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whereκ250 = 0.89 m2 kg−1 is the dust mass absorption coeffi-
cient andBν 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 significantly different
from Tw = 35 K the two-temperature model with fixed tempera-
tures fit less well. However, we have found a good correlationbe-
tween the FIR luminosities of the two fitting models. In contrast,
the estimated dust masses show less good agreement with higher
scatter. This suggests that, at least for this sample, the estimation
of the FIR luminosity is not strongly affected by the fitting model,
while the dust mass must be interpreted with a little more care.
Comparing the contamination of the cold component to the total
FIR and250 µm luminosities we found that in both populations
the warm component dominated the overall luminosity at a higher
level than 70 per cent. This result shows that any differences found
should not be a result of a strong cold component in any of the two
populations.

This paper has been typeset from a TEX/ LATEX file prepared by the
author.
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