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ABSTRACT

We studied a sample of 274 radio and X-ray selected quasars (XQSOs) detected in the COSMOS and XXL-S radio sur-
veys at 3GHz and 2.1 GHz, respectively. This sample was identified by adopting a conservative threshold in X-ray luminosity,
Lx [2-10keV] > 10% erg s~!, selecting only the most powerful quasars. A number of previous studies on the origin of radio emission
in type-1 quasars have focused on the radio loudness distributions, some claiming to have found evidence for bimodality, pointing
toward the existence of two physically different mechanisms for the radio emission. Using available multiwavelength data, we exam-
ined various criteria for the selection of radio-loud (RL) and radio-quiet (RQ) XQSOs and found that the number of RL/RQ XQSOs
changes significantly depending on the chosen criterion. This discrepancy arises due to the different criteria tracing different physical
processes and due to the fact that our sample was selected from flux-limited radio and X-ray surveys. Another approach to study
the origin of radio emission in XQSOs is via their radio luminosity functions (RLF). We constructed the XQSO 1.4 GHz RLFs in six
redshift bins at 0.5 < z < 3.75. The lower-1.4 GHz luminosity end shows a higher normalization than expected only from AGN contri-
bution in all studied redshift bins. We found that the so-called “bump” is mostly dominated by emission due to star-forming processes
within the host galaxies of XQSOs. As expected, AGN-related radio emission is the dominant contribution at the higher-luminosity
end of RLF. To study the evolution of the XQSO RLF, we used a combination of analytic forms from the literature to constrain
the “bump” due to star formation and the higher-luminosity AGN part of the RLF. We defined two 1.4 GHz luminosity thresholds,
L, sr and Ly, sy, below and above which more than 80% of sources contributing to the RLF are dominated by star formation and
AGN-related activity, respectively. The two thresholds evolve with redshift, which is most likely driven by the strong evolution of star
formation rates of the XQSO host galaxies. We found that both the lower and higher luminosity ends evolve significantly in density,
while their luminosity evolution parameters are consistent with being constant. We found that the lower-luminosity end evolves both
in density and luminosity, while the higher-luminosity end evolves significantly only in density. Our results expose the dichotomy of
the origin of radio emission: while the higher-luminosity end of the XQSO RLF is dominated by AGN activity, the lower-luminosity
end is dominated by the star formation-related processes.

Key words. quasars: general — galaxies: active — galaxies: evolution — galaxies: high-redshift

1. Introduction

Quasars are among the most powerful active galactic nuclei
(AGN) and are usually very bright over most of the electro-
magnetic spectrum, from gamma to infrared frequencies. How-
ever, only 5—10% of quasars are associated with strong radio
sources (e.g., Condon et al. 1980, 1981). This observation trig-
gered a long lasting search for the physical origin of the quasars’

Article published by EDP Sciences

radio emission, especially for type-1 (unobscured) quasars (e.g.,
Kellermann et al. 1989, White et al. 2007, Balokovi¢ et al. 2012,
Condon et al. 2013). The most common approach is to sep-
arate the quasar population into so-called “radio-loud” (RL)
and “radio-quiet” (RQ) categories with respect to some thresh-
old (e.g., Ivezi¢ et al. 2002, Cirasuolo et al. 2003, Pierce et al.
2011). There are, however, several definitions of radio loudness
in the literature (Hao et al. 2014).
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The most direct measure of radio loudness is the monochro-
matic radio luminosity. One of the first studies of radio emission
in optically selected quasars focused on the distribution of 5 GHz
radio luminosity, Ls gy, (Miller et al. 1990). Miller et al. found
a deficit of quasars with 102 WHz ™' < Lsgu, < 10° WHz ™!,
with quite a few detections with Lsgp, = 10% WHz~' which
made their radio luminosity distribution appear bimodal. They
suggested that this bimodality is the evidence for the exis-
tence of two distinct populations of quasars above and below
Lsgu, =~ 10 WHz ™.

In search for the existence of two physically distinct popula-
tions, most authors have defined radio loudness as the radio-to-
optical flux density or luminosity ratios (e.g., Kellermann et al.
1989, Ivezi¢ et al. 2002, White et al. 2007, Balokovi¢ et al.
2012). Such a definition relates the two mechanisms associated
with the accretion onto the supermassive black hole: (a) the opti-
cal luminosity (due to thermal emission from the accretion disk)
and (b) the radio emission (due to synchrotron radiation from the
core, jets or lobes). Bimodality in the distribution of the optical-
to-radio emission would point to RL and RQ quasars having dif-
ferent sources of the dominant radiative output. Despite the same
or similar definition of radio loudness, the results differ widely:
some authors claim to have found a dichotomy (e.g., Ivezi¢ et al.
2002, White et al. 2007), while others see no evidence of it (e.g.,
Cirasuolo et al. 2003). As discussed by Balokovic et al. (2012),
the disagreement can be explained by selection biases not fully
accounted for in the various analysis and low number statistics.

Another approach to the problem of quasar radio loud-
ness dichotomy is to study the quasar radio luminosity func-
tion (RLF; e.g., Kimball et al. 2011, Condon et al. 2013). In
the local universe radio luminosity function is dominated by
AGN-related radio emission above L;4gn, > 108W Hz ',
while radio emission from star-forming processes in galax-
ies starts to dominate below that threshold (e.g., Condon et al.
2002). Condon et al. (2013) studied the 1.4 GHz RLF of color-
selected quasars from the Sloan Digital Sky Survey (SDSS)
Data Release 7 Quasar catalog (Schneider et al. 2010) at red-
shifts 0.2 < z < 0.45 detected at 1.4 GHz within National Radio
Astronomy Observatory (NRAO) Very Large Array (VLA) Sky
Survey (NVSS; Condon et al. 1998). They argue that their RLF
is most likely dominated by AGN-related radio emission due
to the high radio luminosity (Lj4gn, > 10242W Hz™") of the
selected sources. To further study the origin of radio emission,
they modelled the distribution of the peak flux densities of 179
color-selected quasars from the NVSS at redshifts 0.2 < z < 0.3
using flux densitites below the NVSS detection limit (S| 46n, =
2.5ml]y; Condon et al. 1998). They argued that the observed dis-
tribution of peak fluxes for undetected sources should require the
presence of a “bump” in the 1.4 GHz RLF centered at the lumi-
nosity Ly 4guz ® 10227 W Hz"'. This “bump”, due to highly star-
forming galaxies in Condon’s model (see Fig. 6 in Condon et al.
2013), was confirmed by Kimball et al. (2011), who examined
the same sample of color-selected quasars from SDSS, indi-
vidually detected at 6 GHz using the Expanded VLA (EVLA;
Perley et al. 2011). They constructed the 6 GHz quasar RLF,
finding the sources above and below Legp, = 108 WHz ! to
be dominated by AGN-related emission and star-forming pro-
cesses, respectively.

In this paper, we follow the approach of Kimball et al. (2011)
and Condon et al. (2013) to study the origin of radio emission
in radio and X-ray selected quasars (XQSOs) via RLFs. Our
selection (Lx[2—10 keV] > 10* erg s71) is aimed at tracing the
sources exhibiting quasar activity in the COSMOS and XMM
extragalactic survey south (XXL-S) fields. The datasets and the
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selection of our XQSO sample are described in Sect. 2. In Sect. 3
we examine several definitions of radio loudness applied to our
XQSO0s. The derivation and evolution of the XQSO RLF are
described in Sect. 4, and discussed in Sect. 5 in the context of
other studies of the origin of radio emission in quasars. The main
conclusions of this work are summarized in Sect. 6.

Throughout this paper, we assume a ACDM cosmology with
Hy = 70km s Mpc_l, Q,, = 0.3 and Q, = 0.7. We assume the
radio spectrum can be described by a simple power-law form of
the flux density S, o v*, where v and « are the frequency and
spectral index, respectively.

2. Data and sample

In this section, we describe the datasets and selection of the sam-
ple of XQSOs. To construct a sample of quasars that span the
wide range of 1.4 GHz radio luminosities needed to constrain the
shape and evolution of the RLF, we combine the available radio
datasets with the multiwavelength (X-ray to infrared) coverage
in the COSMOS and XXL-S fields, as described in Sect. 2.1. In
Sect. 2.2 we describe our quasar selection based on the hard band
[2-10keV] X-ray luminosity and the properties of the sample.

2.1. Radio data with multiwavelength counterparts
2.1.1. COSMOS field

Radio data from the VLA-COSMOS 3 GHz Large Project are
a result of 384 hours of observations carried out with the Karl
G. Jansky Very Large Array (VLA) at 3 GHz (10cm). Obser-
vations were centered at the COSMOS field, covering 2.6 deg?
with a 1o sensitivity of 2.3 uJybeam™ and at an angular res-
olution of 0.75”. A total of 10830 sources were detected with
signal-to-noise ratios (S/N) of five or more. The observations
and the extraction of radio sources are described in detail by
Smolci€ et al. (2017a). The COSMOS field had been previously
observed at 1.4 GHz with 1o sensitivity of ~10-15 uJy beam ™!
at an angular resolution of 1.5” across 2 deg? (Schinnerer et al.
2007, 2010), providing flux densities for about ~30% of the
radio sources detected at 3 GHz. For these sources, the spectral
index @ was calculated as the slope between the measurements
at 1.4 GHz and 3 GHz in the log(S,) — log(v) plane. The spectral
indices of sources undetected at 1.4 GHz were set to be —0.7 as
this is the average spectral index found for the full 3 GHz popu-
lation is the VLA-COSMOS 3 GHz Large Project (Smol¢i¢ et al.
2017a).

The sources detected at 3 GHz were cross-matched with
the optical-NIR COSMOS2015 catalog (Laigle et al. 2016),
yielding a sample of 7729 radio detected sources with mul-
tiwavelength counterparts over the unmasked 1.77 deg® area.
The process of assigning multiwavelength counterparts to radio
detections is described in detail by Smolci¢ et al. (2017b). Reli-
able spectroscopic redshifts were available for ~35% of those
sources, while the rest (~65%) have a photometric redshift esti-
mate (0az1+; = 0.021 at 3 <z <6 and 14, < 0.01 at z < 3)
drawn from the COSMOS2015 catalog.

As detailed in Laigle et al. (2016), the COSMOS2015 cata-
log was also cross-matched with X-ray data from the Chandra
COSMOS-Legacy Survey (Civano et al. 2016, Marchesi et al.
2016). For 906 (~12%) radio detected sources with optical-NIR
counterparts, absorption-corrected intrinsic X-ray luminosities
are available in the soft [0.5-2keV], hard [2-10keV] and total
[0.5-10keV] bands.
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2.1.2. XXL-S field

The 2.1 GHz observations of the 25 deg> XXL-S field were car-
ried out with the Australia Telescope Compact Array (ATCA)
within the 2.1 GHz ATCA XXL-S survey, as described in
Butler et al. (2018a, hereafter XXL Paper XVIII). The 1o level
sensitivity achieved from the analysis of the radio mosaic is
~41 puJy beam™! at a resolution of ~4.8”. The number of sources
detected with S/N of five or more is 6287. For a subsample of
sources which were unresolved in the full 2GHz ATCA band-
width, Butler et al. (2018b, hereafter XXL Paper XXXI) con-
structed radio mosaics of three ATCA sub-bands (centered at
1417 MHz, 2100 MHz and 2783 MHz) to estimate radio spec-
tral indices of these sources based on their sub-band flux den-
sities. This procedure yielded estimates of spectral indices for
3827/6287 (~61%) sources.

By cross-matching the radio data and the XXL-S catalog of
optical counterparts (Fotopoulou et al., in prep.), Ciliegi et al.
(2018, XXL Paper XXVI) produced a sample of 4770 sources
with multiwavelength coverage. After removing 12 sources clas-
sified as stars, the sample of 4758 sources was used in Paper
XXXI to study star-forming galaxies and AGN found in high-
excitation and low-excitation radio galaxies. Out of these, ~23%
have reliable spectroscopic redshifts, while for the rest (~77%)
photometric redshift estimates (0az/14+; = 0.062) are available.

The observations of the XXL-S with the XMM-Newton
X-ray telescope (Pierre et al. 2016, XXL Paper I) achieved depths
of 6 x 107 ergs™ and 2 x 107*ergs™! in the [0.5-2keV] and
[2-10keV] bands, respectively. The X-ray fluxes were added to
the optical counterpart catalog, as described in Paper VI. These
fluxes were used to estimate the hard [2-10keV] band X-ray
luminosity.

2.2. X-ray and radio selected quasars
2.2.1. Sample selection

From the catalogs of radio detected sources with multi-
wavelength counterparts described above, we selected quasars
based on their hard X-ray luminosity. We applied a criterion
of Ly[2-10keV] > 10*ergs™! which broadly selects quasars
(e.g., review by Padovani et al. 2017). Throughout this paper we
refer to these X-ray and radio selected quasars as XQSOs.

Our sample contains a total of 274 XQSOs, 191 from the
COSMOS field and 83 from the XXL-S field. All COSMOS
XQSOs were previously classified as moderate-to-high radia-
tive luminosity AGN by Smolci¢ et al. (2017b), while all XXL-S
XQSOs were classified as high-excitation radio galaxies in Paper
XXXI. For 60% of COSMOS XQSOs spectroscopic redshifts
were available, while for the rest (40%) we use photometric red-
shifts (with accuracy estimated to be oaz/1+2xQs0 = 0.06). All
of the XXL-S XQSOs have available spectroscopic redshifts.
The redshift distribution of XQSOs is shown in Fig. 1. With the
selection based on the X-ray luminosities, our sample of COS-
MOS and XXL-S sources is complete out to z ~ 4 (see Fig. 7
by Marchesi et al. 2016) and z ~ 2.2 (see Fig. 7 in Paper XXXI),
respectively.

2.2.2. Infrared and B-band luminosities

For every source in the sample of XQSOs, the total infrared (IR;
rest 8—1000 um) luminosity arising from star formation within
the host galaxy was estimated from the multi-component (star-
forming galaxy and AGN) best-fit template from broad-band
SED-fitting decomposition, as presented by Delvecchio et al.
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Fig. 1. Redshift distributions of COSMOS and XXL-S XQSOs are
shown with blue and gray histograms, respectively. Red dashed lines
show the edges of the redshift bins used in the radio luminosity func-
tion analysis in Sect. 4.3.

(2017) and in Paper XXXI. For COSMOS sources, Herschel
photometry from the COSMOS2015 catalog (Laigle et al. 2016)
was used to constrain the far-infrared and submillimeter wave-
length range of the source’s SED. Out of 191 COSMOS
XQSO0s, 79 (53) are detected at > 3(> 5) o levels in at least one
Herschel band, which corresponds to 41% (28%) of the par-
ent sample. For Herschel non-detections, 30 upper limits were
used in SED fitting. On the other hand, the XXL-S field has no
Herschel coverage and the SED fitting was performed in the UV-
to-MIR range only. To estimate the reliability of the total IR
luminosity of the XXL-S sources, the test described by Butler
(2019; see Sect. 4.5.5. therein) was performed. Briefly, radio- and
Herschel-detected sources in the COSMOS field were selected
above the XXL-S sensitivity limit of the 2.1 GHz ATCA XXL-
S radio survey. For these sources, after excluding FIR Herschel
data, SED fitting was repeated. The resulting total IR luminos-
ity estimates were compared to those derived including the FIR
data, yielding a dispersion of ~0.3 dex, with no systematic offset.
Hence, the total IR luminosities obtained from SED fitting proce-
dure are not strongly affected by the lack of Herschel detections.

Using the same SED fitting procedure, the intrinsic 4058 A
B-band AGN luminosity was estimated for all COSMOS sources
and 81/83 XXL-S sources. Some of the B-band AGN luminos-
ity estimates were calculated using SED templates in which
the model of AGN component is not well constrained by the
data. This is true for 23/191 of COSMOS and 14/81 of XXL-S
sources. These values of B-band AGN luminosity can be consid-
ered lower limits.

2.2.3. Radio spectral indices and luminosities

The XQSO sample described above contains sources detected at
3 GHz (COSMOS) and 2.1 GHz (XXL-S). Spectral index esti-
mates are available for 68 (~36%) COSMOS and 75 (~90%)
XXL-S sources, as shown in Fig. 2. The median value and the
standard deviation of the derived spectral indices are —0.89+0.56
and —0.47 £ 0.62 for the COSMOS and XXL-S XQSOs, respec-
tively. For the sources without a spectral index estimate, we
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Fig. 2. Spectral indices of XQSOs in the COSMOS (blue) and XXL-
S (gray) fields for the subsample of objects detected in more than
one frequency. Dashed-dotted blue and black lines show the median
spectral index of COSMOS and XXL-S sources, respectively. Solid
blue and black lines show the value of spectral index obtained from
the single-censored survival analysis (SA) of COSMOS and XXL-S
sources, respectively.

apply the median values obtained from the single-censored sur-
vival analysis. For the sources within the COSMOS field, this
method finds a value of (—0.6 +0.3), while the estimated median
spectral index value for the XXL-S sources is (—-0.23 = 0.12).

Spectral indices of COSMOS XQSOs are on average steeper
than those of XXL-S sources due to flux limits of the radio sur-
veys and the physical nature of the sources. As discussed by
Novak et al. (2017), in order for a 3 GHz source close to the
3 GHz detection limit to be detected at 1.4 GHz, it needs to have
a very steep radio spectrum (a < —2). The spectral indices of
the XXL-S sources were derived by splitting the observations at
2.1 GHz (bandwidth 2 GHz) into 3 sub-bands with bandwidths
of 683 MHz centered at 1.417 GHz, 2.100 GHz and 2.783 GHz
(Paper XXXI). Spectral indices derived in this way are less
biased to the shape of the radio spectrum and a wide variety of
spectral index values can be derived. As shown in Fig. 2, the dis-
tribution of XXL-S spectral indices appears to be double-peaked.
The bin width was set to 3 X 0 xxL-s, Where 0 xx1-s = 0.08 is
the mean uncertainty on XXL-S spectral indices derived using
sub-band analysis. We tested if there is dependence of spectral
index on relevant physical parameters (such as radio flux densi-
ties and luminosities, X-ray luminosity and redshift) and found
no statistically significant correlations. The bimodal shape of
XXL-S XQSO spectral index distribution likely reflects the mix
of core-dominated (i.e., those with flat radio spectral indices) and
extended radio sources.

For XQSOs in the COSMOS field, both the median value of
derived spectral indices and the estimate from the survival anal-
ysis are consistent with the spectral index —0.7 usually quoted
in the literature. This value is consistent with spectral indices
found in literature in studies of radio spectra of both star-forming
galaxies and AGN (e.g., Condon 1992). On the other hand,
roughly ~50% of XXL-S XQSOs (and even more than 50% on
the basis of the results from the survival analysis) have flat spec-
tra (@ > —0.5) typical of core-dominated AGN radio emission.
Hence, we expect the radio emission of XXL-S XQSOs to be
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dominated by an AGN contribution to the radio emission, while
a mixture of two contributions (star formation and AGN activity)
may contribute to the total observed radio emission of COSMOS
XQSO0s.

Observed flux densities S,, (WHz'm™2) and spectral
indices are used to derive 1.4 GHz radio luminosity (L;4Guz)
defined as:

ey

4nD3(z) (1.4GHz\"
LisgH, = Vabs?

I+ Z)Ha Vobs

where Dj, [m] is the luminosity distance, z is the redshift and
Vobs 1S the observed frequency (3 GHz for COSMOS, 2.1 GHz
for XXL-S). In the case of sources that were detected in multiple
radio bands, the derived spectral index was used in the calcu-
lation. Otherwise, the median value obtained from the survival
analysis was used (—0.6 for 123 COSMOS sources and —0.23
for 8 XXL-S sources). We used these 1.4 GHz luminosities to
examine different radio loudness distributions and to construct
XQSO RLFs.

2.3. Possible resolution biases

Throughout this paper, we use the IR luminosity due to star
formation (constrained via SED fitting procedure which, when
available, uses FIR Herschel observations) to estimate the con-
tribution of star formation to the total radio emission of the
XQSO0s. An important point that needs to be considered when
comparing infrared and radio luminosities expected to originate
from the same region is the difference in the spatial resolu-
tion of the data from which they are derived. For the COS-
MOS XQSOs, which are detected both in radio (VLA) and
infrared (Herschel), a difference in resolution could result in
radio observations detecting smaller star-forming regions than
the FIR observations. To test this, we checked the fraction of
resolved sources within the radio-excess and star-forming sub-
populations, as defined using the correlation by Delvecchio et al.
(2017) as the threshold between the two classes. We found that
radio-excess XQSOs seem to be systematically more resolved
than star-forming ones, probably due to the presence of the large
scale AGN-related structures. The physical size at the mean
redshift of both AGN- and SF- dominated subsets (z ~ 2) is
8.4kpc per arcsec. The VLA beam size (0.75”) at z =2 is
6.4 kpc, which means that it is large enough to enclose a typ-
ical star-forming galaxy at that redshift (e.g., van der Wel et al.
2014). Hence, we do not expect radio observations to miss flux
related to star formation (see also Delhaize et al. 2017). The FIR
Herschel fluxes have been extracted in a way to recover the
entire FIR flux of the galaxy (for more details see Laigle et al.
2016). We hence conclude that the difference between the
resolutions of radio and infrared observations should not
significantly affect the flux comparison between the two
bands.

3. Radio loudness

In this section, we compare four different definitions of radio
loudness and criteria used to select RL and RQ AGN. Each of
these criteria relies on a different spectral window into AGN
activity: (a) radio emission from the cores, jets or lobes; (b)
excess of radio emission relative to that expected only from
star-forming processes within the host galaxies; (c) AGN-related
optical emission from the accretion disk; and (d) X-ray emission
from the hot corona.
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Fig. 3. Radio loudness vs. redshift of XQSOs from COSMOS (circles)
and XXL-S (diamonds). In different panels radio loudness is defined
as: (a) 1.4 GHz radio luminosity, (b) IR-to-1.4 GHz luminosity ratio,
gror, (¢) 1.4 GHz radio-to-optical luminosity ratio, (d) 1.4 GHz radio-
to-X-ray luminosity ratio. Different thresholds from the literature, used
to select sources as RL, are shown as indicated in the legends. The
gray dot-dashed line and area show the grr(z) + 0.35 by Delhaize et al.
2017).

(a) 1.4GHz radio Iuminosity (L;.4GHz). The sim-
plest criterion is based solely on the radio luminosity of
the source. Milleretal. (1990) and Goldschmidtetal. (1999)
analyzed the distribution of the 5GHz radio luminosity of
optically-selected quasars. To test the thresholds they applied
to radio luminosity, we convert the 5 GHz into 1.4 GHz lumi-

nosity thresholds with the cosmology used in this work. The
RL quasars are then defined as those with 1.4 GHz luminos-
ity above L 4gu, = 10 WHz™! (Goldschmidt et al. 1999) and
Liacu, ~ 10 WHz™! (Miller et al. 1990).

(b) IR-to-radio luminosity ratio (gqror). The logarith-
mic value of the ratio of the IR-to-1.4 GHz luminosity,
gror o log(Lir/L1.4 gHz), can be used to select sources which
display an excess of radio emission due to AGN activity in
relation to that expected just from star-forming processes in
the host galaxy (e.g., Delvecchioetal. 2017, Smol¢i¢ et al.
2017c, Cerajetal. 2018). For example, Delvecchio et al.
(2017) derived a redshift-dependent radio excess threshold
(grex = 24-21.984 x (1 + 7)0013) selecting sources in which
there is negligible (~0.15%) contamination of radio emission
due to star formation. We select sources that display significant
radio excess (gtor < grex) as RL. However, it is important to
note that the gror is not a direct estimate of radio loudness as
it relates IR luminosity from star formation and radio luminos-
ity, which is a combination of both star-forming processes and
AGN activity, unlike standard radio loudness definitions which
compare AGN-related emissions only.

(c) Radio-to-optical luminosity ratio (Rg). The most
widely used criterion to separate RL and RQ quasars is
based on the radio-to-optical flux density or luminosity ratio
(e.g., Kellermann et al. 1989, Ivezi¢ et al. 2002, Balokovi¢ et al.
2012). RL quasars are defined as those having radio emis-
sion a factor of ~10 stronger than the optical emission, i.e.
Rp =10g(Ly 4 GHz/Lp-band) = 1, where Rjp is the logarithmic ratio
of radio-to-B-band luminosity. In Fig. 3, empty symbols show
the upper limits of Rp calculated using poorly constrained B-
band AGN Iuminosities (see Sect. 2.2.2).

(d) Radio-to-X-ray luminosity ratio (Rx). Radio
loudness defined as the logarithm of radio-to-
[2-10keV] X-ray luminosity ratio, Rx = log(vL,(1.4 GHz)
/ Lx[2-10keV]), has proven to be successful in selecting
RL AGN even in cases of heavily obscured nuclei (e.g.,
Terashima & Wilson 2003). Following Pierce et al. (2011), we
adopt the threshold Ry ~ —3 to separate RL (Rx > —3) and RQ
(Rx < —3) quasars.

The radio loudness distributions described above are shown
in Fig. 3 as a function of redshift. The number of RL and RQ
XQSOs, as defined by different criteria, are listed in Table 1,
and numbers of sources classified as RL using criteria (b)-(d)
are shown using Venn diagrams in Fig. 4. It is important to
note that, for the same sample of sources, these criteria lead
to a selection of different numbers of RL XQSOs ranging from
~18% to ~73%. The origin of this discrepancy is the difference
in definitions (a) and (b), which are related to different physi-
cal mechanisms than (c¢) and (d). The radio loudness defined via
either monochromatic radio luminosity (L 4gn,) or the IR-to-
radio luminosity ratio (gror) traces the excess of radio emission,
with RL sources being those with high levels of radio emission
and those in which there is more radio emission detected than
expected from the star formation within the host galaxy, respec-
tively. On the other hand, radio loudness defined as Rg and Ry
compares radiative (traced via B-band or X-ray luminosities) and
kinetic (traced via radio luminosity) AGN emission. By apply-
ing (a)-(b) definitions of radio loudness, we found that COSMOS
XQSOs are predominantly RQ, while XXL-S XQSOs are mostly
RL (see Table 1). This is a result of different flux density limits
of COSMOS and XXL-S radio surveys.
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Table 1. Number of XQSOs defined as RL or RQ based on different criteria of radio loudness.

COSMOS XXL-S Total
Threshold NRL) NRQ) fr(%) NRL) NRQ) fri(%) fru(%)
Lisgu, = 10#WHz ™! 86 105 45.0 72 11 86.7 57.7
Lisgu, = 105 WHz™! 16 175 8.4 52 31 62.7 24.8
grEX = 24—21.984(1 + £)0013 64 127 33.5 58 25 69.9 44.5
Rp=1 133 58 69.6 66 15 81.5 73.2
R, =-3 12 179 6.3 37 46 44.6 17.9

Notes. In the number count of XXL-S sources using a B-band based radio loudness estimate, two sources without B-band luminosity estimate
were excluded, while those with poorly constrained B-band luminosities were counted as being radio-loud.

COSMOS
Rs
Qtot
13 40 81
11
1
Rx

XXL-=S

Qtot

17

36

Rx

Fig. 4. Venn diagram of COSMOS (left) and XXL-S (right) XQSOs classified as radio-loud based on three criteria: (i) radio-excess threshold by
Delvecchio et al. (2017; pink circles), (ii) Rp threshold by Kellermann et al. (1989; green cricles) and (iii) Ry threshold by Terashima & Wilson

(2003; blue circles).

As described in Sect. 2.2.3, the spectral indices of the COS-
MOS XQSOs are on average steeper than those of XXL-S
XQSOs, which suggests a different origin of radio emission in
these sources. The steep spectral indices of COSMOS XQSOs,
which are mostly RQ, can originate from both star forma-
tion within the host galaxy and AGN. The logarithm of IR-to-
1.4 GHz radio luminosity ratio, gror, can be used to quantify
radio excess, as was previously done by Ceraj et al. (2018) for
all COSMOS sources detected at 3 GHz that have multiwave-
length coverage. By quantifying the radio excess due to an AGN
contribution to the total radio emission, relative to that expected
from the star forming-related IR luminosities, Ceraj et al. esti-
mated the AGN fractions, fagn, defined as the AGN-related con-
tribution to the total detected radio emission. Following the same
approach to estimate fagn of XQSOs, we use the infrared-radio
correlation derived by Delhaize et al. (2017; shown in Fig. 3(b))
derived from a sample of ~9500 star-forming galaxies (SFGs) in
the COSMOS field. They found a redshift-dependent infrared-
to-1.4 GHz radio luminosity ratio, grir(z) = 2.88 x (1 +2)™1%,
with a spread of 0.35dex. Under the assumption that the host
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galaxies of XQSOs are regular SFGs (as supported by results
by, e.g., Stanley et al. 2015), we can use grr(z) to derive AGN
fractions in XQSOs defined as fagn = 1—109m0T74mR

Figure 5 shows the logarithm of radio-to-[2—10keV] X-ray
luminosity ratio, Ry, as a function of L;4gn,, color-coded by
the AGN fraction from both COSMOS and XXL-S sources.
The radio loudness defined solely as the threshold in 1.4 GHz
luminosity (Miller et al. 1990) mostly selects as RL sources
which are dominated by the AGN-related radio emission. How-
ever, there are a few outliers (5/68) in which the AGN fraction
is fagn < 0.5. For all sources with Ry above the thresh-
old Ry = -3 radio emission is dominated by AGN activity
(facn = 0.5), with the exception of one XXL-S source. Below
the thresholds adopted for both criteria, there are roughly
~50% (102/206) of sources which are dominated by AGN-
related radio emission (fagn = 0.5). This shows that apply-
ing a simple radio loudness threshold yields only subsamples
of AGN-dominated sources in the radio. In order to study
the origin of radio emission in XQSOs, another approach is
needed.
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Fig. 5. Ry vs. 1.4 GHz luminosity color-coded by the AGN fraction
(facn) of COSMOS (circles) and XXL-S (diamonds) XQSOs. Radio
loudness threshold in radio luminosity as defined by Miller et al. (1990)
is shown with the black dash-dotted vertical line, while the radio-to-
X-ray radio loudness threshold from Pierce et al. (2011) is shown with
the black dashed horizontal line. It can be seen that both RL thresh-
olds miss a significant fraction of sources where the AGN dominates
the radio emission.

The radio luminosity function (RLF) has proven to be a
highly useful tool for the study of the origin of radio emission
in optically-selected quasars (Kimball et al. 2011, Condon et al.
2013). In the next sections we follow the Kimball et al. approach
in the study of the origin of the detected radio emission by con-
structing RLFs for all radio-detected XQSOs at 0.5 < z < 3.75.
For these sources we examine the cosmic evolution of the star-
forming and AGN contributions to the radio emission via an
analysis of the shape of their RLF.

4. Radio luminosity functions and their cosmic
evolution

In this section, we describe the derivation of the radio luminosity
function (RLF) of 267 XQSOs in six redshift bins (see Fig. 1)
with roughly the same number of sources (~45) in each bin
over the range 0.50 < z < 3.75 (Sect. 4.1). We then describe the
choice of the local radio luminosity functions (Sect. 4.2) used to
constrain the evolution of the XQSO radio luminosity functions
(Sect. 4.3).

4.1. Derivation

To derive the radio luminosity functions of XQSOs, we followed
the Vinax procedure to calculate the maximum observable volume
for each source in our sample (Schmidt 1968):

*Zmax
Vmax,i =

C(sv)‘;—‘z’dz, @)

Zmin

where Viax i is the maximum observable volume of the ith source
within the considered redshift bin, z;,;, is the minimum redshift
of the redshift bin and z;,, is the maximum redshift at which a
source of given radio luminosity could still be detected in our
surveys. The factor which takes into account the size of the field

and corrects for the incompleteness of the radio catalogs, C, is
defined as:

AO S
Cs,) = fﬁ X Ceomp(Sy)s 3)
sky

where A is the unmasked area of the fields considered (1.77 deg2
in COSMOS, 23.32deg? in XXL-S) and Ay, ~ 41253 deg? is
the area of the celestial sphere. The completeness of the radio
catalogs, Ccomp(Sy), is taken from Smolci¢etal. (2017a; see
their Table 2) and Paper X VIII (see their Fig. 11).

Radio luminosity functions, ®(L), were calculated as the
number of sources per co-moving volume per interval of loga-
rithm of luminosity as:

1

Vmax,i

1 N
L) = 3o Z; @)

where Vi, ; 1s the maximum observable volume and A log(L) is
the logarithmic luminosity bin width, taken to be 0.8 dex here.
Errors on ®(L) are calculated following Marshall (1985):

&)

If a luminosity bin contains fewer than 10 sources, we cor-
rected the errors on ®(L) for small number statistics using
Poisson uncertainty estimates by Gehrels (1986). The XQSO
RLFs, constructed using the combined sample of COSMOS and
XXL-S sources, are shown in Fig. 6 and listed in Table 2. The
procedure is consistent with that of Novak et al. (2017, 2018),
Smolci¢ et al. (2017c), and Ceraj et al. (2018).

In our analysis, we do not correct our RLFs to account for
the fact that the X-ray data used to select XQSOs in the XXL-
S field are incomplete at z > 2.2 (see Sect. 2.2.1). The last two
redshift bins are affected by this incompleteness and should be
taken with caution. We note that our results remain valid even if
we do not consider the last two redshift bins.

4.2. Local luminosity function

In order to constrain the XQSO RLF, we need to adopt an ana-
lytic representation of the local RLF from the literature. Neither
COSMOS nor XXL-S sample large enough volumes to detect a
large number of local XQSOs in the radio band. To constrain the
evolution of the XQSO RLF over the studied redshifts, we mod-
ify the local RLFs from the work by Kimball et al. (2011) and
Condon et al. (2013).

As found by Kimball et al. (2011), the local (0.2 < z < 0.3)
RLF of optically selected QSOs is a superposition of contribu-
tions from star formation (SF) within the host galaxy (domi-
nant at the low-luminosity end) and AGN-related radio emission
(dominant at the high luminosity end). The radio emission from
the host galaxies produces a “bump” at the lower-luminosity end
of the RLF which can be represented with a parabolic function:

log ®spo(L) = log Oy — (log L — log L*)z, (6)
where @}, = 1.59%x 107" Mpc™ dex ™" and LY, = 1023 W Hz™!

are the normalization and luminosity position of the vertex of
parabola, respectively, converted to the units used in this paper.
To constrain the high luminosity end (L; 4 i, > 10*W Hz ™)
of the RLF, we modified the analytic form of the RLF as described
by Condon et al. (2013). Condon et al. examined the RLF of the
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Fig. 6. Radio luminosity function at 1.4 GHz of the radio and X-ray selected quasars at redshifts 0.50 < z < 3.75. Solid green and magenta lines
show the results of testing Model 1 and Model 2, respectively, with shaded areas showing 1o confidence range. Thin solid light blue, orange,
and black lines show the SFG, AGN and the total (SFG and AGN) RLFs by Novak et al. (2018). Thin blue and red vertical dashed lines show the
threshold luminosities below and above which more than 80% of sources contributing to the RLF are dominated by SF and AGN-related processes,
respectively. The gray shaded area shows the region unconstrained by our data where the RLF is just an extrapolation. Our results imply that the
radio emission in a majority of lower radio luminosity XQSOs is powered by star formation.

color-selected quasars from the SDSS at 0.2 < z < 0.45 using the
NVSS 1.4 GHz radio data. They found that their data constrain
only the high luminosity end of the RLF where the radio emis-
sion is dominated by AGN activity. They fitted their data with an
analytic function which is a combination of a power law function
below L; 461, = 1023 W Hz ™! and a quadratic function above it.
Most of the analytic forms of RLFs in literature are some vari-
ation of the double power law function (e.g., Condon et al. 1998,
Sadler et al. 2002, Mauch & Sadler 2007, Pracy et al. 2016). Tobe
consistent with the literature RLF, we adopted a double power law
function. We constrained the parameters using the Condon et al.
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(2013) results for quasars in SDSS at 0.2 < z < 0.45 (de-evolved
to z = 0.25). This double power law function is:

(I)*

Dacno(L) = e 5 (7
(L/ LAGN) +(L/ LAGN)

where @, = 4.52 X 10~ Mpc— dex™! is the normalization

and Ly = 4.74 x 10 WHz™" is the knee of the luminosity

function. The faint and bright end slopes of the RLF are @ = 0.16
and 8 = 1.54, respectively.
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Table 2. Radio luminosity functions of the radio and X-ray selected
quasars.

Redshift tog Lisany ) 1oz ( L ) N
WHz Mpc ™ dex
050<z<1.13 23.16 _5.39t8:%; 16
Med(z) = 0.93 23.93 _5'81i81%% 17
24.80 —6.70f8§2 3
25.17 —6.70j8§2 3
26.22 —7.41j8:§2 3
26.90 —7.58j8:ig 2
1.13<z< 148 23.28 _5,21t8ﬁ2 16
Med(z) = 1.33 23.95 ‘5‘62i8:i§ 13
24.69 _6_294:8:{; 8
25.53 6 57j8§§ 5
26.73 7 81j8:§§ 1
27.26 7 SIf(o)ﬁi; 2
148 <z< 1.85 23.84 —5.34j8:‘1)? 20
Med(z) = 1.71 24.52 —5.87j8:}; 12
25.22 6.69f8:§§ 3
26.15 6.65j8:§§ 5
27.25 7.59f8:2; 2
27.55 7.89j8:§§ 1
1.85 <z<223 23.77 —5.03f8:}“‘ 30
Med(z) = 2.03 24.45 —6.03j8jg 8
25.50 6.45j8:§§ 5
26.65 7.92j8:§§ 1
27.41 7.92j8:§§ 1
223 <2z<2.69 23.93 —5.22j8:ﬂ 25
Med(z) = 2.45 24.58 —-6.00* 8:;3 7
25.52 —6.68f8:§g 6
26.66 ~7.24+02 6
27.51 —6.89j8:§§ 1
2.69 <z<3.75 24.18 —5.49f8:{‘3) 22
Med(z) = 3.03 24.91 —6.15f8:}; 13
25.79 6.89f8;§§ 4
26.59 —7.88f8§2 3
27.88 8.36j8:§§ 1

Notes. log(L; 4cH,) is the logarithm of median value of L;4¢y, of all
sources within the luminosity bin and N is the number of sources per
luminosity bin.

4.3. Cosmic evolution of XQSOs

To test the redshift evolution of the RLF, we combined the ana-
lytic functions ®@sg and PN and assumed that both the SF
and AGN components can evolve both in density and luminos-
ity. The general analytic form of the function describing such
evolution is:

Dror(L, 2) = (1 +2)7S Dggg

o]
(1 + z)yoesr @)

+ (142" NDagN o

L
(1 + z)aaoN |’

where apsr, arsp, @pacn and apagn are parameters of the
evolution of the SF and AGN components, respectively. The
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Fig. 7. Parameters of evolution obtained from fitting Model 1 (upper
panels) and Model 2 (lower panels). Left and right panels show the
luminosity and density evolution parameters of ®xgn and Ogr compo-
nents of Oror.

standard approach used in the literature (e.g., Pracy et al. 2016,
Smolci¢ et al. 2017¢, Ceraj et al. 2018) is to assume the sim-
plest models of evolution: pure density (arsr, @racn = 0) or
pure luminosity evolution (ap s, @pacn = 0). However, due to
significant variation in density and luminosity between differ-
ent redshift bins, we found that such simplified models do not
describe our data. In the following analysis, we use y* mini-
mization to test models in which both density and luminosity
of both SF and AGN components change with redshift. An out-
lier at 2.23 < z < 2.69 with L; 4gu, > 10*7 W Hz ! was excluded
from the following analysis.

Model 1 — Luminosity and density evolution of ®ror.
In this model we tested the evolution of all four evolution
parameters simultaneously. The results are shown in the upper
panels of Fig. 7 and listed in Table 3. We found that both ap sr
and apagn density evolution parameters show a decline with
increasing redshift. The luminosity evolution parameter of the
AGN component, @z acN, has a mean value of (—0.27 + 0.46)
and is consistent with no redshift-dependent luminosity evolu-
tion. The luminosity evolution parameter of the SF component,
a1, 1s consistent with being constant with a mean value of
(1.42 £ 0.51).

Model 2 — Density evolution of ®or with fixed oy sg and
a1 AGN- In order to simplify the fitting procedure, in this model
we set the luminosity evolution parameters to the mean values
found from Model 1 (@ sr = 1.42, apaon = —0.27). With this
model we found that the values of the density evolution parame-
ters for both AGN and SF components of the RLF show a global
decline with redshift, as shown in the lower panels of Fig. 7 and
listed in Table 3.

We conclude that XQSOs evolve strongly with redshift in
terms of the density parameters of both SF and AGN components
of the RLF. In terms of luminosity evolution, parameters of both
the SF and AGN components are consistent with being constant
with redshift.
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Table 3. Evolution parameters derived for the two evolution models.

Redshift Model 1 Model 2
QLSF ap.SF QL AGN @D AGN X @p SF @D, AGN X

050<z<1.13 1.46 + 0.49 4.83+043 -0.51 £ 1.65 4.53 +0.99 0.13 4.85 +0.37 443 +0.62 0.71
1.13<z<1.48 1.19 £ 0.43 4.19 +0.36 -0.04 = 1.00 4.45 +0.55 0.33 4.08 +£0.29 448 +0.41 1.43
148 <z<1.85 2.03+£0.41 3.32+0.31 0.52+0.91 3.42 +0.55 0.07 3.67 +0.27 3.97 +0.33 1.60
1.85<z<223 0.52 +0.96 4.56 + 1.36 -0.99 + 1.01 3.77 £ 0.68 0.04 3.57+0.24 3.31+0.44 2.08
223 <7<2.69 1.32 +£0.47 3.16 £ 0.49 -0.24 £0.75 2.82+0.53 <0.01 3.06 +0.22 2.82 +0.28 0.03
2.69 <z<3.75 1.98 +0.24 2.15+0.24 -0.37 £ 0.81 2.10 £ 0.66 0.50 2.61 +£0.20 2.45+0.27 437

Notes. (i) Model 1 in which both AGN and SF contributions to the ®1or can vary in luminosity and density over cosmic time and (ii) Model 2 in
which we fix the luminosity evolution parameters (@, acn, @1 sF) to the mean value obtained for Model 1 and test density evolution parameters of

AGN and SF contributions to ®yqr.

We note that the normalization of the radio luminosity func-
tion of optically selected quasars by Kimball et al. (2011) and
Condon et al. (2013), shown in the first panel of Fig. 6, is more
than an order of magnitude lower than that constrained by fit-
ting our data with the analytic RLF form of Eq. (8). The main
cause of this difference is most likely different sample selection.
While optically-selected quasar samples by Kimball et al. and
Condon et al. contain only the unobscured quasars, sampling
quasars with very high bolometric luminosities, our XQSO sam-
ple contains a combination of both obscured and unobscured
quasars. By examining the hardness ratios (HRs) of XQSOs
(Civano et al. 2016, Marchesi et al. 2016, Pierre et al. 2016) and
applying a threshold of HR = —0.2 to separate obscured from
unobscured sources (e.g., Civano et al. 2012), we found that
most of XQSOs (190/274) are obscured based on their X-ray
emission and most likely would not be included in samples of
optically-selected quasars.

5. Discussion

In this section, we discuss the possible contributions to the
detected radio emission: star-forming processes within the host
galaxy in Sect. 5.1 and AGN activity in Sect. 5.2. In Sect. 5.3 we
define thresholds in 1.4 GHz radio luminosity below and above
which more than 80% of the XQSOs are dominated by the star
formation and AGN-related radio emission, respectively. This
enables us to disclose the true composite nature of the XQSOs in
which both star formation and AGN activity make a significant
contribution to the radio luminosity.

5.1. Host galaxies of XQSOs

The sample of XQSOs studied in this work was drawn from
the moderate-to-high radiative luminosity AGN sample in COS-
MOS and high-excitation radio galaxy sample of AGN in XXL-
S. Host galaxy properties of these AGN have been studied by
Delvecchio et al. (2017; COSMOS) and in Paper XXXI (XXL-
S). Both studies found that the host galaxies of these AGN have
star formation rates (SFRs) and stellar masses consistent with
typical main-sequence galaxies.

The same conclusion was reached by Stanley et al. (2015)
from an analysis of a sample of ~2000 X-ray selected AGN
(10¥ ergs™! < Lr_gyev < 10¥7 ergs™!) detected in the Chandra
Deep Field North and South and the COSMOS field. They stud-
ied the distribution of star formation-related IR luminosity and
X-ray luminosity over 0.2 < z < 2.5, as proxies of SFRs and
AGN activity, respectively. They found a strong evolution of
their average Lig sp with redshift, similar to that observed for the
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Fig. 8. Lir sk vs. Lx[2—-10 keV] of the XQSOs separated in four red-
shift bins, color-coded by their median 1.4 GHz radio luminosity. The
upper and lower panels show XQSOs from the COSMOS and XXL-S
fields, respectively. Lines show the mean value of Ljg s in different red-
shift bins, as indicated in legend. We note that the two color-coded bars
correspond to very different ranges in Ly 4 gu, in COSMOS and XXL-S.

main-sequence galaxies. These results were confirmed by multi-
ple other studies of quasar and AGN host galaxy properties (e.g.,
Rosario et al. 2012, 2013, Lanzuisi et al. 2017, Stanley et al.
2017, Suh et al. 2017, 2019). However, the relationship between
the Lir sr and Lx[2—-8keV] appears flat as a result of different
timescales of star-forming processes and AGN activity.

In Fig. 8, we show the log,o(Lrsr) (derived from
the rest-frame 8-1000um luminosity) as a function of
log,((Lx[2-10keV]) of our XQSOs for both COSMOS (upper
panel) and XXL-S (lower panel) sources, binned by X-ray lumi-
nosity (0.5 dex bin width). The dashed lines show the mean
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Lir sr for all the sources per redshift bin. We compare our results
with those for X-ray selected AGN by Stanley et al. (2015), by
converting their [2-8 keV] X-ray luminosities into [2—10keV]
X-ray luminosities, assuming photon index value of 1.9. In
Fig. 8 we show only the results by Stanley et al. in match-
ing redshift ranges (0.8 <z < 1.5 and 1.5 < z < 2.5) and above
the X-ray threshold applied to define our sample of XQSOs
(Lx[2-10keV] = 10" ergs™).

For the COSMOS XQSOs, we find a rapid redshift evolution
of the mean Lir s (lines in the upper panel of Fig. 8) with an
average increase of IR luminosities by a factor ~3.8 from one
redshift bin to the next one, in rough agreement with results by
Stanley et al. (2015). However, XXL-S XQSOs show a slower
evolution of the L s¢ with an average increase by a factor of
~1.5. XXL-S XQSOs have higher mean values of Lir sp in the
first redshift bin (0.25 < z < 0.8) than the COSMOS XQSOs.
The observed difference most likely arises due to different sen-
sitivities of the radio data in the COSMOS and XXL-S field,
with the COSMOS data-set being more sensitive to fainter radio
sources. XQSOs with Ly[2-10keV] > 10 ergs~! tend to have
higher Lir sp than the lower Lx[2—10keV] XQSOs. There is a
hint that higher redshift bins contain sources with higher median
values of 1.4 GHz radio luminosities, both in COSMOS and
XXL-S.

We can use the mean values of Ligsr to make a rough
qualitative estimate of the contribution of star formation to
the total radio luminosity, L;4cuzsp. The mean Lig sp values
can be scaled to SFRs using Kennicutt (1998) relation, which
can then be used to calculate the expected radio emission via
the redshift dependent grigr parameter by Delhaize et al. (2017)
(assuming a radio spectral index a = —0.7). Estimated values
of Ly sguzsr for the COSMOS XQSOs increase with redshift,
ranging from ~3 x 102> WHz™! to ~2x 10> WHz™!. Com-
pared to the median total radio luminosity of COSMOS XQSOs
per redshift bin, star formation can make a significant contri-
bution to the total radio luminosity and even be a dominant
source of radio emission. The estimates of the XXL-S XQSO
L 4Guz sk are comparable to those found for COSMOS XQSOs
and show an increasing trend, ranging from ~2 x 10> W Hz ! to
~2x 10 WHz ™"

5.2. AGN-related radio emission in XQSOs

The extent to which AGN-related radio emission can contribute
to the total observed radio emission in AGN and quasars has
been a subject of several recent studies. White et al. (2015)
studied the properties of 74 RQ quasars (RQQs) selected in
optical and NIR bands within a 1deg? area covered with the
VIDEO Survey. They used the stacking technique to extract
the information below the detection limit of the VLA-VIRMOS
Deep Field survey (Bondi et al. 2003) at 1.4 GHz, finding evi-
dence of radio emission in their quasar sample. By comparing
the radio-based SFRs (Yun et al. 2001) and those based on the
assumption that quasar host galaxies lie on the main sequence
of SFGs (Whitaker et al. 2012), they found a mismatch in distri-
butions which they attributed to a significant amount of AGN-
related contribution to the total radio flux in these sources. They
argued that the primary origin of the radio emission in sources
at 146, < 1 mJy are BH accretion processes. The same con-
clusion was reached by White et al. (2017) who studied a sam-
ple of 70 RQQs from Spitzer-Herschel Active Galaxy Survey
at 0.9 < z < 1.1. They performed targeted observations of RQQs
with the VLA at 1.5 GHz, detecting 35/70 of sources within their
sample above 20. For the sources with both radio and FIR detec-

tions (26/70), comparing the rest-frame 125 ym luminosity (as a
tracer of the level of star formation within the host galaxy) and
the 1.5 GHz radio luminosity with FIR-to-radio correlation by
Smith et al. (2014), they found that 92% of them are dominated
by AGN-related radio emission.

The above results were obtained by extracting signal below
the radio detection limit and for a relatively small sample of opti-
cally very bright RQQs at z ~ 1 with targeted radio observations.
As we show in the next section, by combining deep radio data
within the COSMOS field with shallower radio data gathered
over the larger XXL-S field we are able to study the origin of the
radio emission in XQSOs via the shape of the radio luminosity
function over five orders of magnitude in L; 4gy,. This enables
us to capture the true composite nature of quasars in which both
an AGN and star formation can make a noticeable contribution
to the observed radio emission.

5.3. Origin of XQSO radio emission

From our RLF analysis, we found evidence of star-forming pro-
cesses operating in galaxies hosting XQSOs. This means that
star formation-related radio emission is expected to contribute
to the total radio emission detected in our XQSOs at radio lumi-
nosities below L 4gu, ~ 102* WHz ™.

To define redshift-dependent thresholds in L; 4 gy, below and
above which the dominant contribution to the RLF arises from
the star formation and AGN activity, we calculated ratios of ®Ogg-
to-Oror and @ agN-to-Pror as a function of 1.4 GHz luminosity,
as shown in Fig. 9. Luminosity dependent values of ®gg, Pagn
and O1or (see Sect. 4.3) were calculated at the median redshift in
six redshift bins using the evolution parameters calculated for the
luminosity and density evolution model of @t (see Model 1 in
Table 3). For each redshift bin we defined two threshold lumi-
nosities, L;sp and L; sgn, Where L, gp is the luminosity below
which we expect >80% of sources contributing to the RLF to be
dominated by star formation-related radio emission and L, agn
is the luminosity above which >80% of sources are expected to
have radio emission dominated by AGN activity. Sources with
luminosities L, sp < L 46n, < Ly aon are expected to be those in
which both star formation and AGN activity have a significant
contribution to the total radio emission. The numbers of COS-
MOS and XXL-S sources within each radio luminosity range
are listed in Table 4.

In Fig. 10, we show XQSOs in gror vs. z plane. The infrared-
radio correlation found for the sample of SFGs, expressed via the
grir parameter, is a valuable tool for quantifying the amount of
radio emission arising from star formation within the host galaxy
(Delhaize et al. 2017, Ceraj et al. 2018). If the radio luminosity
of the source is dominated by the star formation-related emis-
sion, it would populate the so-called “SFG locus” of the gror
vs. z plane. In Fig. 10 we show this locus using the redshift-
evolving grir = 0.35 by Delhaize et al. (2017). Below this locus,
the radio excess due to the AGN-related radio emission increases
with decreasing gror. We found that most COSMOS XQSOs
are located within or near the “SFG locus”, while the XXL-S
XQSOs mostly show significant radio excess. This indicates that
a large fraction of COSMOS XQSOs have their emission domi-
nated by star formation, while most of the XXL-S XQSOs radio
emission comes from AGN activity.

We further separated COSMOS and XXL-S XQSOs with
respect to the radio luminosity thresholds L;srp and L, agn
in the gror vs. z plane. The number of XQSOs which are
below the radio excess threshold by Delvecchio et al. (2017),
grEx = 24 —21.984 x (1 + 2)®913, are shown in parentheses in
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Fig. 9. Example of how luminosity thresholds L, sr and L, xgn (blue and
red dashed lines, respectively) were defined. Top: radio luminosity func-
tion (®ror; orange line), constrained by the data at 2.23 < z < 2.69, is
separated into a lower-luminosity “bump” (®sp; dot-dashed blue line)
and the higher-luminosity double power-law (®agn; dot-dashed red
line). Bottom: ratios of the SF (®sr) and AGN (Dpgn) contributions
to the total RLF (®ror) as a function of L; 4 gy, are shown by blue and
red lines, respectively. L, sr and L, agn are values of L 4cu, below and
above which more than 80% of sources used to constrain the RLF are
dominated by star formation and AGN-related radio emission, respec-
tively. In both panels, the gray area shows the region of the plot in which
the curves are just an extrapolation of the analytic forms of RLFs below
the detection limits of radio data used to constrain them.

Table 4. The results show that the majority of sources contri-
bution to the RLF “bump” have their radio luminosity domi-
nated by star formation-related emission, while the XQSOs at
the higher-luminosity end of RLF are dominated by the AGN
radio emission.

Threshold luminosities, L, sg and L, ogn, shown in Fig. 6 and
listed in Table 5, appear to evolve with redshift from lower to
higher 1.4 GHz luminosities, as shown in Fig. 11. A similar trend
has been found in models of galaxy evolution by Mancuso et al.
(2017), who studied evolutionary tracks of SFGs and radio-silent
(RS), RQ and RL AGN. They found that the 1.4 GHz luminosity
threshold, at which the dominance between SFGs and RS+RQ
AGN changes in RLFs, increases with redshift. They argue that
this evolution is result of strong cosmic evolution of the star
formation in host galaxies. A similar conclusion can be drawn
for the evolution of L;sr and L, agn in RLFs of XQSOs. As
demonstrated in Sect. 5.1, star formation-related IR luminosity
evolves with redshift, which indicates that strong evolution of
radio emission due to star-forming processes should be expected,
as is confirmed in Sect. 4.3.

While the majority of XQSOs at L,sp > Lj4gn, are domi-
nated by the radio emission of star forming origin, the AGN-
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Table 4. Number of COSMOS and XXL-S XQSOs divided in ranges of
L, 4cu, defined on the basis of the thresholds L, sr and L; agx.

COSMOS XXL-S

Liscnz < Lisr 143 (34)  11(1)
Lisk < Liacuz < Lagy 30 (16) 15 (7)
Li4cH, 2 LiacN 13(13)  55(50)

Notes. Numbers in parentheses show the number of sources within each
L, 46n, interval that would be defined as radio-excess with respect to
criterion defined by Delvecchio et al. (2017).

® COSMOS Ly46Hz <Lt sr ¢ XXL-S Lgsr<Lliachz <Ltacn
® COSMOS L, sF <Liachz <Ltacn ¢ XXL—-SLlisachz =Lt acn
® COSMOS L1 .46H, = Lt acn Delhaize et al. (2017)
¢ XXL—S Lisonz=Lisr ——- Delvecchio et al. (2017)
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Fig. 10. gror vs. redshift of COSMOS (upper panel) and XXL-S (lower
panel) XQSOS Sources with L1,4GHZ < Lt,SFs Lt,SF < Ll.4GHz < Lt,AGN
and Ljsgn; = Liagn are shown with blue, green and red symbols
respectively. The red dashed line shows the radio-excess threshold
defined by Delvecchio et al. (2017). The blue shaded area shows the
“SFG locus” by Delhaize et al. (2017).

related radio emission might still be present at lower levels. As
discussed by Laor & Behar (2008), radio-quiet quasars selected
from the Palomar-Green (PG) Bright Quasar Survey (z < 0.5,
Schmidt & Green 1983) follow a tight correlation between their
radio and X-ray luminosities. This correlation seems to be exten-
sion of the so-called Giidel-Benz correlation found to exist
between the quiescent radio and X-ray emission of coronally
active stars (Guedel & Benz 1993) in which both these emis-
sions have coronal origin. By comparing the radio and X-ray
Iuminosities of XQSOs to the Laor & Behar relation, we found
that at least some of the L, sg > Lj 46nz; XQSOs could have the
radio emission of coronal origin.


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936776&pdf_id=9
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936776&pdf_id=10

L. Ceraj et al.: The XXL Survey. XLIII.

Table 5. Luminosity thresholds L,sp and L,agn constrained using
XQSO RLFs.

Zmed  10810(Lisp)  logo(LsacN)
0.93 24.08 24.66
1.33 23.91 24.59
1.71 24.42 25.06
2.03 24.09 24.60
2.45 24.43 24.99
3.03 24.89 25.46
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Fig. 11. 1.4 GHz radio luminosity thresholds vs. redshift. Blue and red
dots and dotted lines show the redshift evolution of thresholds below
and above more than 80% of sources contributing to the XQSO RLF are
dominated by star formation and AGN activity, respectively. Magenta
symbols and line are taken from Mancuso et al. (2017) and represent
the threshold at which SFGs and RQ AGN change dominance in their
RLFs.

6. Summary and conclusions

We studied the origin of the radio emission of a sample of 274
radio and X-ray selected quasars (XQSOs) at 0.25 < z < 6.1
detected at 3 GHz and 2.1 GHz in the COSMOS and XXL-S
fields, respectively. Using the multiwavelength data available
for these sources, we examined four different criteria of radio
loudness and found that 18-73% of XQSOs are selected as
radio-loud. This disagreement arises both from different flux
density thresholds of COSMOS and XXL-S radio surveys and
from the fact that the four radio loudness criteria capture dif-
ferent physical processes related to the AGN activity (radio
luminosity, B-band luminosity, hard X-ray luminosity) and star-
forming processes within the AGN host galaxies (star formation-
related infrared luminosity). These different fractions of XQSOs
selected as radio-loud and radio-quiet indicate that another
approach is needed to disclose the true origin of radio emission
in XQSOs.

We constructed 1.4 GHz radio luminosity functions (RLFs)
for a subsample of 267 XQSOs in six redshift bins between
0.5 < z < 3.75. The lower-luminosity end of the RLF at all red-
shifts has a higher normalization than expected just from AGN-
related radio emission and manifests as a “bump” in the RLF.
To constrain the shape and the evolution of the XQSOs, we used
the analytic representation of the local radio luminosity func-
tion from the literature. The RLF employed is a combination of
parabolic and double power-law functions constraining the lower

and higher-luminosity end of RLF, respectively. We found that
the lower- and higher-luminosity ends evolves significantly with
redshift in terms of density. The luminosity evolution parameters
of both the lower- and higher-luminosity end are consistent with
being constant with redshift.

We used the RLF in different redshift bins to define thresh-
olds in 1.4 GHz radio luminosity below and above which more
than 80% of sources contributing to the RLF are expected to be
dominated by star formation and AGN activity, respectively. To
test this, we exploited the so-called gror parameter, which is pro-
portional to the logarithm of the ratio of IR luminosity due to star
formation and 1.4 GHz luminosity. We confirmed that the major-
ity of sources contributing to the “bump” of the RLF are domi-
nated by star formation-related radio emission, while the sources
contributing to higher-luminosity end of RLF are dominated by
AGN-related radio emission. Our result exposes the dichotomy
of the processes behind the XQSO radio emission: star forma-
tion dominating the radio emission of the lower radio luminosity
and AGN activity dominating the higher radio luminosity.
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