Universiteit

4 Leiden
The Netherlands

What is the origin of the stacked radio emission in radio-undetected

quasars? Insights from a radio-infrared image stacking analysis
Retana-Montenegro, E.

Citation

Retana-Montenegro, E. (2022). What is the origin of the stacked radio emission in radio-
undetected quasars?: Insights from a radio-infrared image stacking analysis. Astronomy &
Astrophysics, 663. doi:10.1051/0004-6361/202039750

Version: Accepted Manuscript
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/3561693

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/3561693

Astronomy & Astrophysics manuscript no. radio _stacking
January 25, 2022

arXiv:2201.09052v1 [astro-ph.GA] 22 Jan 2022

What is the origin of the stacked radio emission in
radio-undetected quasars?

Insights from a radio-infrared image stacking analysis

E. Retana-Montenegro® 2

! Leiden Observatory, Leiden University, P.O. Box 9513, 2300 RA, Leiden, The Netherlands

2 Astrophysics and Cosmology Research Unit, School of Mathematics, Statistics and Computer Science, University of
KwaZulu-Natal, Durban 4041, South Africa
e-mail: edwinretana@gmail.com

Received June xx, xxxx; accepted March xx, xxxx

ABSTRACT

Radio emission in the brightest radio quasars can be attributed to processes inherent to active galactic nuclei (AGN)
powered by super massive black holes (SMBHs), while the physical origins of the radio fluxes in quasars without radio
detections have not been established with full certainly. Deep radio surveys carried out with the Low Frequency ARray
(LOFAR) are at least one order of magnitude more sensitive for objects with typical synchrotron spectra than previous
wide-area high-frequency surveys (> 1.0 GHz). With the enhanced sensitivity that LOFAR offers, we investigate the
radio-infrared continuum of LOFAR radio-detected quasars (RDQs) and LOFAR radio-undetected quasars (RUQs) in
the 9.3 deg? NOAO Deep Wide-field survey (NDWFS) of the Bodtes field; RUQs are quasars that are individually
undetected at a level of > 50 in the LOFAR observations. To probe the nature of the radio and infrared emission,
where direct detection is not possible due to the flux density limits, we used a median image stacking procedure. This
was done in the radio frequencies of 150 MHz, 325 MHz, 1.4 GHz and 3.0 GHz, and in nine infrared bands between
8 and 500 pm. The stacking analysis allows us to probe the radio-luminosity for quasars that are up to one order of
magnitude fainter than the ones detected directly. The radio and infrared photometry allow us to derive the median
spectral energy distributions of RDQs and RUQs in four contiguous redshift bins between 0 < z < 6.15. The infrared
photometry is used to derive the infrared star-formation rate (SFR) through SED fitting, and is compared with two
independent radio-based star-formation (SF) tracers using the far-infrared radio correlation (FIRC) of star-forming
galaxies. We find a good agreement between our radio and infrared SFR measurements and the predictions of the
FIRC. Moreover, we use the FIRC predictions to establish the level of the contribution due to SMBH accretion to
the total radio-luminosity. We show that SMBH accretion can account for ~ 5 — 41% of the total radio-luminosity
in median RUQs, while for median RDQs the contribution is ~ 50 — 84%. This implies that vigorous SF activity is
coeval with SMBH growth in our median stacked quasars. We find that median RDQs have higher SFRs that agree
well with those of massive star-forming main sequence galaxies, while median RUQs present lower SFRs than RDQs.
Furthermore, the behavior of the radio-loudness parameter (R = log,q (Lrada/Lacn)) is investigated. For quasars with
R > —4.5, the radio-emission is consistent with being dominated by SMBH accretion, while for low radio luminosity
quasars with R < —4.5 the relative contribution of SF to the radio fluxes increases as the SMBH component becomes
weaker. We also find signatures of SF suppression due to negative AGN feedback in the brightest median RDQs at
150 MHz. Finally, taking advantage of our broad spectral coverage, we studied the radio spectra of median RDQs
and RUQs. The spectral indices of RUQs and RDQs do not evolve significantly with redshift, but they become flatter
towards lower frequencies.
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1. Introduction

Even though more than five decades have passed since
the discovery of the first radio quasar by [Schmidt (1963),
the physical processes responsible for the radio emission
in quasars are not fully understood. The radio emission in
the brightest radio quasars, known as radio-loud quasars
(RLQs), is associated with the accretion onto supermas-
sive black holes (SMBHs). The accretion energy output
often manifests as large-scale structures (radio jets and
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lobes). The origins of the weaker radio emission in the
fainter radio quasars, called radio-quiet quasars (RQQs),
are still uncertain. It has been suggested that the radio ac-
tivity in RQQs is produced by a starburst. It is thought
that the starburst radio-emission has a synchrotronic com-
ponent produced by electrons accelerated by supernovae
remnants, and a thermal free-free component arising from
the ionization of hydrogen clouds (HII regions) by hot
massive stars (Sopp & Alexander [1991); [Terlevich & Boyle
1993). Conversely, it had been proposed that the radio
emission in RQQs is caused by small-scale radio jets with
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a kinetic power that is significantly lower (~ 1000) than
those of RLQs (Miller et all [1993). This scenario is sup-
ported by high-resolution observations of RQQs, where the
brightness temperatures and jet-like structure of the ra-
dio emission suggest that the radio emission in RQQs has
a non-thermal origin (Blundell et all [1996; [Ulvestad et all
20085; [Leipski et alll2006; | Herrera Ruiz et alll2016). Finally,
in recent years the possibility that the radio emission in
RQQs is driven by magnetically heated accretion disk coro-
nae (Laor & Behar [2008; [Laor et all[2019) and winds from
active galactic nuclei (AGN) (Zakamska & Greene [2014;
Zakamska et all 2016; [Hwang et al! 12018) has been ex-
plored.

The stacking technique combines the signal of many
individual sources that have been previously identified in
other wavelength observations, some of these sources may
be below the noise level (and therefore have gone un-
detected) in a particular survey. The co-addition brings
down the statistical noise, enabling statistical flux mea-
surements of sources below the original detection thresh-
old. Radio image stacking has previously been carried out
to study quasars that remain silent in flux density lim-
ited surveys due to their low radio power. For example,
White et all (2007) analyzed the stacked FIRST 1.4 GHz
radio images of ~ 41000 RQQs positions from the SDSS
DR3 survey (Schneider et all[2005) with 0 < z < 5, which
resulted in a median flux density of 110 pJy. [Wals et al.
(2005) co-added FIRST images of 8000 RQQs of the 2QZ
survey (Croom et all 2004), and found median fluxes of
20 — 40 pJy. [Hwang et all (2018) found similar flux val-
ues by stacking VLA maps of red quasars at 1.4 GHz
and 6.0 GHz. [White et al! (2015) using a stacking analysis
of photometrically and spectroscopically selected quasars
with 0 < z < 3.1 in the VISTA Deep Extragalactic Ob-
servations (VIDEO, |Jarvis et all [2013) survey found that
the radio emission of the quasars in their sample is likely
caused by accretion activity. Finally, [Perger et all (2019)
found a 1.4 GHz flux density of 52 uJy for 2229 RQQs with
4.0 < z < 7.5 using FIRST radio maps.

An important point to consider in the study of the ra-
dio emission of RQQs is the observed frequency. Most of
the radio stacking analyses of RQQs have been carried
out using high-frequency observations (> 1.0 GHz). With
new low-frequency radio interferometer arrays such as the
Low Frequency Array (LOFAR; lvan Haarlem et all[2013),
we are able to investigate the radio emission of RQQs at
very low-frequencies exploring a new parameter space. A
number of quasar studies using LOFAR observations have
been done in the last few years. For instance, |Glirkan et al.
(2019) found that the radio emission at 150 MHz in low-
luminosity quasars is consistent with being dominated by
star formation (SF). IMorabito et all (2019) studied the
low-frequency radio properties of broad absorption line
quasars. [Retana-Montenegro & Rottgering (2018) investi-
gated the selection of high-z quasars using LOFAR ob-
servations. Retana-Montenegro & Rottgering (2020) inves-
tigated the optical luminosity function of LOFAR radio-
selected quasars (RSQs) at 14 < 2z < 5.0 in the
NDWFS-Bootes field using deep LOFAR observations of
the NDWFS-Booétes field (Retana-Montenegro et all[2018).
They found that RSQs show an evolution that is very sim-
ilar to the exhibited by faint quasars (Mi450 < —22), and
that RSQs may compose up to ~ 20% of the whole faint
quasar population.
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Another point of intense study in quasars is to un-
derstand the physical origin of the difference between
RLQs and RQQs. For this purpose, the radio-loudness pa-
rameter, defined as the ratio of radio to optical quan-
tities (fluxes or luminosities), was introduced to classify
quasars as radio-loud or radio-quiet (e.g., Kellermann et al.
1989; [Ivezié et all2002). Across the literature, there is no
clear consensus on the radio-loudness limit for classifying
quasars. Moreover, the calculation of the ratio depends on
the radio and optical bands available, and these bands
tend to vary between the studies. This has led to dis-
crepancies between the radio-loudness studies: some au-
thors found that radio-loudness distribution for optical-
selected quasars is bimodal (Miller et alll1990; lJiang et al.
2007; [White et _alll2007), while others have confirmed a very
broad range for the radio-loudness parameter, and question
its bimodal nature (Cirasuolo et al.[2003;Singal et alil2011;
Balokovi¢ et all [2012). In particular, recent LOFAR stud-
ies have found that the radio properties of quasars show a
continuous distribution rather than a bimodal distribution
(Giirkan et all[2019; [Fawcett et _al)|2020).

The study of the radio emission in quasars is particu-
larly important for understanding the role of AGN feedback
in suppressing or, alternatively, enhancing of SF. The hosts
of luminous quasars (Lx > 10* ergs—!) at z > 1 are known
to be sites of intense SF (Harris et alll2016; [Pitchford et al.
2016; [Dong & Wu 12016; [Duras et al/[2017), however, these
studies contain an important number of non-detections and
are restricted only to objects with the highest star for-
mation rates (SFRs). On the other hand, the results pro-
vided by studies of moderate luminosity AGN (Lpo ~
1043 — 10** ergs™!) provide no clear evidence for the AGN
influence on the SF of the host galaxy (e.g., [Rovilos et al.
2012; |Stanley et all 2015; [Azadi et all [2017). Recent deep
observations with ALMA and SCUBA have found that
AGN hosts have SFRs lower than those predicted by the
SF main sequence (Noeske et al. 2007; [Elbaz et all 12011}
Whitaker et all2012; [Schreiber et all[2015). This might be
an indication for the suppression of SF due to AGN feed-
back, namely, quenching. The investigation of the proper-
ties of radio-detected quasars could provide useful insights
of the relationships between SMBHs and the SF on their
host galaxies.

In this paper, we use radio and infrared observations of
the NDWFS-Bootes field to investigate the origins of the
radio emission in LOFAR radio-detected quasars (RDQs)
and LOFAR radio-undetected quasars (RUQs). RUQs are
defined as quasars that are individually undetected at
> 50 on the LOFAR map. The NDWFS-Booétes field has
a wealth of multi-wavelength datasets with infrared cov-
erage provided by Spitzer, WISE, and Herschel observa-
tions along with GMRT, WSRT, and VLA radio imaging at
325 MHz (Coppejans et al)2015), 1.4 GHz (de Vries et al.
2002), and 3.0 GHz (Lacy et _alll2020), respectively. This is
complemented with deep LOFAR observations at 150 MHz
(Retana-Montenegro et all[2018). The key part of our work
is that we are using radio maps at low- and high- frequencies
that are deep enough to obtain a statistical measurement of
the flux densities of RUQs using a stacking analysis. This
work will help to address the following questions regarding
the radio emission in quasars: 1) is the radio-emission of
quasars powered by SF or SMBH accretion?; 2) how sim-
ilar are the radio spectra indices of RDQs and RUQs?; 3)
what is the behaviour of the radio-loudness parameter at
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low radio luminosities?; 4) can we find signatures of AGN
feedback with our data?.

This paper is organized as follows. In Section 2 we
present the data used in this work. In Section Bl we in-
troduce our spectroscopic quasar sample, and we discuss
our stacking analysis in Section .1l Section [ presents the
results of our stacking analysis. In Section [ we discuss
our findings. Finally, we summarize our conclusions in Sec-
tion [ Through this paper, we use a A cosmology with the
matter density €2,, = 0.30, and the cosmological constant
Qa = 0.70, the Hubble constant Hy = 70kms~—* Mpc 1.
We assume a definition of the form S, o v~%, where S, is
the source flux, v the observing frequency, and « the spec-
tral index. To estimate the radio luminosities, we adopted
a radio spectral index of @ = 0.7. The optical luminosi-
ties were calculated using a power-law continuum index
of eopy = 0.5. All the magnitudes are expressed in the
AB magnitude system (Oke & Gunn 11983) and are cor-
rected for Galactic extinction using the prescription by
Schlafly & Finkbeinen (2011).

2. Data

In this section, we introduce the NDWFS-Booétes datasets
that will be utilized in our analysis. A summary of the radio
and infrared data used in this work is provided in Table [Tl

2.1. Optical data

The NOAO Deep Wide-field survey (NDWFS) is a deep
imaging survey in the northern sky (Jannuzi & Dey [1999).
A region of 9.3 deg? towards the Bodtes constellation, the
Bodtes field, was originally observed in the By, R, and
I optical bands, and subsequently imaging in the Ugpec
(Bian et al! 2013) and Zgsuybara bands was obtained. We
use the I-band matched photometry catalog presented by
Brown et al! (2007). The 50 limiting AB magnitudes for
the optical filters are Ugpec = 25.2, By, = 25.4, R = 25.0,
I =249, and Zsybaru = 24.1, respectively. Additionally,
the Bootes field has also targeted as part of the obser-
vations of the 37 survey performed with the 1.8m Pan-
STARRSI telescope (Hodapp et all 2004). The 37 survey
(Chambers et al! 2016) observed for almost four years the
sky north of —30° declination, reaching 50 limiting magni-
tudes in the gps, rps, ips, zps, yps bands of 23.3, 23.2, 23.1,
22.3, 21.3, respectively.

2.2. Radio

The NDWFS-Boo6tes field has been surveyed with vari-
ous radio-telescopes (e.g., VLA, WSRT, LOFAR) provid-
ing an excellent coverage at low- and high- frequencies.
The 150 MHz LOFAR observations have been described in
Retana-Montenegro et all (2018). These observations reach
a central rms noise of 55 uJy/beam with an angular res-
olution of 3.98" x 6.45". The NDWFS-Boétes region was
also observed with the VLA in the P-band (VLA-PB) with
a central frequency of ~ 325 MHz (Coppejans et all2015).
The VLA-PB mosaic has an angular resolution 5.6 x5.1"
with a rms noise of 0.2mJy/beam. The NDWFS-Bootes re-
gion was also observed with the VLA at 3000 MHz, as part
of the VLA Sky Survey (VLASS, [Lacy et al! 2020). These
observations correspond only to one of the three planned

VLASS epochs to be observed. The VLASS mosaic has a
resolution of 2.5" with a sensitivity of 140 uJy/beam. We
also use the 1400 MHz WSRT observations of the NDWFS-
Bootes presented by Ide Vries et all (2002). The WSRT
maps cover approximately 7.0 deg? of the NDWFS-Bodtes
field, and have a sensitivity of 28 uJy /beam with an angu-
lar resolution of 13" x 27". Due to the smaller size of the
WSRT map, we limit our stacking analysis only to quasars
that are located within the footprint of the WSRT-Bodétes
observations. The footprints of the different radio surveys
are shown in Figure [l

2.3. Mid-infrared and far-infrared data

The mid-infrared Spitzer Infrared Array Camera (IRAC,
Fazio et all 2004) imaging used in this paper comes from
the publicly available imaged] from the Spitzer Deep, Wide-
field Survey (SDWFS, [Ashby et al! 2009) of the NDWFS-
Bodtes field. The IRAC channels have a field of view of
~5 and a spatial resolution of 2”. Additionally, we employ
Spitzer Multiband Imaging Photometer (MIPS, Rieke et al.
2004) imaging at 24 and 70 ym. At MIPS-24 pym, the res-
olution is about 6”, and at MIPS-70 um is about 20”.
We retrieved the MIPS data from the Spitzer Heritage
Archivd] (Program ID: 50148), and the individual point-
ings were reduced and mosaiced using the MOPEX package
(Makovoz et. alll2006) following a standard calibration (e.g.,
Sanders et all [2007). The IRAC-8 um band reaches a 50
sensitivity of 30 uJy, while the MIPS data reach depths (10)
of 51 uJy and 5 mJy, at 24 and 70 pum, respectively. To cover
the gap between the IRAC-8 ym and MIPS-24 pm filters, we
added to our analysis the WISE-W3 band (Wright et al
2010) with a central wavelength of A\, = 12 yum. We down-
loaded the WISE-W3 images that cover the WSRT-Bodtes
region from the IRSA archive] and created a mosaic using
the Montagd] package.

Our far-infrared photometry comes from the Level
6 Herschel Multi-tiered Extragalactic Surveyl (HerMES
Oliver et al! 2012). in the NDWFS-Bodtes field. HerMES
has a 50 sensitivity of about 25.8, 21.2 and 30.8 mJy at 250,
350 and 500 pm, respectively with the Spectral and Photo-
metric Imaging Receiver (SPIRE, |Griffin et all[2010). The
Photodetector Array Camera and Spectrometer (PACS,
Poglitsch et all 2010) has a 5o sensitivity of 49.9 and 95.1
mJy at 100 and 160 pm.. SPIRE provides images having
angular resolution ~ 18", 25" and 37" at 250, 350 and 500
pm, respectively. The angular resolution of PACS is 6.8"
and 11" at 100 and 160 pm, respectively. The footprints of
the HerMES SPIRE/PACS observations are shown in Fig-
ure Il We used the HerMES xID24 catalogs, which provide
SPIRE and PACS photometry for objects whose positions
are taken from catalogs extracted from MIPS-24 ym maps
as described by Roseboom et al! (2010).

The far-infrared maps available for NDWFS-Bodtes
field are shallower in comparison with other extragalactic
fields such as COSMOS and GOODs (Oliver et all 2012).
In the 250 pmband, 59% (25%) of the RDQs (RUQs) are

https://irsa.ipac.caltech.edu/data/SPITZER /SDWFS/
https://sha.ipac.caltech.edu/applications/Spitzer /SHA /
https:/ /irsa.ipac.caltech.edu/applications/wise/
http://montage.ipac.caltech.edu/
https://hedam.lam.fr/HerMES/
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4
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Radio-Telescope

Frequency [MHz|

Resolution [arcsec]

LOFAR 150 3.98 x 6.45
VLA-PB 325 5.6 x 5.1
WSRT 1400 13 x 27
VLASS 3000 2.5 x 2.5
Space Telescope Wavelength [um]| Resolution [arcsec]
Spitzer /TIRAC-Chl 3.6 2
Spitzer /IRAC-Ch2 4.5 2
Spitzer /IRAC-Ch3 5.8 2
Spitzer /IRAC-Ch4 8.0 2
WISE/W3 12 6.5
Spitzer/MIPS-Band1 24 6
Spitzer/ MIPS-Band?2 70 20
Herschel/PACS-Band1 100 6.8
Herschel/PACS-Band2 160 11
Herschel/SPIRE-Band1 250 18
Herschel/SPIRE-Band2 350 25
Herschel/SPIRE-Band3 500 37

Table 1. Summary of the radio and infrared data used in this work.

= LOFAR 150MHz (5.2") === Spitzer IRAC/MIPS (2")
=W SRT 1.4GHz (20”) == = Herschel SPIRE (18")
VLA 325MHz (5.3") == = Herschel PACS (6.8")
37.03
36.2
g
S 35.37
N
S
Q 34.53
R
Q
33.7
32.87
32.04
221.17 219.21 217.25 215.3
RA (J2000)

Fig. 1. Footprints of the various surveys of the NDWFS-Bodtes
field used in this work. The beam size for each instrument is
also indicated. The 3.0 GHz VLASS observations overlap with
the LOFAR region. The analysis in this work is limited to the
region with WSRT coverage.

detected at > 3o, while 92% (78%) are detected with a 2¢
significance. To avoid overly complicating the analysis, we
set the detection threshold in the SPIRE-250 ym band to
20, and classify these quasars as SPIRE-250 um detected
in Sections Bl and [6] respectively. This threshold allow us to
maximize the number of quasars with FIR detections, while
simultaneously keeping the number of likely non-detections
low.

3. Quasar sample

The starting point to create our sample is the Milliquas cat-
alog from|Fleschf (2015). This catalog contains all the known
NDWFS-Boétes spectroscopic quasars from the literature
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(e.g., [Kochanek et al! 12012; [Paris et all [2018; [Yao et al.
2019). We remark that this catalog is not uniform as it is
composed of various surveys with different selection crite-
ria. The majority of quasars in the NDWFS-Bootes sample
are type-1, thus, for this reason we use only type-1 spec-
troscopic quasars in our analysis. We restrict the sample
to quasars with positions falling into the WSRT-Bodtes
footprint. To establish whether a quasar is detected in
the radio or not, we use the 150 MHz LOFAR catalog by
Retana-Montenegro et all (2018). We cross-matched both
catalogs using a matching radius of 2”, and found that 235
of 1574 quasars are detected at 50 significance by LOFAR,
while 1339 quasars are not detected in the LOFAR maps.
From this point, we call the LOFAR detected quasars as
radio-detected quasars (RDQs), while LOFAR undetected
quasars are denoted as radio-undetected quasars (RUQs).
These quasars are not detected individually at > 50 in
the LOFAR map. We also crossmatch the Milliquas cat-
alog with the WSRT, and VLA 325Mhz/3.0GHz catalogs
using a matching radius of 15", 2", and 1”, respectively.
Figure [2 shows the histograms of the quasars detected by
each radio telescope. It is clear that the number of quasars
detected by LOFAR is significantly larger in comparison
with the other radio-telescopes. A total of 21 quasars are
detected by WSRT and the VLA, but not by LOFAR. These
quasars might not be detected by LOFAR due to having an
inverted radio spectra. We omitted the radio flux histogram
for these quasars due to their low numbers, but we consider
their WSRT/VLA radio fluxes for all our calculations in
the rest of the paper. These quasars are undetected by LO-
FAR, but detected by the other radio-telescopes, therefore
according to our requirement, those with a LOFAR 50 de-
tection are classified as RUQs. The maximum-value normal-
ized I-band magnitude distribution of the quasar samples is
presented in Figure[3l The absolute magnitude and radio lu-
minosity are displayed in Figuresd and Bl respectively. The
absolute magnitudes at rest-frame 1450 A, Miss0, and K-
corrections are calculated following the procedure described
by [Retana-Montenegro & Rottgering (2020). This is done
using the R, I, or Zsypbara band magnitudes depending on
the spectroscopic redshift. Figure [3] shows the normalized
absolute magnitude M50 distribution of the quasar sam-
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80 [ LOFAR Detected Quasars
[ WSRT Detected Quasars
70 [ VLASS Detected Quasars
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Fig. 2. Total flux Sisomu, distributions of LOFAR radio-
detected quasars.

1.4 [ LOFAR Detected Quasars
e [ LOF AR Undetected Quasars
Q [ All Quasars
S 1.2
=
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< 0.6
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Fig. 3. Maximum-value normalized I-band distributions of LO-
FAR radio-detected quasars (RDQs, red) and LOFAR radio-
undetected quasars (RUQs, blue). Also, the total combined red-
shift distribution of RDQs and RUQs (black) is plotted.

ples. The RDQs are slightly brighter than RUQs with a
median absolute magnitude of My450 = —23.0, while RUQs
present a median absolute magnitude of Mj450 = —22.69,

4. Methods
4.1. Stacking analysis

The stacking technique permits the extraction of the signal
of sources below the detection threshold of a particular sur-
vey. We divided our quasar samples into four redshift bins.

e LOFAR detected
LOF AR undetected

—29+ °

0 1 2 3 4 5 6
redshift z

Fig. 4. Absolute magnitude as rest-frame 1450 A, Mi450, ver-
sus redshift for the LOFAR radio-detected quasars (red) and
LOFAR radio-undetected quasars (blue) samples. The dashed
line denotes the magnitude limit ips = 23.0. This limit is cal-
culated assuming a quasar continuum described by a power-law
with slope a = —0.5, and with no emission line contribution or
Ly, forest blanketing.

10%
e LOFAR detected
B LOFAR undetected (Median, z)
10%% ° m LOFAR detected (Median, z)
o
°
— 10%7 .
lN
; 1026+ B
= -
:
E 1025_
~
1024_
1023_
T T T T T T
0 1 2 3 4 5 6
redshift z

Fig. 5. Rest-frame radio luminosity density at 150 MHz versus
redshift for LOFAR radio-detected quasars (red) in our sample.
The green (LOFAR radio-detected quasars) and gray squares
(LOFAR radio-undetected quasars) are the radio luminosities
obtained from the stacking analysis in Section .1l The dashed
line denotes the 50 flux limit (275 pJy) of the NDWFS-Bootes
observations presented by - (2018). The
stacking analysis allows us to probe the radio-luminosity for
quasars that are up to one order of magnitude fainter than the
ones detected individually.
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] LOFAR Detected Quasars
[ LOFAR Undetected Quasars
[ Al Quasars

Normalized Fraction
S o o = = =
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M50

Fig. 6. Normalized absolute magnitude M50 distributions of
LOFAR radio-detected quasars (RDQs, red) and LOFAR radio-
undetected quasars (RUQs, blue). Also, the combined redshift
distribution of RDQs and RUQs (black) is plotted. The median
Mi450 values of the samples are indicated by the dashed lines

This allows to have a reasonable number of sources in each
bin to achieve a high signal-to-noise ratio (S/N). From the
original mosaics, we extracted 50 x 50 pixel cutouts around
each quasar position, we also extracted the noise maps. All
the cutouts in the redshift bin are grouped together to form
a pixel cube. The size of the stacked maps is 50 x 50 pixels.
This is ten times larger than the beam size of the radio map
with the lowest angular resolution (WSRT). The next step
is to collapse each pixel cube into a single image by com-
bining the cutouts together. The two most common ways to
do this is either to compute the mean or the median flux of
all the cutouts in a given pixel cube. The main advantage
of the median is that it is more robust against outliers and
it is not sensitive to bright off-center sources (White et al.
2007; |Garn & Alexander [2009).

We compute the median using a noise weighted average:

Naso, i i
gmed _ D1 wy X Sy

S
where Nqso is the number of quasars within a redshift bin
and grouped into a pixel cube, S} is the pixel flux den-
sity in the cutout i at a wavelength A, and w is the noise
flux density in the same pixel. The fluxes for the different
stacked maps are calculated as follows. The flux densities
in the IRAC-3.6 pm, WISE-W3, MIPS-24 ym, MIPS-70 pm,
PACS-100 pm, and PACS-160 ym maps are estimated using
aperture photometry using radii of 2.5”,8.5”, 22", 30", 5.6",
and 11.2”; respectively. The sky background is determined
using inner and outer radii between 30" and 60”. For the
SPIRE maps, we fit a 2D Gaussian in addition to a con-
stant background to the stack map and we considered the
peak flux as the flux density estimate.

The density fluxes in the stacked radio maps are estimated
using the relations by [Condon et all (1998). We applied a
scaling factor of 12 percent to the 150 MHz LOFAR fluxes to
make them consistent with the|Scaife & Heald (2012) (here-
after, SH12) flux scale (Retana-Montenegro et all 2018).
The 1.4 GHz WSRT flux scale is consistent with the SH12
scale (Williams et al! [2016), while the 325 MHz VLA scale

: (1)
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is multiplied by a factor of 0.91 to make it consistent with
the SH12 scale (Calistro-Rivera et all2017). To investigate
the consistency of the VLASS fluxes with the SH12 scale,
we compute the spectral indices of VLASS sources with
S/N > 15 with their counterparts from the WSRT, VLA
and LOFAR catalogs. We find that the mean ratio between
the predicted and uncorrected VLASS fluxes is 0.91. This
correction factor is used to put the VLASS fluxes to the
SH12 flux scale . The 1o errors on the median stacked fluxes
are estimated using a bootstrap approach for each redshift
bin. For this purpose, the sources within the redshift bin
are randomly resampled (with replacement). The stacking
procedure is repeated 100 times for each filter. The stan-
dard deviation of the distribution of median stacked fluxes
obtained in the 100 trials is the 1o error of the stacked flux
in the corresponding filter.

Snapshot surveys with sparse UV coverage could result
in a dirty beam with high sidelobes (Becker et all [1995;
Condon et all[1998). These could be difficult to clean and
could cause an underestimation of the real sources in the
restored image (Condon et all [1998). Our radio observa-
tions have good UV coverage thanks to the high integration
times, thus, they are unlikely to be affected by a snapshot
bias. The median stacked fluxes are not corrected for any
CLEAN or snapshot bias. However, to account for any po-
tential bias in our radio fluxes we added a 10% uncertainty
in quadrature to the flux uncertainties obtained using boot-
strapping. Tables [2] and [3] list the median stacked radio
fluxes and noise values, respectively, for the quasar sam-
ples. The radio luminosities derived from these fluxes are
shown in Figure[Bl The stacking procedure allows to detect
the radio emission of RUQs that are roughly an order of
magnitude less luminous than RDQs at all redshifts. The
infrared fluxes are presented in Appendix

The median stacked infrared and radio images of RUQs
are shown in Figures [A.1] [A.2] and [A.3] respectively. The
RUQs are detected in the majority of the filters, except in
the PACS and VLASS bands where they are not detected in
some redshift bins. This is somehow expected as the PACS
and VLASS are relatively shallower in comparison with the
other infrared and radio bands, respectively (see Section [2]).
Figures [A 4] [A.5] and [A6] display the median infrared and
radio stacked images of RDQs, respectively. In some high-z
bins with a low number of RDQs stacked, the results from
the median stacking are consistent with zero in the PACS
and VLASS images.

4.1.1. Potential systematics

We verify that there is no potential bias in the median
stacked fluxes by performing a null test. This test consists
in stacking randomly re-positioned pairs (Zhang et alll2013;
Viero et alll2015;Hall et alil2019). A total of 1000 null tests
are performed for each redshift bin with a number of ran-
dom positions equal to the number of quasars in the bin.
The stacking procedure remains identical as when the real
quasar positions are used. As expected, the results of the
null tests fluctuate around zero in both the infrared and
radio maps. Finally, these random stacks centered around
zero indicates that the contribution to our stacked fluxes
of source confusion due to the blending of faint sources is
negligible (Stanley et alll2017).

Another point to consider for the radio stacking is how
uniformly was the quasar sample constructed. [White et al
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Table 2. Radio fluxes of the median LOFAR radio-detected
stacked according to redshift between 150 MHz and 3.0 GHz.

quasars (RDQs) and LOFAR radio-undetected quasars (RUQs)

Zbin 150 MHz 325 MHz 1.4 GHz 3.0 GHz
RDQs [1Jy] [nJy] [1Jy] [nJy]
00<2<1.0 569+5 557+4 154E5 163£5
10<z<1.8 648430 513+15 136+1 108+1
18<2<27 671430 60049 17542 12341
2.7<2<6.15  798+190 551100 185+3 1444
RUQs [1Ty] [1Ty] [1Ty] [1Ty]
00<z<10 113.38%83 102.28%9.6 31.24+3.6 <30.56
10<2<18 77.30£42  76.4848.6 19.04+13 <19.26
18<2<27 7585475  55.2844.8 15.03+1.6 <26.98
27<2<6.15 92.85+10.2 100.70+19.9 21.86+3.3 <41.18
1o sensitivity 55 300 28 140

Notes: Values without error bars are 50 upper limits derived at the center of the median stacked images. The 1o sensitivity is also indicated

for each frequency.

Table 3. Noise levels (1o) of the median radio images stacked according to redshift of LOFAR radio-detected quasars (RDQs)
and LOFAR radio-undetected quasars (RUQs). Nqso is the number of quasars within the corresponding redshift bin.

Zbin Nqso 150 MHz 325 MHz 1.4 GHz 3.0 GHz

RDQs [umJy/beam| [uJy/beam| [uJy/beam]| [uJy/beam]
00<2<1.0 48 16.63 48.51 6.51 22.20
1.0<2<18 79 16.28 40.28 5.37 17.14
1.8 < z<27 52 18.80 49.78 6.78 20.63
2.7<2<6.15 14 28.31 100.41 111.05 33.02

RUQs [uJy/beam]| [pJy/beam| [uJy/beam| [uJy/beam]
00<2<1.0 203 6.88 22.99 2.81 10.79
1.0<2<138 588 4.07 17.52 1.61 6.34
18<z<27 405 4.68 21.04 1.96 7.65
2.7<2<6.15 140 8.16 39.40 3.21 12.82

Notes: Nqso is the number of quasars within the corresponding redshift bin.

(2007) pointed out how factors such as the SDSS quasar
selection algorithm (Richards et all 2001), or the depen-
dency of radio and optical luminosity could affect the inter-
pretations of the stacking analysis. Similarly, [Hodge et al.
(2008) found evidence for a selection bias towards bright
radio sources in their stacking analysis of SDSS luminous
red galaxies.

Our spectroscopic quasar sample is not uniformly con-
structed since it is a compilation of the observations
made by way of various surveys (Cool et al! [2006;
McGreer et _al! 12006; |Glikman et all 2011); [Kochanek et al.
2012; [Paris et all 2018); with each survey having its own
unique strategies to build its own sample. Figure [7] shows
the median 150 MHz flux densities of RUQs as a function of
redshift. The median 150 MHz fluxes present a trend similar
to that found by (White et all (2007) in their stacking analy-
sis of SDSS-FIRST quasars. However, we are using redshift
bins broader in comparison with [White et all (2007). This
yields radio fluxes that have a better agreement within the
error bars except for the z < 1.0 bin. Another possibility is
considering only RUQs with My450 < —23.0 with Az = 1.0,
where it is expected that the median fluxes are less affected
by selection effects. However, it yields a result similar to
what is obtained with the full RUQs sample. A possible so-
lution could be to limit our quasar sample only to one sur-
vey with an uniform selection function, but this in return
would reduce the S/N of the stacked sources, particularly
for RUQs. This poorer S/N would makes our study of the

RDQ@Qs and RUQs more difficult as a function of redshift and
luminosity, along with its potential to investigate the ori-
gins of their radio-emission. For these reasons, we decided
to use all the known spectroscopic quasars located in the
WSRT-Booétes region in our stacking analysis. However, we
did keep in mind that selection effects could affect (to some
extent) these trends in our analysis.

4.2. Spectral energy distribution fitting

The observed quasar SED between mid-infrared and ra-
dio wavelengths can be fitted using three main compo-
nents: AGN and SF heated thermal dust emission, and syn-
chrotron emission. The AGN and SF heated thermal dust
emission are represented as the combination of two terms
(Casey 2012): a simple power-law with a low-frequency ex-
ponential cut-off that represents the AGN heated dust, and
a single temperature modified blackbody (BB) that corre-
sponds to the far-infrared emission from SF heated dust:
c

B+3
(5)
where « is the power-law slope, Nagn and Npp are the
normalization constants of the AGN and BB terms, A is

the fixed rest-frame cut-off wavelength, 3 is the emissivity
index, and T is the characteristic temperature of the quasar

Ngp

S(\) = NagnAaeN g~ (A/A)™ 4 She/ART — 1
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Fig. 7. Median-stacked 150 MHz flux densities versus redshift
for all LOFAR radio-undetected quasars (RUQs) in our sample,
and for RUQs with Miss50 < —23.0. The samples follow similar
trends, indicating that selection effects could be present in both
samples.

host galaxy. The cut-off wavelength, and the emissivity are
fixed to the values of A\c = 45 um and 8 = 2.5, respectively
(Falkendal et all|l2019).

The synchrotron emission is fitted with a single power-law,

Sapme (A) = Nogne A, (3)
where o is the synchrotron power-law slope, and Ngync is
the normalization constant of the synchrotron term. This
power-law is a simple model that can be used to determine
the maximum contribution from the synchrotron emission
to the radio and sub-mm frequencies.

We use Levenberg—Marquardt (LM) y? minimization to
find the best-fitting parameters for the quasar SED model.
The fitting is done using the Python implementation of the
LM algorithm LmFitf. Figures B and [ present the me-
dian SEDs of RUQs and RDQs, respectively in the four
redshift bins, along with the best-fit SEDs and their dif-
ferent components. For all the SEDs, it is easy to recog-
nize the emission associated with the hotter dust heated
by the AGN, and dust heated thermally by SF, as well
the synchrotron component. We also consider the possi-
bility that the far-infrared flux densities are contaminated
by synchrotron emission that is not associated with star
formation. By extrapolating the fitted synchrotron power-
law, we subtracted the synchrotron contribution to the far-
infrared fluxes. The fitted far-infrared fluxes are fitted again
to the Caseyl (2012) model. We verify that our results do not
change significantly by using the far-infrared fluxes without
subtracting the synchrotron contribution. The values of the
best-fit parameters are presented in Table[dl The uncertain-
ties are reported on the best-fit parameters correspond to
1o errors.

The total infrared luminosity of the SF (Lgp) and AGN
(LagN) components are derived by integrating by separate

5 https://lmfit.github.io/Imfit-py/
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each component of Eq. ([2). The integration is done between
the rest-frame wavelengths 8.0 pm and A, = 1000 pm:

D2 1000 pm

47

Lin — L / S (A)dA, 4

R =G5 (A) (4)
8 pm

where z is the quasar redshift and Dy, is the luminosity
distance. The total infrared luminosity, Lir, is estimated
by combining the results of the SF and AGN components.
Errors in the IR luminosity components are derived from
the range of values obtained from SED fits which differ
from the best fit by Ayx; = (x? — x2,n) < 1. The SF rate
(SFR) of the quasars host galaxies is determined using the
relation by [Kennicuttl (1998) assuming a Salpeter initial
mass function:

Lir

SFR [Mo vy = 55w

(5)
where L is in units of solar luminosities, Lg. The infrared
luminosities and SFR estimates are listed in Table [l

We also fit the radio-infrared photometry of the individual
quasars to Egs. 2and [ For quasars that are undetected in
the radio and infrared bands, we determined the upper lim-
its using forced photometry measurements at their optical
positions in the infrared and radio maps. We calculate the
upper limits in the radio maps considering apertures that
are slightly smaller to the corresponding beam sizes (see
Section [2]) to prevent these measurements to be affected by
imaging artifacts. These fluxes are used as upper 5o limits
in the SED fitting.

5. Results
5.1. Far-infrared radio correlation

The far-infrared radio correlation (FIRC) is an indicator
that is regularly used to investigate the levels of SF and
AGN activity in galaxies (Helou et all[1985; |Condon [1992;
Yun et all 2001; Bell [2003). Particularly, the FIRC of nor-
mal star-forming galaxies, namely, those without significant
AGN activity, is a tight relation with a scatter of less 0.3
dex over five orders of magnitudes in luminosity (Yun et all
2001)). This is thought to be the result of the infrared and
radio emission being related to the rate of massive star for-
mation (Condon [1992).

The FIRC is parametrized using the dimensionless param-
eter, grir, that is defined as (Helou et al! [1985; [Yun et al
2001)):

LIR 3.75 X 1012 Hz
/ , (6)

qrir = lo (
& LRadio

where LR is the rest-frame infrared luminosity from 8.0 ym
to 1000 pm, and Lgagio is the radio luminosity at a certain
frequency.

In Figure [0, we plot the median infrared and radio lu-
minosities along with upper limits on the luminosities for
the individual quasars that are undetected by LOFAR,
WSRT, and SPIRE at 250 ym. Also we compare our results
with the FIRC results obtained by |Calistro-Rivera et al.
(2017) for star-forming galaxies at 150 MHz and 1.4 GHz
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Table 4. SED model fitting results. The best-fit models are showed in Figures [0 and B

Zbin T Npp NacN QAGN Nradio a Lir Lsr LacN
RDQs (K ] [mJy] [mJy] [mJy]
00<2z<1.0 21.57£1.90 4.97+0.62 1.47+0.48 2.17+0.21 1.47+0.48 0.58+0.15 10.879% 10.779% 10.175%
1.0<2z<18 32044290 2574056 0.37+£0.16 1.64+0.27 0.3740.16 0.644+0.17 11.37015  11.37042  10.470:21
1.8 <2<27 2669+1.72 1.9240.19 0.2140.06 1.40+0.19 0.214£0.06 0.74+0.12 11.8731% 11.8*047 108702
27<2<6.15 47.7746.73 1.8540.44 0.1440.02 1.1640.06 0.1440.02 0.65+0.19 12.3703%  12.3%8%, 11.2705%
RUQs
00<2z<1.0 2207+£1.15 16.954+2.14 5.0240.56 2.294+0.07 5.02+£0.56 0.47+0.15 11.170¢0> 11.07905;  10.475050
1.0<2z<1.8 23144158 11.39+£1.88 2.22+0.55 2.1740.16 2.2240.55 0.63+0.06 11.97005 11.97,7 % 11.17533
1.8 <2<27 28.36+4.03 6.1241.49  0.8940.23 1.6940.16 0.8940.23 0.594+0.06 12.3759% 1237005 11.47323
27<2<6.15 27.1743.78  2.5340.63  0.36+0.02 1.464+0.04 0.364+0.02 0.634+0.06 12.5-955 1247015 11.670%3

Notes: See Section for more details about the models used. Ly is the total infrared luminosity over the rest-frame wavelengths 8.0 um
and A\¢ = 1000 um. Lgr and Lagn are the integrated SF and AGN luminosities, respectively. All the luminosities are in units of log(Lg).
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Rest-frame spectral energy distributions (SEDs) for median LOFAR radio-undetected quasars stacked according to

redshift. Black points plot the observed flux densities with downward-pointing fuchsia arrows indicating 50 upper limits. The solid
blue line shows the combined best-fit SED model, while the purple, green and orange lines show the synchrotron, black-body, and
AGN best-fit components, respectively. The maroon squares indicate the predicted fluxes according to the fitted SED model. The
cyan points denote the fluxes of the quasars used in the stacking. Some quasars have WSRT and VLA detections, but remain
undetected in LOFAR, thus are classified as RUQS. See Section [3] for more details.

in the NDWFS-Boétes field. We define a quasar to be SF-
dominated if the quasar is within a factor of +2 of the
expected value predicted by the FIRC. In both panels of
Figure [I0, the most striking result is that median RUQs
that are stacked according to redshift closely follow the
FIRC as it is expected for normal star-forming galaxies.
We did not observe any redshift trend for median quasars.
In the right panel, the median RDQ in the lowest red-
shift bin is located closer to the FIRC prediction with their
radio-emission likely to have a significant contribution of
SF, while the remaining three redshift bins are located far
to the right side of the FIRC. The significant excess exhibit

in their radio luminosities emission is greater than the lev-
els expected from SF activity alone and most likely can be
associated with AGN activity. Therefore, the radio fluxes
of the mean RDQs in the three highest redshift bins could
be considered as AGN-dominated. The upper limits on the
infrared and radio luminosities of the individual RUQs are
insufficient to determine individually how closely each one
of these objects follow the FIRC. In Figure[IUl (right panel),
there are a few quasars that that are undetected by LO-
FAR, but are detected by WSRT at 1.4 GHz (purple and
blue circles). We classify these quasars as RUQs due to be-
ing undetected by LOFAR at 150 MHz (see Section B]), but

Article number, page 9 of 30



A&A proofs: manuscript no. radio_stacking

00<z<1.0 1.0<2z<1.8
102 T4=22.07K Ty=23.14K
rag= —0.47 arag= —0.63
|| leelmiLol =11.00 log(LiR)[Lo]=11.93
= 10
Eal
E
1
£ ek A
1%} 1
= 1
8 107 “
' 1
pad ] A
=) i !
= 102 i H
g, '
! 4
1
103 - - . - v et - + - ,
106 105 104 103 102 10! 100 106 10° 104 103 102 10! 100
Wavelength [micron] Wavelength [micron]
1.8<z<2.7 27< 256,15
1074 Ty=28.36K To=27.17K
Araa= —0.59 arag= —0.63
|| fosllmlLol =12.32 log(LIR)[Lo]=12.49
— 1014
? v
Z 10% \
wn 1
& )
0 1072 \
3 fo
T ! ‘
1024 H \
h ]
/ : \
1 ] 1
16-3 / : : i :
103 102 10t

10°  10° 104
Wavelength [micron]

100 108 10° 104 103 102 10! 100
Wavelength [micron]

Fig. 9. Rest-frame spectral energy distributions (SEDs) for median LOFAR radio-detected quasars stacked according to redshift.
Black points plot the observed flux densities with downward-pointing fuchsia arrows indicating 50 upper limits. The solid blue
line shows the combined best-fit SED model, while the purple, green and orange lines show the synchrotron, black-body, and AGN
best-fit components, respectively. The maroon squares indicate the predicted fluxes according to the fitted SED model. The cyan

points denote the fluxes of the quasars used in the stacking.

they show radio-excess (i.e., radio emission associated with
radio jets). Finally, in both panels the individual RDQs also
present radio-excess at 1.4 GHz which suggests that their
radio fluxes are AGN-dominated. This is consistent with
the results obtained in Section [6.2] where it is found that
the fraction of RDQs that is AGN-dominated at 150 MHz
(1.4 GHZ) is 67% (85%).

We also examined the behavior of the infrared and radio
luminosities as a function of the 1450 A absolute magnitude.
For this purpose, we stacked our sample following the steps
explained in Sections 1] and B.2) namely, as a function of
1450 A absolute magnitude. We use bins of size AMiy50 =
—1.0 for RUQs, and AMi450 = —2.0 for RDQs to account
for the smaller size of the RDQs sample. In all flux-limited
samples, the luminosities are correlated with redshift, which
is driven by the apparent lack of bright low-z sources, and
faint sources at higher redshifts due to the detection limits.
Thus, we keep in mind that there is a possibility that the
faintest bins are affected by some incompleteness. Figure
[ shows that median RDQs ad RUQs stacked according to
their Mi450 luminosity follow similar trends to those found
in the stacking according to their redshift. In the same plot,
we find that the main difference is that the radio-emission
of median RDQs in the faintest Mi45¢ bin is clearly AGN-
dominated. In contrast with the results of the lowest z-bin
where the radio-emission is probably SF-dominated. We did
not find any Mi450 trend for median quasars.
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5.2. Star formation rates and stellar masses

In this section, we compare the SFRs derived using the in-
frared luminosity Lig (see Section 2] and the radio lumi-
nosities at 150 MHz and 1.4 GHz to investigate the origins
of the radio-emission in RUQs. Both SFR estimates are de-
rived independently. The SFR estimate derived from radio
observations, SFRRadio0, is obtained assuming that the syn-
chrotron emission produced in the host galaxies of RUQs
is associated with supernova remnants with short cooling
times. Thus, the radio emission can be considered as a mea-
sure of the instantaneous SFR in the host galaxy (Condon
1992). From the 1.4 GHz radio luminosity, L1 4 g, this is
carried out using the following relation (Yun et all2001):

SFRRadio [Mo yr™'] =5.9x107%* x L1 4cH-. (7)
The SFR from the 150MHz radio luminosity,
Lisonvms, is calculated using the relations presented
by |Calistro-Rivera et all (2017). These relations were
derived using early LOFAR radio-continuum observation
of the NDWFS-Bodtes field (Williams et all 2016) for a
sample of spectroscopic galaxies between 0 < z < 3.5.

In Figure M1l we compare the SFRs derived from the in-
frared and radio luminosities. We also plot the FIRC corre-
lation for star-forming galaxies (from |Calistro-Rivera et al.
2017) to establish whether or not SF could account for the
radio-emission in RUQs. In agreement with our results of
the Section Il we find that the data points of the me-
dian RUQs stacked according to their redshift lie along the
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Fig. 10. Comparison between infrared luminosity, Lir, and radio luminosity at 150 MHz and 1400 MHz. Left: Lir versus the radio
luminosity at 150 MHz. Lir and Liso mH- are in units of solar luminosity. Measurements for median LOFAR radio-undetected
quasars (RUQs, fuchsia and cyan squares), median LOFAR radio-detected quasars (RDQs, red and turquoise stars), RDQs detected
by SPIRE at 250 um (maroon stars), RUQs detected by SPIRE at 250 um (yellow circles), and RUQs undetected by SPIRE at
250 pum (green circles) are shown. Upper limits are indicated by arrows in either Lir or Liso am-. For median quasars, the increasing
symbol size indicates an the increment in redshift or Mi450 absolute luminosity. The dashed line is the far-infrared radio correlation
(FIRC) at Liso mrm- derived by [Calistro-Rivera et all (2017). The gray shaded region indicates the spread of the FIRC scaled by a
factor of +2. The text indicates the median redshift of the first and last redshift bins of the stacking according to redshift. Right:
Same as the right panel, but for the the radio luminosity at 1400 MHz, L1400 mr-. Measurements for RUQs detected by WSRT,
but undetected by SPIRE at 250 um (purple circles); and RUQs detected by both SPIRE and WSRT at 250 um and 1400 MHz

(blue circles), respectively are also displayed.

FIRC at 150 MHz. However, the data point at z = 0.7
(see text in right panel. Fig. [[T) shows a slightly larger
scatter than the rest of the other data points at 1.4 GHz.
However, these results suggest that the SFRs of the me-
dian RUQs agree with the predictions of the FIRC. Their
radio-emission could be explained by star-forming processes
assuming that the FIRC is a valid indicator to determine
the origins of the radio-emission in RUQs (see discussion in
Section [6.2). The situation for the RUQs with upper limits
on 250 um and radio bands is more difficult to assess on a
per-source basis. The upper limits only indicate that these
sources could be located close to the FIRC but their exact
location in the SFRRaqi0c — SFRir plane is uncertain with-
out deeper observations. The majority of RUQs detected
by WSRT (purple circles), but not by LOFAR show val-
ues that exceed the predictions of the FIRC, thus, their
radio-emission is above that expected from star formation
alone suggesting that it is AGN-dominated. At 150 MHz,
the median RUQs stacked using M50 present a trend that
is similar to that found when the stacking is done according
to redshift with values following the FIRC predictions. At
1.4 GHz, the Mi450 -stacked RUQs have SFR; 4qu, values
larger than the FIRC predictions. However, these values are
still consistent with being dominated by SF. In summary,
the trends found for the SFRs are similar to those found in

Section [B.1] with the comparison between the infrared and
radio luminosities.

The distribution of the SFRs in our quasar sample de-
rived using the infrared luminosity Lig is shown in Fig-
ure Only quasars detected by SPIRE at 250 um at
> 20 significance are plotted in order to have robust es-
timations of the SFRig. The mean SFRig of the RUQs
with S250 um detections is 149 My yr~!, while the cor-
responding SFRig of RDQs is 196 My yr—!. These val-
ues are consistent with the median SFRsig of the median
quasars, which are 125 My yr~! and 267 Mg yr~—* for RUQs
and RDQs, respectively. It is clear that with SFRs of only
a few hundred Mg yr=!, the SF processes occurring in
the quasars in our sample is less vigorous in comparison
with other far-infrared sources with very powerful ongoing
starbursts such as sub-millimeter galaxies

[2011;[Fu_et alll2013;Barger et al!l2014), and luminous opti-

cal quasars (Pi 2016; Trakhtenbrot. et alll2017;
Duras et all2017). These sources usually present SFRs at

the level of thousands of My yr~! at redshifts z > 2.
These powerful starbursts are associated with the most
massive and rarest galaxies at any redshift
[2012; Mbert et alll2013) and, therefore, they have low spa-
tial densities. Due to these low numbers their potential con-
tribution to our median SFR measurements is negligible.
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Fig. 11. Comparison between star-formation rates (SFRs) derived using infrared and radio data. Left: SFR derived from the
infrared luminosity, SF Rir, versus the SFR derived from the radio luminosity at 150 MHz. SF Rir and SF Ris0 mH - are in units
of solar mass per year. The measurements for median LOFAR radio-undetected quasars (RUQs) (fuchsia and cyan squares), RUQs
detected by SPIRE at 250 um (yellow circles), and RUQs undetected by SPIRE at 250 um (green circles) are showed. Upper limits
are indicated by arrows in either SF Rir or SFRi50 mu-. For median quasars, the increasing symbol size indicates an increment
in the redshift or My450 absolute luminosity. The dashed line is the far-infrared radio correlation (FIRC) at Liso mp- derived by
[Calistro-Rivera et all (2017). The gray shaded region indicates the spread of the FIRC scaled by a factor of +2. The text indicates
the median redshift of the first and last redshift bins of the stacking according to redshift. Right: Same as the right panel, but for
the the SFR at 1400 MHz, SF Ri400 me-- The measurements for RUQs detected by WSRT, but undetected by SPIRE at 250 um
(purple circles); and RUQs detected by both SPIRE and WSRT at 250 yum and 1400 MHz (blue circles), respectively are also
displayed.

200 i bols represent the measurements obtained from the stack-
é%g?oﬁfrﬁ";;fg:j | ing analysis. We see an increase in the median SFRir of

3 175 [ LOFAR & S250pum detected i quasars with cosmic look-back time. At z ~ 0.6, we find the
® 150 ! median SFRig of RDQs (RUDs) to be 21.12 +? S5 Mg yrt
3 ! (10.131525 My yr=1), whereas at z ~ 1.35 the increment is
2125 ! approximately seven (four) times greater, and in our high-
= ! z bins at z ~ 2.16 and z ~ 3.2 the SFRir is thirty four
: 100 : (twenty five) times greater. These ranges of median SFRig
L7 ! are wide, however, the trend of median SFRg increasing
g ’ with redshift in quasars is clear and consistent with previ-
S 50 | ous studies (Seymour et all [2011; [Kalfountzou et all [2014;
Z o : [Stanley et al! 2017). Finally, RDQs present higher SFRig

values than RUQs at all redshifts, except at the last z-bin
where the SFRig values between the two quasar samples
are consistent taking into account the error bars.

100—3 102 107! 10° 10! 102 10°

SFRIR [M@/yT]

Studies of star-forming galaxies at a wide range of
cosmic epochs have revealed a strong correlation called
the SF main sequence (SFMS, hereafter) at fixed red-
shift between SFR and stellar mass (M,). This relation-
ship has been shown to hold over four to five orders of
magmtude in mass (Santini et all 2009, 2017) and from

0 to 2 6 (Noeske et all [2007; l]l’j.ddlﬂ_au 2007;
lSI&mhamm_%zlJIZQlAI lSp_mglm_alJlZQlAI Schreiber et all
M), with only a scatter of 0.25 — 0.35 dex at any redshift

Fig. 12. Star formation rate (SFR) distribution for the RDQs
and RUQs derived from the infrared luminosity Ligr with > 20
SPIRE-250 um detections. The mean SFR of the samples are
indicated by the dashed lines. The mean SFRs of our quasar
samples are consistent with those of the main sequence star-
forming galaxies.

In Figure[I3l we display the SFRsig derived from the in-
frared luminosities, as a function of redshift for RUQs and
RDQs. For the sake of clarity, only objects with SPIRE
250 pm detections at > 20 are plotted. The larger sym-
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12007; Whitaker et al![2012). Using the SFMS
formula derived bylehrmLm_Qt_al] (2015), we find that the
median stellar masses of the median RUQs and RDQs are
M, ~ 5 x 10 My and M, ~ 3 x 10* M, respectively.
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The solid lines represent the SFRs as a function of redshift
derived for the median quasars using the [Schreiber et all
(2015) relation. There is a good agreement between the
measured median SFRig for RDQs and RUQs, and the
SFMS predictions considering the width of the redshift bins
employed and the intrinsic scatter of the SFMS correlation.
The differences in the scatter between RDQs and RUQs
could be explained considering that the former includes
almost entirely quasars that might be located in massive
galaxies due to the radio-selection being associated with
massive systems (Retana-Montenegro & Rottgering [2017;
Magliocchetti et all[2020). The latter includes quasar host
galaxies with a wide range of stellar masses. Thus, for galax-
ies hosting RUQs a larger scatter with respect SFMS could
be expected due to the wide range of stellar masses in-
cluded in the sample. We conclude the SFRsir and stellar
mass measurements of galaxies hosting RUQs and RDQs
are broadly consistent with those of massive star-forming
galaxies following the main sequence. Moreover, these esti-
mates are in good agreement with previous works of main
sequence galaxies at 0.2 < z < 2.5 (Rosario et all [2013;
Stanley et all 2017; |Schulze et all [2019). Additionally, the
stellar masses of the quasar host galaxies in our sample
aligns well with those estimated for z < 0.8 quasars ob-
tained using image decomposition in CFHT (Yue et all
2018) and SDDS S82 deep imaging (Matsuoka et all 2014;
Bettoni et all 2015). These authors found stellar masses
larger than M, > 10'° M, for the quasar host galaxies,
but no distinction was made between radio-detected and
radio-undetected objects.

5.3. Median star formation rate as a function of optical and
radio luminosities

In this section, we examine the behaviour of the SFR as a
function of the 1450 A absolute magnitude and 150 MHz
radio luminosities. For this purpose, we stacked our sample
following the steps explained in Sections 1] and [B.1] as a
function of 1450 A absolute magnitude and 150 MHz radio
luminosity. We used bins of size Alog(Lisoamrm.) = 1.0
for the radio luminosity, and we use the same bin sizes for
M7i450 that was employed in the previous section.
Figure [ shows the distributions of 1450 A absolute mag-
nitudes, 150 MHz radio luminosities, and SFRsig. Both
panels shows a correlation between median optical and 150
MHz radio luminosites and SFR for quasars which extends
over more than two orders of magnitude in SFRig. The
first thing that comes to mind are the similarities and dif-
ferences between the behavior of the median RDQs and
RUQs. The first similarity is that both median quasar sam-
ples present a positive trend of SFRig as function of the
1450 A absolute magnitude in which SFRgr increases with
Mi450. The main difference is that for Miss0 > —24.0 me-
dian RDQs (red stars) have higher SFRsig in comparison
with their radio-undetected counterparts (gray squares).
For M1450 < —24.5 median RDQ and RUQs present similar
SFRigr values within their corresponding uncertainties. This
agrees with previous results found by [Kalfountzou et all
(2014) for RLQs and RQQs. These authors found that
RLQs present higher SFRs than RQQs at low and medium
optical luminosities but have comparable SFRs at high op-
tical luminosities.

Assuming that the far-infrared is a good proxy of SF,
we conclude that these trends discussed before suggest

that there is a link between their SFR and AGN activ-
ity in median RDQs and RUQs. Previous studies found
a correlation between the far-infrared and accretion lumi-
nosities, supporting the idea that SF and AGN activity
share the same reservoir of cold gas in the host galaxy
(e.g., ISerjeant & Hatziminaoglou 2009; [Lutz et all [2010;
Bonfield et all 2011). It is possible that the different effi-
ciencies in which gas fuels SF and AGN processes or the
heating of gas via feedback processes may explain the ob-
served behaviors in the SFRig — Mi450 correlation. The
existence of gas reservoirs similar to those of non-active
galaxies has been confirmed in low-z (Shangguan et all
2020) and high-z (Riechers et all 2011; [Fogasy et all[2020;
Badole et all[2020) quasars. However, CO observations are
required to determine better constraints for quasar sample.

In the bottom panel of Figure [[4] we show the distri-
bution of median SFRsir for RDQs as a function of 150
MHz radio luminosity. We also plot for reference the re-
sults for median RUQs (median stacked by redshift bins)
and SPIRE-250 pm detections. We find again a rise in the
SFRgr with increasing 150 MHz radio luminosity. Median
RUQs are shifted to the left as expected due to being less lu-
minous in the radio in comparison with the median RDQs.
We see that median RDQs preset a flattening, or possible
decline in SFRr in the highest Lisopr. bin. This decline
roughly coincides with the spread of the individual detec-
tions. This contrasts with the top panel of Figure [[4] that
shows no downturn in SFRjg at the highest M50 values.
This perhaps could indicate that SF is suppressed in host
galaxies of luminous radio quasars due to the impact of
radio-jets. Additionally, this is consistent with the trend
found in the left panel of Figure the radio-emission of
the most luminous RDQs exceeds the FIRC predictions and
it is likely AGN-dominated (discussed in more detail in Sec-

tion [6.3)).

5.4. Redshift evolution of the radio spectral indices

We calculated the spectral index between adjacent fre-
quency pairs at 150 MHz, 325 MHz, 1.4 GHz and 3.0 GHz.
For quasars that are detected in both frequencies, we de-
rived an upper limit for the spectral index when the quasar
is only detected in one (two) frequency (ies) in the pair.
The spectral indices are calculated using the formula:

ve _ IOg (SVl/SVz) (8)

7 log(va/1n)
where a}? is the spectral index between the corresponding
frequencies, S,, denotes the flux density at frequency v;. In
the cases of non-detections, we use forced photometry in the
corresponding frequency (ies) as described in Section
The redshift evolution the spectral indices are presented in
Figures and for RDQs and RUQs, respectively. For
RDQs, it can be seen that the results for median RDQs
within errors are consisted with no evolution a function of
redshift for the three spectral indices. The robustness of
this result is verified by fitting a straight line to the data
points. It is found that the slope of the straight line is close
to zero, which rules out a redshift evolution for the spec-
tral indices. This agrees with previous studies that found
no evidence for the redshift evolution of the radio spectral
indexes (Magnelli et all 2015; |Calistro-Rivera et all 2017).
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Fig. 13. Infrared star formation rate (SFRir) of LOFAR radio-
detected quasars (RDQs) and LOFAR radio-undetected quasars
(RUQs) versus redshift. The filled stars and squares and associ-
ated vertical error bars show the median value in each bin. The
horizontal error bars indicate the extend of the redshift bins
used. The marron stars and cyan squares show the results for
the RDQs and RUQs, respectively, with > 20 SPIRE-250 pim de-
tections. The solid lines represent the predicted SFRs as a func-
tion of redshift derived for the median quasars using the star-
formation main sequence (SFMS) relation by

(2015). The cyan and orange shaded regions indicate the uncer-
tainty intervals of the fitting provided by |Schreiber et all (2015).
The vertical errror bars indicate the errors of the SFRir esti-
mates obtained using the SED fitting, while the horizontal errors
indicate the size of the redshift intervals considered. There is a
good agreement between the measured median SFRir for RDQs
and RUQs, and the SFMS predictions considering the width of
the redshift bins employed and the intrinsic scatter of the SFMS
relation.

The spectral indices of the RDQs detected show scatter
around the values obtained from the stacking analysis, while
the RDQs with upper limits are still consistent with these
values although with a larger dispersion.

We also note that for median RDQs the mean for the
spectral index between 325 MHz and 1.4 GHz, o375, is
steeper than the canonical value of a = —0.7 used in pre-
vious radio continuum studies with a value of a$%y, =
—0.85 £ 0.10. For comparison, our result is in good agree-
ment with the published mean value by
(2009) of a$23) = —0.83, but it is steeper than the mean
value reported of o335, = —0.71 by Mauch et all (2013)
for all radio sources in their corresponding catalogs. For
median RUQs, the mean spectral index is steeper with a
value of o333, = —0.97 + 0.07. The spectral index between
1400 MHz and 3000 MHz, o399, for median RDQs has a
value of a339) = —0.26 & 0.05, while for median RUQs the
shallower flux density limit of the 3.0 GHz VLASS mosaic
makes only possible to obtain an estimate with > 3o signif-
icance in one redshift bin. For the remaining three redshift
bins only upper limits are estimated. The mean spectral
index of median RUQs is 3399 = 0.39 £ 0.20, calculated
using the Kaplan-Meier estimator (e.g., [Fei

) to account for the upper limits. Our values are flatter
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Fig. 14. Infrared star-formation rates (SFRsir) versus absolute
magnitude at 1450 A, Mias0, (top panel) and 150 MHz radio
luminosity (bottom panel) for LOFAR radio-detected quasars
(RDQs ) and radio-undetected quasars (RUQs). Only RDQs
(stars) and RUQs (squares) with > 20 SPIRE-250 um detections
are shown (see Section [2.3)). For median quasars, the increasing
symbol size indicates an increment in the redshift, Mi450 abso-
lute luminosity, or 150 MHz radio luminosity. The errors on the
horizontal axis indicate the extend of the luminosity bins used.
Vertical error bars are the 1o uncertainties for the SFRsr ob-
tained from the SED fitting. The positive correlation between
optical and radio luminosities suggest that there is a link be-
tween their SFR and AGN activity in median RDQs and RUQs,
with indications of star formation being suppressed in the host
galaxies of the most luminous radio quasars.

in comparison to the mean value of 3309 = —0.68 & 0.02

found by ISmol¢i¢ et all (2017). We find that that the mean
spectral index between 325 MHz and 150 MHz, o325, has
a value of o325 = —0.23 + 0.06 (—0.11 4 0.03) for me-
dian RDQs (RUQs). In contrast, these values are flat-
ter than those reported by |Calistro-Rivera et all (2017)
of a2 = —0.87 + 0.04 and o323 = —0.60 + 0.05 for
AGN and star-forming galaxies, respectively. However, our

results are consistent with the spectral flattening of ra-
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Fig. 15. Evolution of spectral indexes as.0-1.4 (top), a1400—325 (middle ), and az25—150 (bottom) as a function of redshift for
LOFAR radio-detected quasars (RDQs). The purple circles represent the median RDQs; green circles are the RDQs detected at
both frequencies; yellow or red circles indicated RDQs that are undetected in the upper or lower frequency, respectively; and blue
circles are RDQs undetected at both frequencies. The horizontal dashed line indicates the canonical value of o = —0.7.
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Fig. 16. Evolution of spectral indexes as.o—1.4 (top), @1400—325 (middle ), and az25—150 (bottom) as a function of redshift for
LOFAR radio-undetected quasars (RUQs). The purple circles represent the median RUQs; green circles are the RUQs detected at
both frequencies; yellow or red circles indicated RUQs that are undetected in the upper or lower frequency, respectively; and blue
circles are RUQs undetected at both frequencies. The horizontal dashed line indicates the canonical value of @ = —0.7.

dio sources towards low-frequencies previously observed in 6. Discussion

LOFAR (van Weeren et all2014; Mahony et al. [2016) and
GMRT (Intema et all2011; Williams et all[2013) observa- The stacking technique is an important tool in understand-

tions. ing the nature of radio emission in quasars, as basically
all quasars emit in the radio when observed down to deep
limits. In this work, we find evidence for concurrent AGN
and star-forming activity in the host galaxies of median-
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stacked quasars with a positive correlation between SFRig
and optical and radio luminosities. These pieces of evidence
suggest that the radio-emission in quasars is the result of
a complex interplay between SF and SMBH accretion pro-
cesses with each process having significant contributions to
the quasar energy output. In this section, we discuss and
interpret our findings.

6.1. No bimodality for the radio-loudness parameter

Here, we investigate the radio-loudness parameter using the
results of our analysis stacking, and discuss the origins of
the radio-emission in quasars with the lowest radio-loudness
values.

We define the radio-loudness parameter (R hereafter) for
our quasar samples using the ratio of radio to infrared AGN
luminosity:

R =1logy, <LLid>v (9)
AGN

where L,,q is the radio luminosity at 150 MHz or 1.4 GHz,
and Lagy is the infrared AGN luminosity estimated in Sec-
tion We decided to use the infrared AGN luminosity
instead of an optically derived luminosity. This is done be-
cause the mid-infrared continuum of the majority of quasars
arises from dust heated by the central AGN (Richards et al.
2006; |Gallagher et all [2007). This makes the mid-infrared
luminosity robust against extinction effects.

In Section 5.1l we demonstrate that the SF could dom-
inate the radio-emission of RUQs and a significant fraction
of RDQs. As explained in Sections 5] and (521 we define
a quasar to be SF-dominated if the quasar is within a fac-
tor of +2 of the expected value predicted by the FIRC.
Figure [[7 shows the ratio of Lgp/L,aq as a function of R
for our quasar samples. The FIRC is denoted by a solid
line in both panels, and the shaded gray horizontal re-
gions indicate the FIRC scaled by a factor of +2. The
dashed vertical lines indicates the thresholds of R = —4.5
(150 MHz) and R = —4.2 (1.4 GHz) utilize to classify
quasars into radio-loud /radio-quiet (e.g., Klindt et alll2019;
Rosario et al) 2020). We see in both panels of Figure [IT
that median RUQs (stacked according to their redshift and
Mji450) and a significant fraction of RDQs have R values be-
low the thresholds at 150 MHz and 1.4 GHz. These quasars
would be classified as radio-quiet in previous works. More-
over, many of these quasars fall within the region delim-
ited by +£2 FIRC factors suggesting that their radio emis-
sion dominated by SF, which is in agreement with the re-
sults obtained in Section [B.Jl On the other hand, the radio
fluxes of median RDQs (stacked according to their redshift
and My450) are AGN-dominated according to their loca-
tion outside the predictions of the FIRC. However, some
of them have R values below the classification thresholds.
It is clear that there is a trend for RDQs with high R
values (thus high radio-luminosities) to have their radio-
emission dominated by SMBH accretion. This should not
come as a surprise, based on their predominant FR-II-
like (Fanaroff & Riley[1974) radio-morphologies. Represen-
tative examples of their radio-morphologies can be found
in [Retana-Montenegro & Rottgering (2020), Appendix A.
On the other side, for low R values < —4.5, around 50%
of the RDQs have faint and compact radio morphologies
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suggesting that AGN processes are not longer dominating
the radio-emission as they do at higher R values. For these
RDQs, the relative contribution to the radio emission due
to SF increases as the AGN component becomes weaker to-
wards lower R values. Finally, we also notice that WSRT
RUQs (blue circles, right panel) show a similar trend to
that of the LOFAR RDQs (maroon stars, left panel). For
the majority of individual RUQs it is difficult to make an as-
sessment as these are non-detections in the LOFAR, WSRT,
and S250 um bands and only upper limits can be estimated
on their R and Lgg/L;aq values. However, most likely these
quasars follow a similar trend and occupy a comparable
region to that of the median RUQs (stacked according to
redshift and M1450).

Another important conclusion that can be inferred from
Figure [T is the high fraction of RDQs with values of R <
—4.5 (R < —4.2) is 55% (53%) at 150 MHz (1.4 GHz), re-
spectively. Specifically, the fraction of SF-dominated RDQs
at 150 MHz (1.4 GHz) with R < —4.5 (R < —4.2) is
28% (13%). The higher sensitivity of LOFAR for objects
with typical synchrotron spectra makes possible to detect
the radio emission of a significant number of these quasars.
Figure I8 shows the distribution of the R parameter for the
RDQ@Qs samples in our study. It can be seen that the distribu-
tions of all RDQs and SF-dominated RDQs with R < —4.5
present no obvious bimodality, while the distribution of
AGN-dominated RDQs with R > —4.5 exhibits two peaks.
We fit these distributions to a single Gaussian and a two-
component Gaussian mixture using Markov chain Monte
Carlo. The odd ratio for the models is O15 2 1.0, which
suggests that neither model is favored by the data. This
suggests that the distribution of the R parameter is not bi-
modal, and there is not a dichotomy as previously reported
in the literature (e.g., [Kellermann et al! [1989; Miller et al.
1990; [White et all 2007). Our result agrees with previous
works where the R parameter exhibits a continuous dis-
tribution rather than a clear bimodality (e.g., [Lacy et al.
2001; IGiirkan et al)12019; [Fawcett et all[2020).

6.2. Origins of the radio-emission in radio-undetected
quasars: Dominant mechanism or complex interplay

The dominant mechanism responsible for the bulk of the
radio-emission in RQQs is a matter of ongoing debate.
Many recent studies had pointed towards synchrotron emis-
sion from SF processes as the mechanism source of radio
emission in RQQs (see [Padovani [2016 for a review). How-
ever, the presence of weak small-scale radio jets in RQQs
points towards a non-thermal origin for their radio emission
(Leipski et all2006; Herrera Ruiz et al!l2016). The compar-
ison between the VLBI and lower-resolution VLA images
indicate that around ~ 25 — 50% of the radio emission in
these quasars could originate from star-forming processes
(Herrera Ruiz et all [2016). Similar conclusions have been
reached by other VLBI studies of RQQs and radio-quiet
AGN (Ulvestad et alll2005; [Maini et all [2016).

Various studies of RQQs have provided different hints
on the origins of their radio-emission. For instance,
White et all (2017) analyzed a sample of SDSS 70 RQQs at
z ~ 1 and found that their RQQs showed an excess of radio
emission compared to that expected from the FIRC, which
cannot be explained by SF alone. These authors concluded
that AGN processes could account for ~ 80% of the total
radio luminosity in over 90% of the RQQs included in their
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Fig. 17. Infrared star formation luminosity, Lsr, versus radio-loudness, R, for the quasar samples. The measurements for median
LOFAR radio-undetected quasars (RUQs, fuchsia squares), median LOFAR radio-undetected quasars (RDQs, red stars), RDQs
(maroon stars) and RUQs detected by SPIRE at 250 um (orange circles), and RUQs undetected by SPIRE and WSRT at 250 pum
and 1.4 GHz (green circles), respectively. The measurements for RUQs detected by WSRT, but undetected by SPIRE at 250 um
(purple circles, right); and RUQs detected by both SPIRE and WSRT at 250 um and 1.4 GHz (blue circles, right), respectively are
also displayed. Upper limits in either Lsr or Liso ma- are indicated by arrows. The solid line is the far-infrared radio correlation
(FIRC) at 150 MHz and 1.4 GHz. The gray shaded region indicates the spread of the FIRC scaled by a factor of £2. The dashed
vertical lines (R = —4.5 at 150 MHz and R = —4.2 at 1.4 GHz) denote the threshold between radio-loud and radio-quiet quasars
(see Section [G] for more details). The radio-emission of bright RDQs with R > —4.5 is consistent with being dominated by SMBH
accretion, while for lower radio luminosity quasars with R < —4.5 the relative contribution of SF to their radio fluxes becomes

more important.

sample. A similar conclusion was reached by [White et_all
(2015) using the radio-stacking technique with 1.4 GHz
VLA observations. [Kimball et all (2011) constructed the
6.0 GHz radio-luminosity function from a sample of SDSS
quasars at 0.2 < z < 0.3. These authors concluded that
quasars with Lgocaz < 10225 WH2z~! are mainly driven
by SF, while at Le.ogn, > 1022 WH2z~! the luminosity is
related to SMBH accretion. Moreover, the advent of deep
radio surveys offers the possibility of performing studies
that are complementary to the aforementioned works. For
instance, [Padovani et all (2015) and Bonzini et all (2015)
found that significant numbers of radio-quiet AGN are pow-

ered mainly by star-forming processes using deep 1.4 GHz
VLA observations of the E-CDFS region.

The analysis presented in Sections Bl and indicates
that median RUQs does not show radio excess according to
the FIRC. This suggests that radio emission in the RUQs
included in our sample is to a certain amount powered b
star formation in their host galaxies (e.g., m%
2015; |Alberts et all2020; |Algera et al!2020). On the other
hand, the radio fluxes of the majority of RDQs in our sam-
ple show a radio excess which could be considered as ev-
idence that supports radio activity related to radio-mode
feedback (Hardcastle et all [2007; [Heckman & Best 2014).

However, the remaining 33% of RDQs in our sample do
not show an radio excess, possibly related to the weaken-

ing of the AGN component contributing to the their radio
emission towards lower R values.

We establish the level of contribution of AGN accretion
and SF to the radio-emission of median quasars by calcu-
lating the radio luminosity associated with AGN accretion
LlSOMHz, acct

LisoMHz, acc = Lisomuz — LisoMHz, SF» (10)
where LisoMmH is the total radio luminosity, and LisomHz,SF
is the radio luminosity connected to SF estimated using
the FIRC. For the median RDQs stacked according to red-
shift, we find that the accretion-related radio luminosity
accounts for 45.3 — 81.1% the total radio luminosity at 150
MHz. These percentages for median RDQs stacked accord-
ing to M50 and 150 MHz radio luminosity are 49.5—72.4%
and 56.2 —97.2%, respectively. We repeat the same calcula-
tion for median RUQs, but these quasars are SF-dominated
and except for one have a negligible contribution from
AGN accretion to their radio-fluxes, resulting in unphys-
ical L150MHz, acc Values according to the definition in Eq.
Instead we used the 1400 MHz radio luminosity to cal-
culate the percentage of radio luminosity due to AGN accre-
tion. The resulting estimate for the percentage of accretion-
related 1400 MHz radio luminosity in median RUQs stacked
according to redshift (Migs0) is 5.4 — 41.6% (3.8 — 40.2%).
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Fig. 18. Distributions of the radio-loudness parameter, R, de-
rived using the 150 MHz radio luminosity for different LOFAR
radio-detected quasar (RDQs) samples. The means of each dis-
tribution is indicated by the corresponding dashed line.

Interestingly, our ﬁndmgs for RDQs are comparable to

side star-forming activity in the faintest radio quasars de-
spite their host galaxies follows the FIRC. This makes clear
that the FIRC must be used with caution to determine the
main radio emission mechanism in RUQs. The question of
what is the contribution of radio-jets to the energy output
of RUQs could be only answered satisfactorily with future
high-resolution radio observations.

6.3. Positive and negative AGN feedback

We find in Sections and (see Figs. and [I4)
that the median host galaxies of RDQs are associated with
higher SFRsig than median RUQs. Excluding the high-
est My450 and z bins where less sources are found, which
produces larger error bars for the SFRir estimates, the
SFRsir of median RDQs are at least larger by a factor
of 2 than those of median RUQs. These results demon-
strate that vigorous SF activity is coeval with the growth
of the SMBHs residing in the nuclei of the RLQs host
galaxies. This agrees with previous works that found ev-
idence for high SFRs in radio AGN (e.g., Seymour et all
2011 Magliocchetti et _all 2014; Elegachstlﬂ_alJ 2015;
Maghmchﬁim_al.l 12016, [2Q2ﬂ) Moreover, bright RDQs

have been associated with higher SFRs in comparison
to their radio-quiet counterparts (e.g., Kalfountzou et all
2014, 2017) The enhancement in the star formation in ra-
dio AGN could be explained considering the formation of
bow shocks caused by radio jets that compress the inter-
stellar medium in the host galaxy. This compression results
in higher gas clumping leading to an increased SF efficiency

those of (2016) and White et al. (2017),
who showed that AGN accretion can account ~ 50 — 83%
of the total radio-emission in their RQQs sample. Finally,
we obtained similar percentages at 1400 MHz for RDQs to
those found at 150 MHz.

The percentages found here are within what is expected

from our results. Median RUQs exhibit lower percentages
of accretion-related radio—emission in comparison with me-
dian RDQs, with some RUQs almost bemg dommated by
SF according to the FIRC derived by -
m) at 150 MHz. Median RDQs present higher per-
centages of accretion-related radio—emission but still the
contribution of SF to their total radio luminosity is non-
negligible. From our results, it is clear that the radio lumi-
nosity in quasars is the result of a complex interplay be-
tween SF and SMBH accretion with each process having a
non-negligible contribution.

Finally, an important point to be considered is the use of
the FIRC to determine the main radio-emission mechanism
in quasar samples. While, it has been shown that the FIRC
holds for star-forming galaxies fainter than < 150 uJy using
both stacking (Garn & Alexander 2009) and individual de-
tections (Mauch et al![2020), this correlation could have an
intrinsic bias as the influence of AGN on the SFRs could
affect control samples of non-active star-forming galaxies
(Scholtz et all 2018). For instance, recent VLBI observa-
tions revealed unambiguous evidence for jet activity in the
lensed RQQ HS 0810+2554 (Hartley et all [2019). With a
flux density of only 880nJy at 1.65 GHz, this is the faintest
radio quasar observed until now. Moreover, it was found
that the host galaxy of this lensed quasar follows the FIRC
as it does not display the radio-excess typically associated
with AGN activity (Stanley et all [2017). These findings

suggest that radio jet production is able to coexist along-
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[2004; lvan Breugel et_all 2004; [Gaibler et al!
[2012; Tshibashi & Fabian 2012). Observational studies sup-
port the existence of jet-induced star formation (pos-
itive feedback) in the local universe (Minkowski’s ob-
ject, (Croft et all [2006; Centaurus A, Mould et al) [2000;
lS_a‘lQme_QLa‘UQQlﬂ) at intermediate redshift (PKS2250-41,
12008) and high redshift (4C 41.17,
M) While our results suggests that jet-induced SF could
be taking place in our RDQs sample, it is important to
remark that the conditions under which radio jets would
enhance the SF are not completely understood yet.
Another critical aspect to understand AGN feedback
in RUQs and RDQs are the differences between their
host galaxies. Particularly, radio AGN such as radio-
galaxies and bright RDQs are known to populate over-

dense regions (Venemans et all 2007; [Falder et all [2010;
Retana-Montenegro & Rottgering 2017) and are usually
2019;

associated with massive galaxies

2005). In Section5.2] we show how the SFRsg of
the median-stacked quasars in our sample follow the SFMS
predictions with median stellar masses of M, ~ 3 x 10! M
and M, ~ 5 x 10 My for RDQs and RUQs, respec-
tively. The former have the higher stellar masses compa-
rable to those of the most massive galaxies m
[2011; [Labbé et all 2005), while the latter have lower stel-
lar masses consistent with the mass scale associated with
quasar hosts (Rosario et all [2013; Matsuoka et al! 2014).
Additionally, this difference is in line with what has been
found by previous studies of the host galaxies of ra-

dio sources (e.g., ISmolcid 2009; Best & Heckman [2012;
Delvecchio et _al! [2&11) Finally, as can be seen in Figure
I3l the star-forming properties of the median RDQs hosts
are similar to those of the general population of massive
normal (i.e., non-quasar) galaxies at comparable redshifts.
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Fig. 19. Comparison between the infrared star-formation rates, SF Rsir, and the total and accretion radio luminosities at 150
MHz. Left: SFRsir of the median quasar samples versus their total radio luminosities at 150 MHz. Error bars on the x-axis
indicate 1o errors on the SF Rsir, while error bars for LOFAR radio-detected quasars stacked according to their radio luminosity
denotes the bin size used. The dashed line is the far-infrared radio correlation (FIRC) at Liso arm - derived by |Calistro-Rivera et all
(2017). The gray shaded region indicates the spread of the FIRC scaled by a factor of +2. Right: SF Rir versus the radio luminosity
associated with AGN accretion, Li50MHz, acc. The radio luminosity connected to AGN accretion is calculated by subtracting the
contribution of SF to the total radio luminosity estimated using the FIRC. Negative AGN feedback could be taken place in the
hosts of RDQs with the highest 150 MHz radio luminosities due to their radio-emission being dominated by AGN accretion, and

the relative lower SF RIR.

This indicates that there is no quenching of star formation
in the median RDQs hosts with median stacking carried
out according to redshift and Mi450 in all the redshift bins
considered.

The apparent lack of signature for negative AGN feed-
back (considering only stacking to redshift and Miss0) is
puzzling. The most luminous quasars, such as the RDQs
in our sample, should be effective in ionizing the inter-
stellar medium in their hosts and hence impact their
star formation, namely, according to Menci et all (2008);
Zubovas & King (2012); [Hopkins et all (2016). Therefore,
luminous quasars should be expected to have the clearest
signatures of AGN feedback. This implies that a significant
fraction of them should be on their way to being quenched
or be already quenched. However, the outcome is different
as can be seen in the bottom panel of Figure [I4] and right
panel of Figure [[9 when the median stacking is done using
the 150 MHz radio luminosity, Li50Mmmuz, instead of redshift
and Miy450. We find that the median hosts of RLQs with
Lisomuz = 8 x 1026 W Hz ! present a flattening, or possible
decline in SF at the highest Li50mp, bin. This implies that
the SFRsig of the most radio luminous RDQs are lower
than those of RDQs with lower radio luminosities. Simi-
lar signatures of negative AGN feedback have been found
previously (Kalfountzou et all 2014, 12017). Moreover, the
most luminous median RDQ at 150 MHz exhibits the high-
est level of accretion-dominated radio emission with 97.2%
as found in Section This high level of AGN-dominated
radio emission along with the relative lower SFRg provides

evidence supporting negative AGN feedback taking place in
the most luminous RDQs in our sample.

While jet-induced star formation could be taking place
in the host galaxies of some RDQs as mentioned earlier,
it has also been suggested that radio jets could be asso-
ciated with negative AGN feedback. This either by sup-
pressing gas cooling or by expelling gas from the host
galaxy, hence quenching SF in host galaxies. Evidence
of gas being expelled by an AGN outflow has been ob-
served in bright radio-galaxies (e.g., Nesvadba et _alll2006).
Additionally, Kalfountzou et al! (2017) proposed a model
with a jet power threshold that controls radio-jet feed-
back, where sources with low and intermediate jet pow-
ers present SF enhancement, while sources with the high-
est jet powers above the threshold at which radio-jet feed-
back changes from positive to negative suppressing SF. Al-
though this model could explain our results for RDQs with
Lisomiz = 8 x 1026 WHz ™!, other factors such as merger
history and environment might influence star formation in
the host galaxies of these RDQs.

Finally, it is important to acknowledge that despite the
fact that median stacking enables statistical fluxes of unde-
tected sources, it also leads to the lost of information about
individual detections. This in the context of the implication
that based on AGN feedback, only median trends could be
recovered in some cases (i.e., RUQs), while trend outliers
where positive or negative AGN feedback could take place
have a limited weight in the trends obtained through stack-
ing. Future studies will utilize deeper infrared and radio
continuum observations to study a number of open ques-
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tions regarding AGN feedback without the need to rely on
stacking.

7. Conclusions

In this work, we construct the infrared-radio median spec-
tral energy distributions for LOFAR RDQs and RUQs in
the NDWFS-Bootes field. To obtain the infrared and radio
photometry, we used a stacking analysis of Spitzer, WISE,
Herschel, VLA, WSRT, and LOFAR maps. The stacking
analysis allows us to probe the radio-emission for quasars
that are up to one order of magnitude fainter than the ones
detected individually. These results help us to address the
questions posed in Section [II We arrive at the following
conclusions:

1. The radio-emission of RUQs is consistent to be linked
to SF processes, while the radio activity in RDQs is
likely associated with accretion onto SMBHs. This is
supported by the radio-excess showed by median RDQs
with respect to the predictions of the FIRC, while RUQs
follow tightly this correlation.

2. The observed behaviour of the radio-loudness parame-
ter, R, is as follows: for bright RDQs with R = —4.5
the radio-emission is consistent with being dominated
by SMBH accretion, while for lower-radio luminosity
quasars with R < —4.5 the relative contribution of SF
to their radio fluxes increases as the SMBH component
becomes weaker.

3. For median RDQs, the SMBH accretion can account
for ~ 50 — 84% of the total 150 MHz radio luminosity,
while for median RUQs the contribution is ~ 5 — 41%
. This strongly suggests that vigorous SF activity is co-
eval with the growth of the SMBHs residing in the nuclei
of quasar host galaxies.

4. There is no evidence for the suppression of SF in the host
galaxies of median RDQs stacked according to redshift
and Mi450 (not considering the highest Mj450 and z bins
where less sources are found). However, when the 150
MHz radio luminosity is considered for the stacking, the
highest radio luminosity median RDQs have lower SFRs
than median the RDQs with lower radio luminosities.
In particular, for the brightest median RDQs at 150
MHz the accretion-related radio luminosity accounts for
97.2% of the total 150 MHz radio luminosity, and has a
relative lower SFRir. This suggests that it is likely that
negative AGN feedback has taken place in the hosts of
RDQs with the highest 150 MHz radio luminosities in
our sample.

5. The spectral indices of median quasars (undetected and
detected by LOFAR) do not evolve significantly with
redshift, but become flatter towards lower frequencies.
Overall, the spectral curvature of RUQs is similar to
that of RDQs.

Finally, our results highlight the importance of using deep
low- and high- frequency radio surveys to study the proper-
ties of RDQs and RUQs, and particularly the radio proper-
ties of quasars that generally remain radio silent and hidden
in shallow flux-density-limited surveys.
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Appendix A: Median-stacked infrared and radio
maps of LOFAR radio-detected and LOFAR
radio-undetected quasars

Appendix B: Infrared photometry of median
LOFAR radio-detected and LOFAR
radio-undetected quasars stacked according to
redshift
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Zbin, Spum 12pm 24pm 70pm 100pm 160pm 250pm 350pm 500pm
RDQs [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]
00<z<10 0.61+£0.27 0.87£0.03 1.80+1.1 8.00+1.0 9.43+1.4 22.52+£5.4 20.67+£1.5 13.65+2.0 7.20+1.2
1.0<2<18 0.3240.08 0.40+0.03 0.91+0.3 5.444+0.7 6.15+1.2 16.47+1.7 19.93+2.3 16.44+2.4 10.914+0.5
1.8<2<27 0.26+0.08 0.36+£0.03 0.92+0.2  <5.07 <7.60 4.234+3.6 18.97+2.3 19.04+1.0 11.79+3.9
27<2<6.15 0.13£0.05 0.20+0.13 0.53+0.2  <3.67 <5.65 3.14+44 15.924+11.6 9.20+£3.6 10.36+1.5

RUQs
00<z<10 0.21£0.04 0.30£0.02 0.60+0.1 2.87+0.4 3.09+0.7 4.98+1.6 8.344+0.6 6.2841.2  2.36+0.9
1.0<z<18 0.1240.01 0.16+£0.01 0.34+£0.1 1.214+0.2 2.20£0.3 3.63£1.0 5.16+0.4 4.69+0.5  2.83+0.7
1.8 <2<27 0.094+0.01 0.14+0.01 0.27£0.1 0.97+£0.2 0.97+0.5 3.10£1.2 5.514+0.5 5.66+0.6  4.11+0.5
2.7<2<6.15 0.09£0.01 0.16+0.01 0.27+0.1 0.55+0.3  <2.11 7.04+£1.5 5.66+1.0 5.46+1.2  4.654+0.8

Table B.1. Infrared fluxes of the median LOFAR radio-detected quasars (RDQs) and LOFAR radio-undetected quasars (RUQs) stacked according to redshift between 8um
and 500pm. Values without error bars are upper limits estimated at the center of the median stacked images.
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P ACS100um

M | P S70um

-

M 1P S24um

.

W I SE 12um

1<z<1.8 1.8<z=<2.7 2.7<z2<6.15

Fig. A.1. Central area of the median stacked infrared maps (IRAC, WISE, MIPS, and PACS) of LOFAR radio-undetected
quasars. The number of quasars stacked in each is indicated in Table Bl The size of the maps is 80" x 80. The corresponding
synthesized beam size is indicated in the left corner. The color scale ranges from —30;, to 5o, , where oy, is the local rms noise.
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SP | RE500um

SPI|RE 350um

SP1RE 250um

"

P ACS160pm

1.8<z=<2.7 2.7<z<6.15

Fig. A.2. Central area of the median stacked infrared maps (PACS, and SPIRE) of LOFAR radio-undetected quasars. The
number of quasars stacked in each is indicated in Table [l The size of the maps is 125" x 125”. The corresponding synthesized
beam size is indicated in the left corner. The color scale varies from —3or to 5oL , where o, is the local rms noise.
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LOFAR 150M H z

VLA 325M H z

3

WSRT 1.4GH z

VLASS 3GHz

"1<z<18 1.8<z=<2.7 2.7<2<6.15

Fig. A.3. Central area of the median stacked radio maps of LOFAR radio-undetected quasars. The number of quasars stacked
in each is indicated in Table Bl The size of the maps is 25” x 25", except the WSRT map which has a size of 80" x 80”. The
corresponding synthesized beam size is indicated in the left corner. The color scale varies from —50, to 150 , where oy, is the
local rms noise. The contours are drawn at [3,4,5,10] X o times the local rms noise level.
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P ACS100um

M | P S70um

M 1P S24um

.

W I SE 12um

1<z=<1.8 1.8<z=2.7 2.7<z=<6.15

Fig. A.4. Central area of the median stacked infrared maps (IRAC, WISE, MIPS, and PACS) of LOFAR radio-detected quasars.
The number of quasars stacked in each is indicated in Table Bl The size of the maps is 80" x 80. The corresponding synthesized
beam size is indicated in the left corner. The color scale ranges from —30, to 501, , where o, is the local rms noise.
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SPIRES500um

SPIRE 350um

SPIRE 250um

PACS160um

1<z=<1.8 1.8<z=<2.7 2.7<2=<6.15

Fig. A.5. Central area of the median stacked infrared maps (PACS, SPIRE) of LOFAR radio-detected quasars. The number of
quasars stacked in each is indicated in Table [Bl. The size of the maps is 125" x 125”. The corresponding synthesized beam size is
indicated in the left corner. The color scale ranges from —307, to 501, , where oy, is the local rms noise.
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LO FAR 150M

IO

¥

VLASS 3GH z

k=4

1<z=<18 = 18<zs27  27<z<6.15

Fig. A.6. Central area of the median stacked radio maps of LOFAR radio-detected quasars. The number of quasars stacked in each
is indicated in Table[3l The size of the maps is 25" x 25", except the WSRT map which has a size of 80" x 80”. The corresponding
synthesized beam size is indicated in the left corner. The color scale ranges from —50;, to 1501, , where o, is the local rms noise.
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