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ABSTRACT

We present deep L-Band observations of the equatorial field centered on the z = 6.3 Sloan Digital Sky Survey (SDSS) quasar (QSO).
This field is rich of multiwavelength photometry and spectroscopy data, making it an ideal laboratory for galaxy evolution studies.
Our observations reach a 1o sensitivity of ~2.5 uJy at the center of the field. We extracted a catalog of 1489 radio sources down to a
flux density of ~12.5 Wy (50) over a field of view of ~ 30" diameter. We derived the source counts accounting for catalog reliability
and completeness, and compared them with others available in the literature. Our source counts are among the deepest available so
far, and, overall, are consistent with recent counts’ determinations and models. They show a slight excess at flux densities ~50 pJy,
possibly associated with the presence of known overdensities in the field. We detected for the first time in the radio band the SDSS
J1030+0524 QSO (26 + 5 Wy, 8o significance level). For this object, we derived an optical radio loudness Ry = 0.62+0.12, which
makes it the most radio quiet among active galactic nuclei (AGN) discovered so far at z > 6 and detected at radio wavelengths. We
unveiled extended diffuse radio emission associated with the lobes of a bright Fanaroff-Riley type II (FRII) radio galaxy located close
to the center of the J1030 field, which is likely to become the future brightest cluster galaxy of a protocluster at z = 1.7. The lobes’
complex morphology, coupled with the presence of X-ray diffuse emission detected around the FRII galaxy lobes, may point toward
an interaction between the radio jets and the external medium. We also investigated the relation between radio and X-ray luminosity
for a sample of 243 X-ray-selected objects obtained from 500 ks Chandra observations of the same field, and spanning a wide redshift
range (0 < z < 3). Focused on sources with a spectroscopic redshift and classification, we found that sources hosted by early-type
galaxies and AGN follow log(Lg)/ log(Lx) linear correlations with slopes of ~0.6 and ~0.8, respectively. This is interpreted as a likely
signature of different efficiency in the accretion process. Finally, we found that most of these sources (>87%) show a radio-to-X-ray
radio loudness Rx < —3.5, classifying these objects as radio quiet.
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1. Introduction

It is well known that the extra-galactic radio sky is dominated
by two populations: star-forming galaxies (SFGs) and active
galactic nuclei (AGN; Miley 1980; Condon 1992). The radio
loud (RL) AGN population dominates the bright radio sky
(S1.4c6H, > 1mly), and, despite a steadily increasing contribu-
tion from SFGs, it remains the most relevant population down
to flux densities of few hundreds of Wy (e.g., Mignano et al.
2008); then SFGs take over (typically around S | 4 gu,~200 py;
e.g., Simpson et al. 2006; Seymour et al. 2008; Smolcic¢ et al.
2008; Novak et al. 2017; Prandoni et al. 2018). Recent studies

* Copy of the catalog is only available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/668/A133

have shown that at sub-mJy flux densities an increasing fraction
of sources display signatures of radiatively efficient AGN activ-
ity, when observed at nonradio wavelengths (e.g., Bonzini et al.
2013; Padovani et al. 2015). These objects are often referred to
as radio quiet (RQ) AGN since, generally, they do not show the
usual RL AGN morphological features, such as strong relativis-
tic radio jets and lobes'. It is interesting to note that RQ AGN
overcome RL AGN at flux densities <100 pJy (e.g., Bonzini
et al. 2013). RQ AGN often have similar properties to SFGs, in
terms of radio luminosity, radio luminosity function, host galaxy
stellar mass, color, and morphology, suggesting that the radio
emission in RQ AGN is to be ascribed to star formation (e.g.,

' For this reason Padovani (2017) proposed to update the terms RL and
RQ AGN into jetted and nonjetted AGN.

A133, page 1 of 18

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe-to-Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202244452
https://orcid.org/0000-0002-9948-0897
mailto:qdamato@sissa.it
https://cdsarc.cds.unistra.fr
ftp://130.79.128.5
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/668/A133
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/668/A133
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

A&A 668, A133 (2022)

Bonzini et al. 2013, 2015). Several methods are used to reveal
and quantify the presence of AGN-triggered radio emission in
RQ AGN, such as for example very large baseline interferometry
(VLBI) observations that allow one to reveal AGN radio cores
and/or small-scale (parsecs and kiloparsecs) radio jets (Maini
et al. 2016; Herrera Ruiz et al. 2016, 2017), and multiband anal-
yses that allow one to identify the presence of a radio excess
with respect to what is expected from pure star formation (e.g.,
Delvecchio et al. 2017). These studies have shown that RQ AGN
showing radio cores or excess radio emission account for at least
~30% of the total RQ AGN population (e.g., Maini et al. 2016;
Delvecchio et al. 2017). Deep radio surveys, sensitive to both
RL and RQ AGN, as well as to SFGs, represent an extremely
powerful tool to investigate galaxy and AGN populations up to
high redshift, as radio emission is insensitive to dust and gas
obscuration (see SmolcCi¢ et al. 2017b, and reference therein).
However, the physical properties and redshift distribution of
radio sources cannot be determined without the availability of
extensive multiband information. For example, Mid InfraRed
(MIR) colors can be used to reliably separate SFGs from radia-
tively efficient AGN (Lacy et al. 2004; Stern et al. 2005; Donley
et al. 2012). Spectral energy distribution (SED) fitting based on
dense multiband photometry can provide reliable redshift esti-
mates (e.g., Duncan et al. 2018a,b). Accurate redshifts can also
be obtained by optical and Near IR (NIR) spectroscopy, when
available, as well as line diagnostics for host galaxy classification
(e.g., Baldwin et al. 1981; Veilleux & Osterbrock 1987). X-ray
data can also be exploited to identify radiatively efficient AGN
(Bonzini et al. 2013, 2015). In addition radio and X-ray inves-
tigations are key to test AGN-galaxy coevolution models (La
Franca et al. 2010; Bonchi et al. 2013). X-ray observations typ-
ically probe the innermost accretion processes, while the radio
band can provide information on the jets. Radio jets are thought
to inject a significant amount of energy and matter into the host
galaxy and surrounding medium, likely affecting the subsequent
evolution of the galaxy and of the central super massive black
hole (SMBH; this process is called AGN feedback). In the local
Universe there is established evidence of interactions between
the jets of radio galaxies (often found at the center of galaxy clus-
ters) and the surrounding inter cluster medium (ICM), through
the observation of so-called “X-ray cavities” (i.e., depression of
the thermal X-ray emission of the hot gas in correspondence with
the radio emission of the radio jets and lobes; e.g., Boehringer
et al. 1993; Carilli et al. 1994; Birzan et al. 2004). In addition, the
relation between the radio and X-ray luminosity has been exten-
sively explored in the past for both RL and RQ AGN, leading to
the discovery of a fundamental plane between the X-ray emis-
sion, the radio emission, and the SMBH mass (Merloni et al.
2003; Falcke et al. 2004). The X-ray and radio emission are
generally found to follow a (logarithmic) linear correlation with
slope distributed around ~1 (Canosa et al. 1999; Brinkmann et al.
2000; Panessa et al. 2007; Fan & Bai 2016). In particular, for low-
luminosity AGN a standard value of 0.5-0.7 is found (Merloni
et al. 2003; Dong et al. 2021), similarly to the typical slope of X-
ray binaries (Narayan & Yi 1994). This has been interpreted as a
signature of radiatively inefficient accretion mechanisms (Gallo
et al. 2003; Merloni et al. 2003), such asadvection-dominated
accretion flows (Narayan & Yi 1994; Heckman & Best 2014).
Other works show a steeper relation (slope ~1-4—1.6) for some
X-ray binaries and for bright AGN, suggesting that in these
objects aradiatively efficient accretion process is in place (Coriat
etal. 2011; Dong et al. 2014), ascribed to a geometrically thin and
optically thick accretion disk (Shakura & Sunyaev 1973). How-
ever AGN radio/X-ray studies are mainly based on local samples
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and clusters. In order to shed light on accretion—feedback pro-
cesses at high redshifts, it is necessary to exploit very deep
radio and X-ray samples, with extended multiband ancillary data
available, for a proper characterization of the source properties.

The field centered around the z = 6.3 Sloan Digital Sky
Survey (SDSS) quasar (QSO) J1030+0524 (RA=10"30m275,
Dec =+5°24’55", Fan et al. 2001) represents an ideal laboratory
to investigate AGN and galaxy coevolution up to high redshifts
in different environments, as it is rich of galaxy overdensities.
Over the past years, significant efforts have been made to col-
lect deep multiwavelength photometric and spectroscopic data
of this field> (hereafter J1030). As a result the first evidence
for an overdensity assembling around a powerful z > 6 AGN
was found (Mignoli et al. 2020, see also Morselli et al. 2014
and Balmaverde et al. 2017). Particularly relevant is the fact that
the J1030 field is covered by a ~500 ks X-ray observation per-
formed with ACIS-I instrument on board the Chandra telescope,
that is the fifth deepest extragalactic X-ray field to date (Nanni
et al. 2018), from which a catalog of 256 extragalactic X-ray
sources has been extracted (Nanni et al. 2020). By exploiting
the exceptional multiwavelength coverage of the field and ded-
icated follow-up programs, Marchesi et al. (2021) derived the
photometric (or, where possible, spectroscopic) redshift for 95%
(243/256) of the X-ray sources®. Based on these data multiple
galaxy structures were found in the redshift range z=0.15-1.5.

The field was observed for the first time in the radio band by
Petric et al. (2003) with the very large array (VLA), achieving
a resolution of ~1.5” and a root-mean-square (rms) of ~15 wly
at 1.4 GHz. Thanks to these observations, reanalyzed by Nanni
et al. (2018), the presence of a powerful, Compton-thick (X-
ray derived column density Ny~1.5 X 10?* cm™2) radio galaxy,
located ~40” southwest from the field center, was revealed.
The radio source displays classical Fanaroff-Riley type II (FRII,
Fanaroff & Riley 1974) morphology, with an unresolved core and
two bright lobes, where the western lobe (W-lobe) is 26 brighter
than the eastern lobe (E-lobe).

Gilli et al. (2019) measured the redshift of the FRII galaxy
(z = 1.7) and reported the discovery of an overdensity of SFGs
assembling around the FRII galaxy, on the basis of spectro-
scopic data collected using the very large telescope (VLT)
multi-unit spectroscopic explorer (MUSE) and Large binocular
telescope (LBT) Utility Camera in the Infrared (LUCI). Exploit-
ing Atacama large (sub-)millimeter array (ALMA) observations,
D’Amato et al. (2020a) found that the FRII host galaxy is sur-
rounded by a large molecular gas reservoir (My, ~ 2x 10! M),
and found three additional gas-rich members of the structure
(My, ~ 1.5-4.8 x 10'° My). D’Amato et al. (2020a) also show
that the system will likely evolve into a local massive clus-
ter (Mgys 2 10'* M) and that the FRII galaxy will evolve
into the brightest cluster galaxy (BCG). Based on SED fit-
ting D’Amato et al. (2021) found that the FRII host galaxy
has a star formation rate (SFR) of ~570 M, yr~!' and a stellar
mass of M, ~ 3.7 x 10! M; the high corresponding specific
SFR (sSFR) = 1.5 + 0.5 Gyr™! classifies this object as a starburst
galaxy (Schreiber et al. 2015) that will deplete its molecular gas
reservoir in ~3.5 x 108 yr.

The deep Chandra data (Nanni et al. 2018) revealed sev-
eral spots of diffuse X-ray emission around the FRII galaxy,
where the most significant one overlaps with the E-lobe of the
FRII galaxy. Gilli et al. (2019) proposed that this emission likely

2 A comprehensive description of the available data can be found at
http://j1030-field.oas.inaf.it.
3 We notice that 7 of the 13 sources with no redshift estimate are stars.
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originates from an expanding bubble of gas in the ICM, that
is shock-heated by the radio galaxy jet. Very interestingly, four
of the MUSE protocluster members lie in an arc-like shape at
the edge of the A spot. The sSFR measured in these galaxies is
~2-5x that of the other protocluster members and that of typ-
ical main sequence galaxies of equal stellar mass and redshift.
Gilli et al. (2019) suggest that the shock-heated expanding bub-
ble may promote the star formation in these nearby galaxies.
If confirmed, this would be the first evidence of positive AGN
feedback on multiple galaxies at hundreds of kiloparsec scales
(Gilli et al. 2019).

In this work we present new ~5x deeper L-Band observa-
tions of the J1030 field, carried with the Karl G. Jansky VLA
(JVLA). The observations are presented in Sect. 2. The extracted
source catalog and the source counts are presented in Sects. 3
and 4, respectively. To highlight the scientific potential of these
data we then present some notable sources in Sect. 5, and inves-
tigate the X-ray/radio luminosity relation for the X-ray-selected
sample of Marchesi et al. (2021) in Sect. 6. We summarize our
results in Sect. 7. Throughout the work we adopt a concordance
ACDM cosmology with Hy = 70 km s™! Mpc™!, Qy = 0.3, and
Qa = 0.7, in agreement with the Planck 2015 results (Planck
Collaboration XIII 2016).

2. Observations and data reduction

We observed the J1030 field at L-band (1-2 GHz) with the JVLA
in A configuration, in the period May—June 2018 (Project ID:
VLA/18A-440, PI: 1. Prandoni), for a total on-source observing
time of ~30h (distributed in 11 observing blocks). The observed
band is divided in 16 contiguous spectral windows (spws); each
spw consists of 64 channels of 1 MHz width. The QSO 3C147
was used as flux and bandpass calibrator, while the QSO J1024-
0052 served as phase calibrator*. We notice that the latter is a
VLBI source, providing very accurate astrometry.

The calibration and flagging of the datasets was initially per-
formed through the calibration pipeline of the common astron-
omy software applications (CASA) package (version 5.1.2-4;
McMullin et al. 2007). Unfortunately all the datasets were found
to be strongly affected (>50%) by radio frequency interference
(RFI), as expected for the JVLA L-band’. This resulted in the
failure of the calibration pipeline and required careful manual
flagging and calibration of each dataset. Then, we restarted from
the raw data and applied the Hanning—smoothing and online
flags, following the pipeline procedure. Subsequently we cali-
brated the two calibrators in order to perform a preliminary RFI
flagging both in time and frequency using the FLAGDATA task of
CASA. We recursively repeated this step two times to refine the
flags after each calibration. Finally, we inspected the data to per-
form small additional manual flags when required. We note that
this procedure is especially important for the phase calibrator,
since it traces the RFI’s variation across the observing time of
the target. Exploiting the high signal-to-noise ratio (S/N) of the
calibrator, we were able to identify the most relevant RFI con-
tamination across the frequency band and observing time. We
found that the spw 8 was strongly affected by RFI and decided to
flag it entirely. Then, we performed standard gain and bandpass
calibration and applied the tables to the target. The calibrator

4 https://science.nrao.edu/facilities/vla/observing/
cellist

5 https://science.nrao.edu/facilities/vla/docs/
manuals/obsguide/rfi
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Fig. 1. JVLA image of the J1030 field. The image has a diameter of 30’.
The HPBW of the observed field (~27") is marked by the green dashed
circle. The region covered by the Chandra mosaic is marked by the solid
cyan line.

flags are included in the final gain table and then are automat-
ically applied to the target. We corrected the entire dataset for
the leakage and instrumental cross-hand delays, by exploiting
the unpolarized calibrator 3C147; this procedure led to a signif-
icant amount (~10%) of the total intensity flux retrieved from
the leakage losses. We found that four out of the eleven obser-
vations were still strongly contaminated by the interference, and
we decided to exclude them from the analysis. Then, we com-
bined the remaining seven observations into the final dataset.
Finally, the dataset was self-calibrated by exploiting the lumi-
nous (S 14 guz ~ 200 mJy) National radio astronomy observatory
(NRAO) VLA Sky Survey (NVSS, Condon et al. 1998) QSO
J102921+051938, located in the J1030 field at ~17 arcmin south-
west from the field center. We performed the imaging using
the TCLEAN task of CASA with the AWPROJECT gridder, as
required for wide fields. The robust weighting was set to 0.5,
corresponding to a restoring beam with a major (minor) axis of
1.48 (1.15) arcsec. This choice corresponds to an optimal trade-
off between resolution and sensitivity. We present the final image
in Fig. 1. The pixel scale is set to 0.3 arcsec. The half primary
beam width (HPBW) of the observed field is ~27 arcmin, and is
shown by the dashed green circle in Fig. 1.

Radio images are in general affected by smearing, a system-
atic effect that causes the distortion of the source morphology,
by distributing the source emission on a wider area. Then, while
the total flux is conserved, the peak emission of the source is
reduced. Smearing increases with distance from the phase cen-
ter of the image, and depends on the image spatial resolution,
the observing frequency, and the time and frequency resolu-
tion of the observations. In particular, at a given distance from
the image center, time and frequency resolutions determine dis-
tortions along the tangential and radial directions, respectively
(Bridle & Schwab 1999, Egs. (18)-(29) and Eqgs. (18)—(43)).
Considering the integration time (2 s) and the spectral resolution
(1 MHz) of our observations, we found that at 15 arcmin from the
center the tangential and radial smearing are ~0.3% and ~10%,
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respectively. A radial smearing of 10% is significant, but still
acceptable. Considering that the image sensitivity degrades very
steeply beyond the HPBW (green circle in Fig. 1), we decided
to limit our analysis to the inner 15arcmin radius region (or
inner 30" diameter). This region fully encompasses the Chandra
mosaic (solid cyan line in Fig. 1).

3. Source detection and catalog extraction

We extracted the source catalog by using the PYthon Blob
Detector and Source Finder (PyBDSF; Mohan & Rafferty 2015).
We restricted our extraction to a region of 30" diameter to keep
bandwidth smearing under control, as described in Sect. 2. The
detection threshold was initially set to 4.50-, where o is defined
as the local noise at the source position. This is a conservative
value used by PyBDSF to search for potential sources, based
on the flux distribution on the image. Once the source fitting is
performed, the source S/N was recalculated based on the fitted
peak flux, and a final detection threshold of 50 was set based
on the reliability analysis presented in Sect. 3.1. To characterize
the image noise, we used a sliding box with a side of 45 pix-
els and a step of 15 pixels. The noise is calculated as the rms
of pixel values within the box. This choice was found to fairly
reproduce the noise variations measured across the image. In the
regions around very bright sources (S/N>150), noise variations
are stronger due to residual phase errors still present in the image.
Hence the box side was reduced to 30 pixels with a step of 10 pix-
els. The visibility area of the region where the source catalog
was extracted is shown in Fig. 2. We note that the lowest noise
value, measured at the center of the image, is ~2.5 pJy b7, that
~50% of the analyzed area has a noise level <3.4 uJyb~' (ver-
tical red dashed line), and that the full area is characterized by
noise values below 5.5 wJy b~!. This makes the J1030 field one
of the deepest radio survey to date; in Fig. 3 we compare the 50
sensitivity and area coverage of the J1030 radio survey with the
ones of other deep GHz surveys available to date.

3.1. Catalog reliability

We assessed the reliability of our catalog as a function of the
S/N. In order to do so, we ran PyBDSF on the negative image
(i.e., an image in which each pixel has the same value, but
inverted sign) using the same parameters adopted for the catalog
extraction. This procedure provides us with the incidence and
S/N distribution of spurious detections. We found a total of 14
negative detections with S/N > 5 in the inner 15 arcmin radius
region: they present a homogeneous spatial distribution, mean-
ing that they are not clustered around bright sources, where the
noise may significantly deviate from a random Gaussian distribu-
tion due to residual artifacts. We defined the false detection rate
(FDR) as the ratio between the negative and positive detections,
and the reliability as R = 1 —FDR|s/n, where FDR|s/y is the inte-
grated FDR at a given S/N (i.e., FDR(>S5/N)). The reliability as
a function of S/N is reported in Fig. 4. The errors are propagated
from the Poisson errors of the negative detections. We found that
the reliability is ~93% for S/N = 5, which is set as the final
threshold for the catalog. Above this threshold we found a total of
1489 sources. The sources classified as multicomponent sources
(i.e., the sources that are fitted by multiple Gaussian models) are
50, and are labeled by an “M” flag in the catalog. We inspected
these sources and found that peak and total flux densities are
consistent with manual measurements, while the Full width Half
Maximum (FWHM) of Gaussian fits do not always provide
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Fig. 2. Visibility area of the inner 15 arcmin radius of the image, corre-

sponding to the region of the catalog extraction (black solid line). The

noise level that encompasses the 50% of the analyzed area (3.4 pJyb™")
is marked by the red vertical dashed line.

reliable sizes for these multicomponent sources. In addition, we
found 13 extended sources with a complex morphology, that
clearly cannot be described by the Gaussian fitting performed
by PyBDSF. Many of these sources were also split into more
entries of the catalog; we removed such entries and substituted
them with a single entry for which we manually measured the
flux density and size. These sources are flagged as “E” in the
catalog. The remaining 1426 sources are well-fitted by a single
Gaussian component and are flagged as “S” in the catalog. We
present the first ten entries of the source catalog in Table 1. A
complete version of this table will be available at the Centre de
Données astronomiques de Strasbourg (CDS). The details of the
columns are described below:

— Column 1: radio source identification number (RID).

— Columns 2 and 3: right ascension (RA) and its error in
degrees.

— Columns 4 and 5: declination (Dec) and its error in degrees.

— Columns 6 and 7: total flux density (S 1) and its error in pJy.

— Columns 8 and 9: peak flux density (Sp) and its error
in Wy beam™.

— Columns 10 and 11: fitted major axis (Maj) and its error in
arcsec.

— Columns 12 and 13: fitted minor axis (Min) and its error in
arcsec.

— Columns 14 and 15: fitted position angle (PA) and its error
in degrees.

— Columns 16 and 17: deconvolved major axis (Majpc) and
its error in arcsec.

— Columns 18 and 19: deconvolved minor axis (Minpc) and
its error in arcsec.

— Columns 20 and 21: deconvolved position angle (PApc)
and its error in degrees.

— Column 22: local noise in pJy beam™".

— Column 23: source model flag.

3.2. Catalog completeness

The presence of background noise introduces errors in the
measurement of source fluxes. This causes source catalogs to
be affected by incompleteness at low S/N. If the noise (and
hence flux error) follows a Gaussian distribution, the S/N
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2005), LHEX (Oyabu et al. 2005), SXDF (Simpson et al. 2006), ELAIS-N2, LH-XMM and HDFN (Biggs & Ivison 2006), SSA13 (Fomalont et al.
2006), ATLAS (Norris et al. 2006), COSMOS (Schinnerer et al. 2007), AEGIS (Ivison et al. 2007), SWIRE (Owen & Morrison 2008), LH (VLA,
Ibar et al. 2009), NEP (WSRT, White et al. 2010), GOODS-N (Morrison et al. 2010), SDSS-82 (Hodge et al. 2011), JVLA-SWIRE (Condon et al.
2012), SEP (White et al. 2012), CDFS (Miller et al. 2013), COSMOS-S (Smol¢i¢ et al. 2017a), LH (WSRT, Prandoni et al. 2018), RACS-DRI1
(McConnell et al. 2020), MIGHTEE-ES (Heywood et al. 2021), DEEP2 (Matthews et al. 2021), EMU-Pilot (Norris et al. 2021), COSMOS-XS
(van der Vlugt et al. 2021), GOODS-S (Lyu et al. 2022), VLASS (ongoing, Lacy et al. 2016), eMERGE-DR1 (ongoing, Muxlow et al. 2020), SPT
(ongoing, PI: N. Tothill), XXL-S (ongoing as part of SPT, PI: V. Smol¢i¢).

Table 1. First ten entries of the radio source catalog.

RID RA Dec St Sp Maj Min PA Majpc Minpc PApc rms Flag
(deg) (deg) (wly) (nJybeam™) (arcsec) (arcsec) (deg) (arcsec) (arcsec) (deg) (pJybeam™ D
1 157.86126 +4E-05  5.41278 + 3E-05 51+13 30+5 22+04 13+02 125+18 1.7+04 05+02 118+18 4.7 S
2 157.85841 £ 3E-05  5.38999 + 3E-05 46+ 11 36+5 1.7£03  13+02 123+24 10+03 01+02 102+24 5.2 S
3 157.85790 + 3E-05  5.39102+2E-05 105+16 55+6 23+03 14+0.1 1n7+12 1.8+03 07+01 109+12 55 S
4 157.85756 + 1E-05  5.41787 +9E-06 150+ 12 86+5 21+0.1 1.4+0.1 112+7 1.6+0.1 0.6+0.1 100 +7 4.3 S
5 157.85592 +2E-05  5.39921 + 2E-05 41+9 38+5 1.6+£02 12+01 136+20 - - - 4.9 S
6 157.85487 +2E-05  5.38497 + 1E-05 92 +11 68+5 1.8+0.2 1.3+0.1 121 +11 1.2+02 02+0.1 104 £ 11 4.9 S
7 157.85454 +4E-05  5.36900 +3E-05 110+ 19 40+5 25+03 19+02 111+25 21+03 14+02 100+25 4.9 S
8 157.85355 +2E-05  5.39502+ 1E-05 106+ 14 64+6 20+02 14+0.1 97+ 14 1.5+02 04+0.1 85+ 14 52 S
9 157.85350 £ 3E-05  5.44232+3E-05 48+12 35+6 1.6+£03 1.5+02 86+104 - - - 52 S
10 157.84849 + 1E-05 548335+ 1E-05 108+ 11 70+5 1.7+0.1 1.6 +0.1 123+37  1.1+01 0.7+0.1 73+37 4.5 S

Notes. All the columns of the full catalog are described in Sect. 3.1. A complete version of the catalog will be available at the CDS.

incompleteness can be analytically evaluated and corrected by
exploiting the Gaussian error function (see, e.g., Mandal et al.
2021). In order to verify whether the image noise follows a Gaus-
sian distribution, we generated ten simulated catalogs of 1000
point-like sources each, and used the ADDCOMPONENT tool of
CASA to inject them in the image at random positions, over the
same area where the source catalog was extracted (30 arcmin
diameter). The sources are however required to be separated from

each other by at least 4 arcsec, to avoid overlap. We checked that
the visibility area is not significantly altered after the injection
of these additional sources, meaning that the noise distribution
is the same as in the original map. The fluxes of the simulated
sources are drawn from an uniform distribution, in the range
from 4.5x the minimum noise to 10X the maximum noise in the
image. The uniform distribution has been chosen to have enough
statistics in each bin of S/N. For each simulated catalog, we ran
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Fig. 4. Reliability function of the catalog (black solid line) with the 1-
o uncertainty (gray shades) as a function of the S/N. The red vertical
dashed line marks the detection threshold (S /N = 5), corresponding to
a reliability value of 93%.

PyBDSF with the same parameters used for the extraction of
the real catalog. The detected sources are defined by matching
the PyBDSF detections with the input catalog sources, using a
maximum separation of 0.5 arcsec between the injected source
position and the PyBDSF position. Then, we calculated the
detection fraction (DF) as a function of S/N as the ratio between
the detected sources and the number of simulated sources in each
S/N bin (which is 0.5 wide). Finally, we calculated the overall DF
and its error as the mean and standard deviation of the DFs of the
ten simulations, respectively. We report the DF as a function of
S/N in Fig. 5 (black solid line). We note that, since the DF has
been calculated in bins of S/N, we do not have to correct it for the
visibility area. In the case of a pure Gaussian noise distribution,
the probability of a single measurement to fall outside of a given
range +x is given by the complementary Gaussian error function
erfc(x) = 1 — erf(x), where erf(x) is the Gaussian error function.
If we set x = (Ny, — S/N)/ V2, where Ny =4.5 is the detection
threshold used for the catalog extraction, we can define the point
source completeness as a function of S/N as:

Cs)~n = 0.5erfc(x) (D

that is the probability of a measurement whose intrinsic S/N is
below (above) the detection threshold to fall above (below) it.
We report the completeness function (blue dashed line) in Fig. 5,
and compare it to the mean DF. This comparison shows that the
two curves are in agreement with each other (within lo; see
gray shades), and thus that the point source completeness can be
fairly predicted by assuming a Gaussian noise distribution. We
note that in case of a Gaussian noise distribution, we can also
analytically correct the catalog for the so-called resolution bias,
that is the additional incompleteness affecting extended sources
(Sect. 3.5).

3.3. Effective frequency, source flux, and position accuracy

Continuum source flux densities derived from radio surveys are
generally referred to the nominal central frequency of the observ-
ing band, that in our case is 1.5 GHz. However, the flux density
is a quantity that can vary with frequency, and for a given source
spectral index there is an effective frequency at which the image
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Fig. 5. Mean detection fraction of the point-like simulated catalogs
(black solid line) with 1-o0- uncertainty (gray shades) as a function
of S/N. The red vertical dashed line marks the detection threshold
(§/N =5). The blue dashed line indicates the S/N completeness func-
tion (see Eq. (1)).

flux density equals the actual flux density of the source. In addi-
tion, in case of large bandwidths, the image flux density has to
be weighted for the different primary beam response as a func-
tion of the frequency, so that a weighted effective frequency of
the observation can be derived, as the frequency at which the
weighted image flux density is equal to the actual source flux
density (see Egs. (15)—(17) of Condon 2015; see also Heywood
et al. 2022). We calculated that the weighted effective frequency
of our observations is 1.34 GHz.

We checked the flux scale of the catalog sources by compar-
ing the total flux of our sources against the values reported by
the VLA Faint Images of the Radio Sky at Twenty-centimeters
(FIRST) survey at 1.4 GHz (Becker et al. 1995). In order to
increase the statistics we extended the PyBDSF source extrac-
tion to a larger area of 1 degree diameter, under the assumption
that total source fluxes are not affected by smearing. We used
a matching radius of 2 arcsec, and restricted the match to the
FIRST point-like sources (|St/Sp| < 1.1). We found that the
median of the ratio between the total fluxes of the JVLA and
FIRST catalogs is 1.02, fully consistent with the 1.03 ratio
expected when comparing 1.34 and 1.4 GHz flux densities,
assuming a spectral index @ = —0.7 (where S, o« v%).

We checked the astrometry of our catalog by exploiting new
deep observations carried with the Wide-field InfraRed Camera
(WIRCam) at the Canada—France—Hawaii Telescope (CFHT) in
the Ks-band, covering a 24’ x 24’ area centered on the J1030
QSO (PI: M. Mignoli). From the radio and Ks-band catalogs
cross-identification we found a matching rate of ~98%. The anal-
ysis of the separation between the radio and Ks-band position
revealed a systematic offset in right ascension (ARAgs-_radio =
—0.199 arcsec), while no significant offset is found in declination
(ADECks_radgio = —0.0005 arcsec). The CFHT Ks-band obser-
vations are referred to the extremely precise Gaia astrometry
system (Gaia Collaboration 2016), which is in line with the
VLBI reference frame. We therefore expected no significant off-
set between our and the Ks band astrometry. We verified that
the observed RA offset was introduced during self-calibration,
despite a clear overall improvement of the radio image (i.e.,
reduced overall noise level, reduced phase errors around the
bright sources, better recovery of source low surface brightness
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Fig. 6. Ratio between the total flux (ST) and peak flux (Sp) for the
sources of our catalog, as a function of S/N. The red vertical dashed
line marks the detection threshold (S /N = 5). The black solid line (see
Eq. (7)) divides the resolved sources (above the line, blue points) from
the unresolved sources (below the line, black points).

emission). We hence decided to shift the image and catalog
astrometry by the observed RA offset a posteriori. After this
correction we measure ARAkg_radio = —0.0042 arcsec, which is
negligible.

3.4. Source sizes

The ratio between the total flux density (St) and the peak flux
density (Sp) of a radio source is inherently related to its exten-
sion, and in case of 2D-Gaussian fitting, can be described by the
following equation (Prandoni et al. 2000):

S_T _ Gmingmaj
S P bminbmaj

(@)

where y,in and 6, are the minor and major axis of the source,
respectively, and by and by, are the minor and major axis of
the synthesized beam, respectively. In Fig. 6, we report S1/Sp of
our catalog as a function of S/N. We note that at low S/N there
are many sources that, due to noise scattering, have S1/Sp < 1.
On the other hand, at high S/N random errors become negligible
and systematic errors show up. In particular we see that the ratio
St/Sptends to ~1.1, as expected, given the estimated 10% radial
smearing effect discussed in Sect. 2.

We can use the St/Sp distribution as a function of S/N to
discriminate between resolved and unresolved sources, by taking
into proper account both random and systematic flux measure-
ment errors. The minimum ratio St/Sp that reliably separates
resolved from unresolved sources can be expressed as a func-
tion of S/N by the following relation (e.g., Prandoni et al. 2000;
Retana-Montenegro et al. 2018; Mandal et al. 2021):

1+NXUGQ] 3)

P

St
— =€

Sp

where € accounts for systematic errors and is set to 1.1, as found
for high S/N sources. The factor N x o7(St/S p) accounts for ran-
dom errors and is expressed in number (V) of standard deviations
a(St/Sp). At 90% significance level N =~ 1.64. In the case of
2D-Gaussian fits and Gaussian errors, Condon (1997) derived

general expressions for the relative errors of the fit parameters
(ST, Omaj> Omin) as a function of S/N, for unresolved sources. In
particular:

TOni) _ 1, syn-! @
‘maj
0-20mm) — k2 S/N—] (5)

where ki and k, are proportional factors. By fitting 0(6naj)/6maj
and 0 (Omin)/Omin as a function of S/N for our catalog, we found
that k; and k; are equal to 1.16 and 0.91, respectively. By apply-
ing error propagation to Eq. (2), we can derive the relative error
expression for the ratio S1/Sp:

o—(i_T) = [k + K312 S/N"! ~ 1.47 SN, ©
P

and, by substituting Eq. (6) into Eq. (3), we find:

2.42

St

P

=1.1x%

This is the curve that subtends the unresolved source distribu-
tion at 90% significance level (black solid line in Fig. 6). Based
on this analysis we can conclude that only 43% of the cata-
log sources can be reliably considered resolved. The resolved
sources in our sample can be exploited to analyse the intrinsic
source size distribution of ply radio sources (see Sect. 3.5).

3.5. Resolution bias

The completeness of the catalog does not only depends on the
S/N of the sources, but also on their angular size. Given a total
flux density, the larger the source the wider the area over which
the flux is distributed and the lower its peak flux density. Thus, a
larger source will drop below the detection threshold more eas-
ily than a smaller source with the same total flux density. This
is called resolution bias. In case of Gaussian errors, the resolu-
tion bias can be analytically treated following the procedure of
Prandoni et al. (2001; see also Mandal et al. 2021). The max-
imum deconvolved size that a source can have without falling
below the detection threshold of S/N = 5, as a function of the
total flux density St, can be written as:

Onax = On VST/(SO-) -1 (8)

where @y is the geometric mean of the synthesized beam
axes and o is the image noise, that we set here equal to the
median value of 3.4 uJy (see Fig. 2). Exploiting Egs. (2) and
(7) we can also derive an approximate function for the minimum
deconvolved size (i.e., minimum size that can be resolved):

242
) - ©))

Omin = O 1.1 1+ —
NJ X(*swww

In Fig. 7, we report the deconvolved sizes of our sources as a
function of their total flux, rescaled to 1.4 GHz assuming a radio
spectral index @ = —0.7. The deconvolved size is assumed equal
to the geometric mean 1/9maj6’min if Omaj/Omin < 3 and equal to
Omaj Otherwise. For sources which result unresolved based on
Eq. (7), we assume deconvolved sizes equal to 0. The red cir-
cles indicate the median deconvolved size of the sources in bins
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Fig. 7. Deconvolved source sizes as a function of total flux density.
Unresolved source (as defined by Eq. (7)) have deconvolved sizes set
to 0. The red circles indicate the median deconvolved sizes in bins of
St with 1o error indicated by the gray bars. The red dashed line is the
maximum deconvolved size (O, Eq. (8)), the green dash-dotted line
is the median size relation (®y,eq) derived from Egs. (11) and (12), and
the solid black line is the minimum deconvolved size (@, Eq. (9)).

of St from 0.04 mJy to 1 mJy. The bin size varies from 0.02 mJy
to 0.6 mJy, in order to have sufficient statistics in each bin. We
also plot the maximum (®,x) and minimum (®p,;,) deconvolved
size, according to Egs. (8) and (9) (red dashed and solid black
lines respectively). We note that the majority of the sources lie
below the ®p,.« relation, as expected.

To correct for the resolution bias we need to infer the intrin-
sic size distribution of the sources; this will provide us with
the number of sources, with a given flux density, that have a
deconvolved size larger than ®,,x and thus are missed in our
survey. Windhorst et al. (1990) proposed the following (empiri-
cal) integral distribution of source sizes at 1.4 GHz, that has been
subsequently used in several works to correct for resolution bias
(e.g., Prandoni et al. 2001; Huynh et al. 2005; Hales et al. 2014b;
Mandal et al. 2021):
h(> ©) = exp[— In2(0/Opeq)’] (10)
where g = 0.62 and O,y = Opeq(S) is a function that describes
how the source median size varies as a function of flux density:
Omea = kX (S14 GHz)m (11)
with k = 2 arcsec, m = 3, and S| 4 gy, 1s in units of mJy. These
parameters are best suited to describe source sizes down to
1.4 GHz flux densities of a few mJy. More recently, a steeper
exponent m was proposed for sub-mJy sources (Richards 2000;
Bondi et al. 2008; Smolci¢ et al. 2017a). Following Mandal
et al. (2021), we assume a flux-dependent m = m(S) exponent,
to account for a smooth transition between the sub-mJy regime
dominated by SFGs or host-confined AGN (m = 0.5) and the
mlJy regime dominated by extended radio galaxies (m = 0.3):
m(S 14 6u) = 0.3 +0.2exp(=S2, g,)- (12)
We find that the median sizes of our sample (red circles in Fig. 7)
are well reproduced by a @4 relation with variable m(S | 4 guz),
as described by Eq. (12) (see green dash-dotted line in Fig. 7).
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In Fig. 8, we show the integrated distribution size in bins
of flux densities for our catalog. The red vertical lines mark the
threshold below which the sources are considered unresolved in
each flux bin (based on Eq. (9)) and the observed size distri-
butions are not meaningful. So in the following we limit our
analysis to the size bins above the aforementioned thresholds.
Mandal et al. (2021) explored several values for the slope param-
eter (¢) in Eq. (10). In particular, they found that the integral
size distribution of their low-frequency (150 MHz) sample is
well described by a steeper function with ¢ = 0.8. We followed a
similar approach, and explored the slope range ¢ = 0.62—1, find-
ing that the integral size distributions of our sources are fairly
described by slopes within this range, as shown by the green
and blue dash-dotted line in Fig. 8. The only significant excep-
tions (deviation >307) consist of a couple of size bins in the flux
intervals 0.04 < St < 0.06 and 0.06 < St < 0.1. Such devi-
ations may indicate that different functional forms should be
explored, but they do not provide us with enough observational
constraints to do so. We therefore decided to limit our analy-
sis to the exponential functional form for consistent comparison
with the existing literature. In addition, to account for resolu-
tion bias in the derivation of the source counts (Sect. 4), we
decided to assume Eq. (10) with g = 1, and factored the uncer-
tainties in the size distribution slope (down to g = 0.62) into
systematic error terms. As shown by Prandoni et al. (2001) the
weight to be applied to source counts to correct for resolution
bias incompleteness can be written as:

Cres = 1/[1 - h(> ®lim)] (13)

where Oy, is defined as Oy, = max[Omin, Omax]-

3.6. Eddington bias

In the presence of a nonuniform flux density distribution, the
source flux densities do not follow a pure Gaussian noise distri-
bution at the detection threshold. In particular, if the true source
distribution decreases with increasing flux density, the flux den-
sities tend to be boosted and the probability to detect a source
below the detection threshold is higher than the probability to
miss a source above the threshold, artificially boosting the detec-
tion fraction. This is the so-called Eddington bias (Eddington
1913). One approach to correct for the Eddington bias consists
in rescaling the measured fluxes to their intrinsic values, before
deriving the number counts. A maximum likelihood solution for
the true source flux density can be defined as follows (see Hales
et al. 2014a and references therein):

S 4
S true = n;as [1 + 1 4 ]

- SN (14)

where y = y(S) is the exponent of the intrinsic number count dis-
tribution at a given flux density, modeled by a power-law (dN/dS
~ §77). The slope of the counts can be modeled from empir-
ical polynomial fits of the observed counts. There are several
fits available in the literature. Following Mandal et al. (2021),
in this work we used as a fiducial model the sixth-order poly-
nomial fit by Bondi et al. (2008; that is y = 2.5, consistent with
an Euclidean model), and we factored the uncertainties associ-
ated to other fits into a systematic error term, when correcting
the source counts for the Eddington bias (see Mandal et al. 2021
for more details).
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Fig. 8. Cumulative size distribution of our sources (black solid line) in six flux density bins, with 1o error indicated by the gray bars. The red dashed
line is the minimum deconvolved size (Eq. (9)), while the green and blue dash-dotted lines are the cumulative distribution functions described by
Eq. (10), obtained by assuming g = 0.62 and g = 1 respectively. All lines are calculated at the geometric mean of each flux bin.

Table 2. 1.34 GHz source counts as derived from our survey.

AS (mly) (S)y(mly) Ng dN/S S?3 (sr7'Jy'S) o ot Sys™  Syst  dNucoT/dS§23 (sr7! Jy!d)
(1) 2 3) “4) (%) (6) (@) (8) ©)
0.019 - 0.027 0.023 207 2.89 0.20 0.21 0.27 0.16 0.82
0.027 — 0.038 0.032 297 3.79 0.22 0.23 043 0.26 2.38
0.038 — 0.054 0.045 279 4.69 0.28 0.30 028 048 3.9
0.054 - 0.077 0.065 209 5.64 0.39 0.42 044 0.63 5.03
0.077 - 0.109 0.091 121 5.32 0.48 0.53 0.37 0.61 4.89
0.109 - 0.154 0.129 73 5.48 0.64 0.72 037 0.66 5.05
0.154 - 0.217 0.183 40 4.94 0.78 0.91 0.19 0.67 5.53
0.217 - 0.307 0.258 21 4.34 0.95 1.15 034  0.50 3.99
0.307 — 0.435 0.365 15 5.21 1.34 1.69 1.29  0.63 3.91
0.435 -0.615 0.517 12 714 2.06 2.66 0.36 1.80 8.93
0.615-1.229 0.869 8 5.02 1.78 2.40 098 0.58 4.04
1.229 — 2.459 1.739 7 12.68 4.79 6.60 0.67 1.96 12.9
2459 - 4918 3.477 6 30.03 12.26 1727 5.78 3.66 24.25
4918 — 19.670 9.835 3 34.82 18.92 33.89 2.17 4.87 34.29
19.670 — 78.680 39.340 2 177.1 114.2 233.8 100.2 21.77 76.89

Notes. (1) Flux density interval. (2) Geometric mean of the flux density. (3) Number of sources detected. (4) Differential counts normalized to
a non-evolving Euclidean model. (5) and (6) Poissonian errors on the normalized counts. (7) and (8) Systematic errors, accounting for different
modeling of resolution and Eddington bias corrections (see Sects. 3.5 and 3.6 for more details). (9) Normalized differential counts before applying
the corrections for the visibility function and for the systematic effects discussed in Sect. 3.

4. Source counts

The differential source counts normalized to a nonevolving
Euclidean model (S 2°) are listed in Table 2 and shown in Fig. 9
(filled black squares). Each source has been weighted by the
reciprocal of its visibility area. The counts were corrected for the
systematic errors as described in Sect. 3. The uncertainties asso-
ciated with such corrections are factored into systematic error
terms (see Sys™ and Sys* columns in Table 2).

Our source counts are compared with 1.4 GHz counts avail-
able from literature. These include all known deep fields, from
subdegree fields such as 13 h XMM—-Newton/ROSAT (Seymour
et al. 2004), Lockman Hole (de Ruiter et al. 1997; Biggs &
Ivison 2006; Ibar et al. 2009), Hubble deep field north and
south (Huynh et al. 2005; Biggs & Ivison 2006), European
large area ISO survey N2 (Biggs & Ivison 2006), Subaru/XMM—
Newton deep field (Simpson et al. 2006), small selected area
13 (Fomalont et al. 2006) and extended Chandra deep field
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slope @ = —0.7. Vertical bars represent the squared sum of Poissonian and systematic errors on the normalized counts (see text for more details).
The empty black squares show the same counts, before applying the corrections for the visibility function and for the systematic effects discussed
in Sect. 3. We also show the source counts derived from the Wilman et al. (2008, S3-SEX), Bonaldi et al. (2019, T-RECS) and Mancuso et al.
(2017) 1.4 GHz simulations, which represent the summed contribution of the modeling of various source populations (RL and RQ AGN; SFGs).
The predicted spread due to cosmic variance for 0.5 deg? fields is represented by the pink shaded area. It has been obtained by splitting the S3-SEX

simulation in 400 0.5-deg? fields.

south (Padovani et al. 2015), to wider-area (> 1 deg®) sur-
veys, such asPhoenix deep survey (Hopkins et al. 2003), VLA-
VIRMOS VLT (Bondi et al. 2003), VLA cosmic evolution
survey(COSMOS Bondi et al. 2008; Smolci¢ et al. 2017b), Aus-
tralia telescope large area survey (ATLAS, Hales et al. 2014a),
the Westerbork Lockman hole mosaic (Prandoni et al. 2018), to
shallower large (> 10 deg?) surveys such as the Australian tele-
scope ESO slice project (ATESP, Prandoni et al. 2001), SDSS
Stripe 82 (Heywood et al. 2016) and FIRST (White et al. 1997).
We also show the deepest and most robust determination to date:
the one derived by Matthews et al. (2021), by combining the
MeerKAT Deep?2 field and the NVSS survey (red pentagons).
Finally we show simulated source counts derived by combining
evolutionary models of either classical RL AGN or faint radio
source populations dominating the sub-mJy radio sky, namely
SFGs and RQ AGN. In particular we show the 1.4 GHz counts
derived from the modeling of Mancuso et al. (2017, light green
solid), the 25 deg? tiered radio extragalactic continuum simu-
lation (T-RECS, dark gray shaded area, Bonaldi et al. 2019),
as well as the source counts derived from the semi-empirical
sky simulation developed in the framework of the SKA simu-
lated skies project (S3-SEX, black solid line, Wilman et al. 2008,
2010).

Figure 9 illustrates very well the long-standing issue of the
large scatter (exceeding Poisson fluctuations) which is observed
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at flux densities < 1 mJy. The main cause for this considerable
scatter is the combination of cosmic variance (Heywood et al.
2013) and survey systematics introduced by calibration, decon-
volution, source extraction algorithms, and corrections such
as those discussed in Sect. 3 (see Condon et al. 2012). These
issues have been extensively discussed in the recent literature
(see, e.g., Heywood et al. 2016; Prandoni et al. 2018). The role
of cosmic variance is clearly illustrated by the pink shaded area
shown in Fig. 9, showing the predicted source counts’ spread for
small-area (<1 deg?) deep radio fields. This has been obtained
by splitting the S3-SEX simulation in 400 0.5-deg? fields. Fig. 9
clearly shows that our source counts are among the deepest
available so far, and are overall consistent with both Matthews
et al. (2021) source counts and the recent simulations by Bonaldi
et al. (2019). We note, however, that our survey possibly shows
an excess of faint sources at ~50 pJy. The observed excess is
fully consistent with sample variance, which at this flux density
can be quantified in ~10% for a survey covering 0.2 deg?, such as
the present one (see Heywood et al. 2013). Indeed, as discussed
in Sect. 1, J1030 is known to be a biased field, that possibly
contains several overdensities (Marchesi et al. 2021). To date, the
two confirmed ones are the one assembling around the z = 6.3
QSO (Mignoli et al. 2020), and the protocluster at z = 1.7 (Gilli
et al. 2019; D’Amato et al. 2020b). We note that these structures
are likely more extended and contain more objects that those
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Fig. 10. Rest-frame optical luminosity at 4400 A versus rest-frame radio
luminosity at 5 GHz for known QSOs at z>6 (Bafiados et al. 2015 and
references therein; Bafados et al. 2018; Liu et al. 2021; Sbarrato et al.
2021). Black points mark radio detected sources, while blue points indi-
cate radio undetected ones, for which 30 upper limits are reported. The
red point marks the position of the SDSS J1030+0524 QSO, based on
our JVLA detection. The black dashed line indicates the radio loudness
value Ro = 10, set as a threshold between RQ and RL AGN (Jiang et al.
2007). The inset shows a JVLA image cutout of the z=6.3 QSO, with
cyan contours starting at 30~ and increasing with a geometric progres-

sion of V3. The black bar indicates the angular scale of the image.

confirmed to date (Balmaverde et al. 2017; Peca et al. 2021).
A multiband analysis of the radio catalog presented in this
work is currently in progress and will be presented in a future
paper. As part of this future paper the photometric and spectro-
scopic redshifts will be derived, allowing us to further explore
the hypothesis of cosmic variance being responsible for the
observed source counts’ excess.

5. Notable sources
5.1. QSO SDSS J1030+0524 at z = 6.3

We detect, for the first time in the radio band, the z = 6.3
SDSS J1030+0524 QSO at the field center (RID: 762, see inset
in Fig. 10). The measured flux density at the effective fre-
quency i8 S 134 GHz, obs = 26 =5 Wy, corresponding to a 1.4 GHz
rest-frame luminosity Li4 GHz, rest = 6.2 £ 1.2 X 10 WHz™!,
assuming @ = —0.7. The previous 30 upper limit to the 1.4 GHz
flux density, reported by Petric et al. (2003), was 60 pJy.
On the basis of this constrain, Bafados et al. (2015) calcu-
lated the 30 upper limit to the 5 GHz rest-frame integrated
luminosity, that is log(Ls gaz, rest/Lo) < 7.9. Furthermore,
from the 3.6 um flux density (74+3 ply, Leipski et al. 2014),
Bafiados et al. (2015) derived the UV-rest-frame luminosity
(log(Lys00 A, rest/ Lo)~12.91) assuming an optical spectral index
of —0.5. On the basis of the UV-rest-frame flux density fy,o &
and the upper limit to the 5 GHz rest-frame flux density fs guz,
Bafados et al. (2015) derived an upper limit for the optical radio
loudness Ro = f5 GHz/ faaoo 4 < 1.5. This upper limit is well
below the Ro = 10 threshold, that marks the division between
RQ and RL AGN, following the definition by Jiang et al. (2007).
Thanks to our detection we can now securely estimate the optical
radio loudness of this object: from S | 34 Grz, obs We derived a rest-
frame log(Ls Guz, rest/Lo)=7.51 £ 0.09 and Rp = 0.62 + 0.12.

Thus, our measurement reveals that SDSS J1030+0524 is the
faintest radio detected QSO at z > 6 discovered so far and
the most RQ (see Fig. 10). However, we note that J1030+0524
may not be the most radio quiet AGN, but just the most radio
quiet among those radio detected so far. Indeed there are unde-
tected sources whose 30 radio upper limits point toward similar
radio/optical ratios, or even lower. It is interesting to note that
this RQ AGN is at the center of a giant assembling structure
(Mignoli et al. 2020), the most distant known to date. Several
works have shown that high-z (z 2 2) protoclusters preferentially
assemble around powerful RL AGN (e.g., Pentericci et al. 1997,
Venemans et al. 2007; Miley & De Breuck 2008; Overzier 2016;
Gilli et al. 2019), possibly up to z ~ 5.2-5.8 (Overzier et al. 2006;
Zheng et al. 2006). In addition, Liu et al. (2021) have shown that
the radio loud fraction (RLF) of z~6 radio galaxies is consistent
with the low-redshift fraction (~10%), suggesting no evolution of
the RLF for optically selected QSOs at different redshifts. How-
ever the available statistics is sparse and the link between radio
loudness and high-z overdensities is still an open issue. Further
wide-field deep observations around high-z QSOs are needed to
reach firmer conclusions.

5.2. FRIl galaxy at z = 1.7: A proto-BCG

The FRII galaxy (RID: 753), around which the z = 1.7 proto-
cluster is assembling, is the source with the largest angular size
in the field, and the second brightest in our sample. Its measured
flux density is S | 34 GHz, obs = 25 4 mJy. By assuming & = 0.7,
this measurement corresponds to S | 4 Gz, obs = 24 + 5 mly, con-
sistent with the NVSS value (~30 mJy) and with that measured
by Nanni et al. (2018) in the old VLA observations (~27 mJy). Its
1.4 GHz luminosity is (3.5 +0.7) x 10 W Hz"!, which is typical
of FRII radio galaxies.

The FRII galaxy is shown in Fig. 11. The new JVLA obser-
vations presented in this work reveal significant (>30") more
extended emission in both the lobes of the FRII at the center
of the z = 1.7 protocluster, with respect to the previous obser-
vations reported by Petric et al. (2003; orange contours, see
Sect. 1). The W-lobe of the radio galaxy features a clear hotspot,
whose emission constitutes ~75% of the total source flux den-
sity. In the E-lobe a more complex geometry is unveiled, with
the lack of a classical hotspot (i.e., brightness contrast with the
rest of the radio source >4, following the definition of de Ruiter
et al. 1990). The brightest region of the E-lobe is a “warm spot”
located south of the lobe. The new JVLA observations reveal the
presence of diffuse emission located northeast from the warm
spot (at a distance of ~5 arcsec), and elongated in the east-west
direction. Substantial extended emission is also revealed by the
JVLA northeast of the western hot-spot.

As discussed in Sect. 1, diffuse X-ray emission has been
detected around the FRII radio galaxy. The several spots of dif-
fuse X-ray emission (named A, B, C and D) are indicated in
Fig. 11 by red and blue contours, for soft and hard band emis-
sion respectively. The origin of this emission is discussed in Gilli
et al. (2019). The A spot, overlapping with the E-lobe of the
radio galaxy, likely originates from a combination of both ther-
mal and nonthermal (Inverse Compton scattering between the
Cosmic Microwave Background and the FRII galaxy lobe elec-
trons, IC-CMB) processes. The presence of nonthermal emission
is supported by the apparent overlap between the hard X-ray
emission and the new east-west elongated feature revealed by
the JVLA. The B spot is mostly hard and coincides with the
FRII galaxy nucleus and jet base; its emission is well described
by nonthermal processes arising from the inner part of the jet.
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Fig. 11. Cut-out of the 1.34 GHz JVLA image centered on the HzZRG at z = 1.7. The VLA contours at 1.4 GHz (Petric et al. 2003; Nanni et al. 2018)

are reported in orange, starting from a 30 threshold and increasing with a V3 geometric progression. Blue and red contours are the ~2¢- hard and
soft X-ray diffuse emission, respectively. The four major components of such emission are labeled in black (A, B, C and D). The positions of five of
protocluster members discovered by MUSE (m1 — mS5) are indicated by the green circles (a sixth source is located outside the cut-out, ~45 arcsec
northeast from the FRII galaxy core). The positions of the protocluster members discovered by ALMA (al-a3) are marked by the magenta boxes.
The eastern and western lobes are labeled as E-lobe and W-lobe, respectively. The main morphological features of the lobes are also reported,
indicated by the black arrows. Radial features originating from the western hot-spot are due to residual phase errors. The light blue circle indicates
the z = 6.3 QSO at the center of the J1030 field. The solid black line at the bottom-left corner indicates the angular and physical scale, while the
dashed ellipse at the bottom-right corner is the restoring beam of the JVLA image.

Instead, the soft band C component is well fitted by a thermal
emission model. The C spot is particularly interesting as it seems
to overlap with the W-lobe extended emission revealed by the
JVLA, suggesting a possible interaction between the ICM and
the FRII radio galaxy. This seems to be supported by an appar-
ent enhancement of the radio emission at the northwest edge,
possibly associated with turbulence or shocks.

Gilli et al. (2019) provided and estimate of the FRII galaxy
inclination angle (70°-80°), based on the jet versus counter-
jet base flux density ratio Rj;. Thanks to the higher resolution
and sensitivity of the new observations, the core and the east-
ern jet base are better resolved in the JVLA image. Thus, we
can provide a more reliable estimate of the FRII galaxy incli-
nation angle. As in Gilli et al. (2019), we assume a jet velocity
B = 0.5, a Doppler boost exponent p = 2, and a jet base spec-
tral index aje, = —0.5, which is typical for local radio galaxies
and one-sided FRII galaxies (Giovannini et al. 2001; Ruffa et al.
2019). For a given Rje, the inclination 6 can be derived from the
following equation (Giovannini et al. 1998):

Riet = [(1 + k)/(1 — k)]P*%, where k = B cos(6). (15)
We measure Rje;~2, from which we derive k~0.14, correspond-
ing to 6~80°, consistent with Gilli et al. (2019) findings. We
hence confirm that the radio galaxy is almost lying in the plane
of the sky. We also provide a second estimate of the inclina-
tion angle, based on the jet length ratio Lje;/ Lejei, again following
Giovannini et al. (1998):

Liet/Lejer = (1 + k)/(1 = k). (16)
In this latter case, we assume two scenarios: the approaching
jet ends at a) at the end of the elongated region revealed by the
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JVLA in the E-lobe or b) at the warm spot. In the former case
we find k~0.25, in the latter we obtain k~0.14, nicely in agree-
ment with the value obtained from R;e.. This suggests that the
warm spot may indeed correspond to the end of the approach-
ing eastern jet, which would likely imply a bending of the jet.
This interpretation is strengthened by the analysis of the polar-
ized emission of the FRII radio galaxy presented by D’Amato
et al. (2021): the magnetic field shows a wrapping around the
peak emission of the total intensity in the warm spot, as observed
in several cases around FRII galaxies’ hot spots.

Finally, we provide a revised estimate of the source size,
based on the full extent of the radio emission. The radio galaxy
(deconvolved) major axis is measured to be 1.3 arcmin, which
corresponds to a projection-corrected physical size of ~700 kpc
(to be compared with the value of ~600 kpc reported by Gilli
et al. 2019). This makes this source a giant radio galaxy.

5.3. A possible second radio AGN in the protocluster

The gas-rich protocluster members a2 and a3, discovered by
D’Amato et al. (2020a), are both detected in the JVLA image
(RID=813 and RID=755). The sources are unresolved and their
flux densities are S| 34 Guz, obs = 24 = 5y and S 34 Gz, obs =
30 + 9 wly, respectively. The latter source, however, is associated
with a blend of two optical galaxies (D’Amato et al. 2020a), and
hence its measured parameters cannot be considered fully reli-
able. Focusing on a2, and assuming that its radio emission is
fully ascribed to star-formation activity, we can derive a radio-
based SFR. This is done by exploiting the relation presented
by Novak et al. (2017), and results in SFR~90-150 M, yr!,
depending on whether a Salpeter or a Chabrier initial mass func-
tion (IMF) is assumed (Salpeter 1955; Chabrier 2003). This SFR
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Table 3. Optical/IR photometry for source a2.

Band Mjug Instrument Reference

(H 2 3 4

r >26 LBT/LBC Morselli et al. (2014)

i >25.5 LBT/LBC ”

z 26.6 £0.2 HST/ACS Stiavelli et al. (2005)
Y 25.4 +£ 0.5 CFHT/WIRCam Balmaverde et al. (2017)
J 23.7 £ 0.2 CFHT/WIRCam

H 23.5+0.2 HST/WFC3 D’Amato et al. (2020a)
K 22.6+0.1 CTIO/ISPI Quadri et al. (2007)

CH1 20.8 +£0.7 Spitzer/IRAC Annun21atella et al. (2018)
CH2 20.6 +0.5 Spitzer/IRAC

Notes. (1) Observed band. (2) Measured AB magnitude (careful analy-
sis was required due to contamination from a nearby bright star). The
lower limits are given at the 5o level. (3) Observing instrument. (4)
Photometry reference.

range is ~2—4 X the SFR of the source measured through the
Schmidt—Kennicutt (SK) law by D’Amato et al. (2020a), that is
~40-60 Mg ~'. We derived another independent SFR estimate
for a2, by exploiting the broad-band coverage of the J1030 field,
and performing SED fitting. In Table 3 we report the photometry
of the source in each available optical and IR band, the observing
instrument and the photometry references. We used the Hyperz
code (Bolzonella et al. 2000) to fit the SED of a2, deriving
a stellar mass log(M,./My) = 10.75 £ 0.25 and an upper limit
to the SFR (at the 90% significance level) of 43 My yr~!. The
derived specific SFR upper limit is sSSFR<7 x 107! yr~! which
is comparable with the sSFR of normal star-forming galaxies
at the same redshift (Schreiber et al. 2015). The SFR obtained
from SED fitting is in good agreement with the lower end of the
SFR range derived by D’Amato et al. (2020a) on the basis of
the cold molecular gas emission, and is at least a factor 2 lower
than the radio-based SFR. This seems to suggest that at least part
of the observed radio emission is of AGN origin. If confirmed,
a2 would be the second radio AGN detected in the protocluster,
located closely to the assembling proto-BCG (projected distance
~80 kpc).

6. Radio/X-ray luminosity correlations

As discussed in Sect. 1, the J1030 field has been the target
of deep (~500 ks) Chandra observations. The region covered
by Chandra is fully included in the radio field (see cyan solid
line in Fig. 1). Nanni et al. (2020) extracted a catalog of 256
X-ray sources from these observations. By exploiting the multi-
wavelength coverage of the field, Marchesi et al. (2021) derived
photometric redshifts for 243 of the 256 X-ray sources, through
SED fitting. For 123 of them, they also obtained spectroscopic
redshifts, mostly through observations with the LBT. The opti-
cal spectra also allowed them to derive a spectral classification
for these sources, as follows: 43 sources are classified as broad-
line AGN (BL-AGN), 20 are narrow-line AGN (NL-AGN), 28
are emission line galaxies (ELG) and 32 are early-type galax-
ies (ETG). We notice that the ELG and ETG classes may be
contaminated by AGN, if AGN spectral features fall outside the
spectral range sampled by the observations or are not visible due
to obscuration (Marchesi et al. 2021).

The 243 X-ray sources with photometric and/or spectro-
scopic redshifts can be exploited to investigate AGN X-ray/radio

Table 4. Summary of X-ray/radio match analysis.

Redshift Radio Radio All
type detections  upper limits

(1) (2) 3) )
photometry only 66 54 120
spectroscopy 87 36 123
any 153 90 243

Notes. (1) Type of redshift available: only photometric or also spectro-
scopic. (2) Number of X-ray sources detected at >30 in the radio for
a given redshift type. (3) Number of X-ray sources undetected in the
radio, for which a 30~ upper limit was derived, for a given redshift type.
(4) Total number of X-ray sources for a given redshift type.

luminosity correlations and their dependence on source type and
redshift. To this end, we matched the 243 X-ray sources ana-
lyzed by Marchesi et al. (2021) with our radio catalog. To do
so, we exploited the positions for the optical/NIR counterparts
of the X-ray sources (provided by Nanni et al. 2020), as they are
more accurate than X-ray positions. We used a matching radius
of 1.5 arcsec, which appears appropriate from the analysis of the
optical/radio position separation distribution. We note that the
positional error on both the optical and radio position is >10x
lower than the chosen matching radius, and that we visually
inspected all matches to identify possible spurious associations.
As a result, we found 104 reliable matches. For the 139 X-ray
sources with no radio counterpart in the catalog, we searched
for additional radio detections by performing a parabolic fitting
of the radio image pixels at the X-ray source optical position,
using the MAXFIT tool of CASA. We found 49 sources with radio
peak flux densities >30 (where o is the local noise), leading to
a total of 153 radio detected X-ray sources. For the remaining
90 sources, we estimated a 30~ radio upper limit. A summary of
the X-ray/radio match analysis is reported in Table 4, where we
highlight the number of radio detected and undetected sources
with spectral redshift and classification. The redshift distribu-
tion of the 243 X-ray sources is shown in Fig. 12 (empty black
histogram), with highlighted the sources with spectroscopic red-
shift (filled red histogram) and those, among the latter, with radio
detection (filled blue histogram). We notice that the X-ray sam-
ple span a very large redshift range, with the bulk of the sources
at 0 < z < 3. In addition Fig. 12 clearly shows that the redshift
range sampled by the spectroscopic sample is similar to the one
spanned by the full sample.

We converted the observed flux density at S| 34 Grzobs to the
rest-frame ;.5 = 1.4 GHz luminosity as follows:

S V. 1+a
2 1.34 GHz,0bs rest -1
Li4gu, = 4m Df X X ( )

erg s
10
obs I+2z

a7

where Dy is the luminosity distance and « is the spectral index,
assumed equal to —0.7. All the quantities are expressed in
cgs units. In Fig. 13, we show the position of our sources in
the radio—X-ray luminosity plane. The X-ray luminosities were
derived by Marchesi et al. (2021): they represent intrinsic, de-
absorbed luminosities measured in the 2-7keV rest-frame and
extrapolated up to 10keV assuming a photon index I' = 1.8
(i.e., the average value for AGN, see Piconcelli et al. 2005).
Sources are color-coded based on source type (left panel) and
on source redshift (right panel). Sources with no spectral classi-
fication are shown in light-gray in the left panel. Radio detected
sources are indicated by the circles, while radio upper limits
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Fig. 12. Redshift distribution of the 243 X-ray sources (black solid line)
analyzed by Marchesi et al. (2021), in redshift bins of 0.35. The distri-
bution of the 123 sources with spectroscopic redshift is indicated by the
filled red histogram. The filled blue histogram highlights the distribu-
tion of those, among the latter, with a radio counterpart.

are indicated by the T. In the left panel we also report dif-
ferent X-ray/radio correlations from the literature, which refer
to different types of objects. The magenta line represents the
X-ray/radio relation found for a sample of local (z < 0.35) X-
ray-selected Seyfert galaxies by Panessa et al. (2015; slope ~1.1).
The blue line indicates the relation found by Mineo et al. (2014)
for a sample of z ~ 0-1.3 SFGs, where their X-ray luminosities
Lo 5-3 xev have been rescaled to the 2—-10keV band (assuming a
factor Ly kev/Los5-3 kev = 1.28, see their Sect. 4.2). The green
line shows the relation found for z ~ 0.1-2 RL AGN by Fan
& Bai (2016). We note that the FRII radio galaxy at the center
of the protocluster at z = 1.7 is located in proximity of the RL
AGN relation, as expected. We also note that both the radio and
X-ray luminosities increase with redshift, as expected for flux-
limited samples (see right panel). The black dashed line in the
right panel marks the radio loudness Rx = log(Lgr/Lx) = —3.5
relation. We follow Lambrides et al. (2020), who set this value
as a threshold between RL and RQ AGN, on the basis of low-
luminosity AGN samples (see also Terashima & Wilson 2003).
We notice that most of the 243 X-ray sources are located below
this threshold: specifically 82% of the radio detected ones and
97% of the radio upper limits. We further discuss the radio loud-
ness distribution of the spectroscopically classified sources at the
end of this section.

From the analysis of Fig. 13 (left panel), it is clear that dif-
ferent classes of objects tend to occupy different regions of the
X-ray/radio luminosity plane: NL-AGN and ELG are preferen-
tially clustered around intermediate values of Ly, in the range
42.5 < log(Lx) < 43.5; while ETG and BL-AGN are typically
located at lower and higher X-ray luminosities, respectively. It is
also interesting to note that ETG and AGN seem to show a tighter
correlation between the radio and X-ray luminosity than ELG,
which show a flatter radio luminosity distribution. We explored
this further, by performing a survival analysis of the various sub-
populations using the ASURV tool (Feigelson & Nelson 1985;
Isobe et al. 1986; Lavalley et al. 1992), that accounts also for
the presence of upper limits, and calculated the Spearman rank
correlation coefficient p (Spearmann 1904) and the correspond-
ing probability that a correlation is not present (null hypothesis,
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Table 5. Summary of the X-ray/radio luminosity correlation analysis.

Type N el P a b
@ @ 3 “) ®) Q)
ETG 32 0525 107 0.58+0.15 13.31
AGN 63 0501 107* 0.78+0.19 5.38
ETG&AGN 95 0.688 <10 0.83+0.1  3.17
ELG 28 0155 042 - -

Notes. (1) Source class. (2) Number of objects in the class. (3) Spear-
man rank correlation coefficient. (4) Null-hypothesis, that is the proba-
bility that a correlation is not present. (5) and (6) slope and coefficient
of the linear regression method (Lg = a Lx + b) applied to AGN-driven
subsamples (see text).

Pnn). We recall that the Spearman coefficient increases for pos-
itive correlations (up to +1 for a perfect monotone increasing
function), while a value of 0 indicates no correlation. This anal-
ysis could obviously be carried out only for the 123 sources for
which Marchesi et al. (2021) provided the spectral classification.
We investigated the significance of the correlation between X-
ray and radio luminosities for the following subsamples: ETG
(32 objects), AGN (i.e., BL-AGN and NL-AGN, 63 objects) and
ELG (28 objects).

The results are summarized in Table 5 (Cols. 3 and 4). We
obtained p=0.525 and p = 0.502 for ETG and AGN, respectively.
The null hypothesis probability in both cases is very low (P, =
1073 and P,, = 10~* for ETG and AGN, respectively), implying
a significant X-ray/radio luminosity correlation for these classes
of sources. These findings suggest that a common mechanism
is at the origin of the emission observed in the two bands for
ETG and AGN (likely associated with SMBH accretion). If we
combine the ETG and AGN samples we obtain an even stronger
correlation (p =0.688) with respect to those of the two separated
samples. This strengthening is likely the result of better statistics
and a larger range of X-ray luminosities spanned by the com-
bined sample. We caveat that luminosity-luminosity correlations
may reflect luminosity—distance correlations in flux-limited sam-
ples (see right panel in Fig. 13). To check that this is not the
case, we performed a partial Kendall 7 correlation test (Akritas
& Siebert 1996; Merloni et al. 2006), which provides partial cor-
relation coefficient and significance by taking into account three
variables (i.e., Lg, Lx and z). We found that the correlation cof-
ficient between Ly and Ly, once accounting for their correlation
with z, is 7 = 0.32, corresponding to Py, ~ 2.5 X 1076, This rules
out that the observed Lg/Lx correlation is driven by distance. As
far as ELG are concerned, we obtain p=0.155 and P,, = 0.42,
resulting in a high probability of no correlation between radio
and X-ray emission. This suggests that ELG include a signifi-
cant fraction of sources where radio and X-ray luminosities are
to be ascribed to different emission mechanisms. We return on
this point later on.

To quantify the correlation for the AGN-driven subsamples,
we applied the regression method by Buckley & James (1979)
using ASURV, taking in account the upper limits. The correlation
is described by a linear function of the form:
log(Lr) = a log(Lx) + b (18)
where Lg and Lx are expressed in erg/s. Results are reported in
Cols. 5 and 6 of Table 5. We note that the slope of the ETG cor-
relation (a = 0.58 = 0.15) is well in the range of the slopes found
for low luminosity AGN in the fundamental plane (~0.5-0.7,
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Fig. 13. X-ray intrinsic luminosity in the 2—10keV band versus rest frame 1.4 GHz radio luminosity for our sample. Left: Sources are color-coded
by the source type. NL-AGN, BL-AGN, ETG and ELG are indicated by blue, red, orange and green symbols, respectively. The light-gray symbols
mark the sources without a spectroscopic classification. Circles mare the radio detected sources, while T mark the 30~ upper limits for the undetected
ones. Notable sources, that are the z = 6.3 QSO and the z = 1.7 FRII galaxy, are labeled in the figure. The solid orange, cyan and black lines are
the correlations found in this work for ETG, AGN and combined ETG/AGN samples, respectively. The dashed magenta line is the Panessa et al.
(2015) correlation found for local Seyfert galaxies (slope ~1.1), while the blue dashed line is the relation for 0 < z < 1.3 SFGs (Mineo et al. 2014).
The dashed green line is the relation found for z ~ 0.1-2 RL AGN by Fan & Bai (2016). All the relations are plotted in the X-ray luminosity
range in which they have been derived. Typical uncertainties on the radio (X-ray) luminosity is indicated by the vertical (horizontal) error bar in
the bottom-right corner. Right: same as left panel, except that sources are color coded by their redshift (right color-bar). Here we only show the
correlation we derived for the combined ETG/AGN sample (black solid line). The black dashed line marks the log(Lg/Lx) = —3.5 relation, set as

the threshold between RL and RQ AGN (see text).

Merloni et al. 2003, see also Dong et al. 2021). Such slope values
are commonly interpreted as a signature of radiatively inefficient
accretion processes (see, e.g., Narayan & Yi 1994; Dong et al.
2014, see also Sect. 1). This interpretation is also consistent with
an ETG spectral classification (i.e., with the fact that AGN spec-
tral features are not observed), as well as with the fact that many
of them have low X-ray luminosities (< 10*? ergs™"). Our ETG
sample, which mostly comprises nearby sources (z < 0.5; see
Fig. 13), can be directly compared with the nearby sample of
Panessa et al. (2015; magenta line in Fig. 13). The steep slope
found for the latter (a = 1.08 + 0.15) is generally interpreted as
a signature of efficient accretion processes (Coriat et al. 2011;
Dong et al. 2014, see also Sect. 1). Indeed these objects are
mainly (type 1 and type 2) Seyfert galaxies, and generally fea-
ture higher X-ray luminosities (> 10*? ergs™", up to 10% ergs™")
than those of our ETG sample. Despite the large uncertainties of
the measured slopes (~0.1-0.15), we can conclude that our ETG
sample likely probes a different accretion efficiency regime with
respect to Panessa et al. (2015) sample. As for the AGN sub-
sample, we measure a slope a = 0.78 + 0.19. Given its large
uncertainty, this value can be considered consistent with both
the ETG and the Panessa et al. (2015) results. Nevertheless, a
steeper slope with respect to the ETG sample is expected, as
more efficient accretion processes should occur in these objects.
If confirmed, a possible explanation for an intermediate slope
between low and high radiatively efficient AGN could be that our
AGN sample consists of a mix of objects with different accre-
tion efficiency, or that a large fraction of the sources in our AGN
sample have intermediate efficiency (similar to that exhibited by
some X-ray binaries, Gallo et al. 2012). A redshift evolution sce-
nario, implying a flattening of the slope with redshift, could also
be considered, as our AGNs are mostly at z > 1 (see Fig. 13).

124 ETG
ELG
=3 BL-AGN

[ NL-AGN

10 1

T

-5 -4 -3
Rx

Fig. 14. Radio loudness distribution (in bins of 0.4) of the radio detected
sources of the X-ray spectroscopic sample, color-coded by their spec-
tral classification. The Rx = 3.5 threshold used to separate RQ from RL
AGN (Lambrides et al. 2020) is indicated by the red dashed vertical
line. The most RL NL-AGN is the FRII galaxy atz = 1.7.

However, the hypothesis of mixed populations is more likely, and
is supported by the fact that the AGN+ETG sample displays a
similar slope (0.83 + 0.1).

In the following we analyse the radio loudness Rx =
log(Lr/Lx) of the sources in our sample with a spectroscopic
classification. Figure 14 shows the Rx distribution for each class
of objects (we only show here radio detected sources). It is clear
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Fig. 15. Radio loudness of the radio detected sources of the X-ray
spectroscopic sample as a function of the 1.4 GHz radio luminosity,
color-coded by the objects class.

that most of the AGN-driven (ETG+AGN) sources in our sam-
ple are radio quiet, meaning that they have Rx < —3.5 (~83%, or
287% when we include radio upper limits). The most RL AGN
corresponds to the FRII galaxy at the center of the protocluster
at z = 1.7. In addition, a significant fraction of the radio detected
ELG (~40%) display Rx = —3.5, meaning that they apparently
host RL. AGN. In Fig. 15, we show Rx as a function of Lg for the
radio detected sources; the ELG which result radio loud show a
radio luminosity comparable with, or lower than, the one of RQ
AGN. We again argue that these ELG are not genuinely radio
loud, but rather display radio and X-ray emission of different
origin. As a matter of fact, most ELG lie between the RQ AGN
and the SFG radio/X-ray relations in Fig. 13, and very far from
the RL AGN one, meaning that none of them can describe their
radio/X-ray properties. Indeed, the ELG in our sample show high
X-ray luminosities (>10*?ergs™!), typical of AGN, and radio
powers that can reach Lg ~ 10%°*ergs~!. We calculated the
SFR for each source by assuming their zgpec and radio luminosity,
and obtained a SFR range ~20 — 180 M, yr~!. This is consis-
tent with the main-sequence SFR expected in the redshift range
1 < z < 2 (Schreiber et al. 2015) where most of these sources
lie, strengthening the hypothesis of SF being responsible of the
observed radio emission.

7. Summary and conclusions

We presented deep L-band (1.34 GHz effective frequency) JVLA
observations of the J1030 equatorial field. The reached sensi-
tivity (median rms noise <3.4 Wy b~!) makes this one of the
deepest extragalactic radio survey to date. Using the PyBDSF
tool, we extracted a catalog of 1489 radio sources with S/N > 5
and performed reliability analysis, finding that the detections are
reliable at >93%. We derived the source counts as a function
of the flux density down to ~20 Wy, finding overall consistency
with recent determinations and models. The counts show a slight
excess at flux densities ~50 pJy, possibly associated with the
presence of known overdensities in the field.

Thanks to the depth of our observations, we detected for the
first time in the radio band the z = 6.3 QSO SDSS J1030+0524 at
the center of the field, measuring a flux density of S| 34 GHz, obs =
26 + 5 ply, corresponding to a 1.4 GHz rest-frame luminosity
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Li4cHz rest = (6.2 £ 1.2) X 10*WHz!, assuming @ = —0.7.
From the radio and the UV rest-frame luminosity (Lo . rest
~ 1291 Ly) reported by Bafados et al. (2015), we derived an
optical radio loudness Rp = 0.62 + 0.12, which classifies our
source as the most RQ AGN and the faintest radio detected QSO
at z > 6 discovered to date. Remarkably, this object is at the cen-
ter of the most distant spectroscopically confirmed overdensity
known to date (Mignoli et al. 2020).

The depth of our survey also allowed us to unveil the pres-
ence of extended diffuse radio emission in the lobes of the
FRII radio galaxy at the center of the z = 1.7 protocluster in
the J1030 field. Based on this, we revised the source size to
700 kpc, making it a giant radio galaxy. The FRII galaxy total
flux density has been measured to be S| 34 GHz, obs = 25 £ 4 Wy,
corresponding to a 1.4 GHz rest-frame luminosity L; 4 guz, rest =
3.5+ 0.7) x 10 WHz™! (assuming again @ = —0.7). On the
basis of the jet and counter-jet length and flux ratios, we esti-
mated an inclination angle with respect to the line of sight of
0~80°, which is consistent with the one derived by Gilli et al.
(2019), on the basis of previous shallower VLA observations
(Petric et al. 2003). The newly discovered extended emission is
nicely cospatial with spots of X-ray diffuse emission detected
around the FRII galaxy lobes, indicating a possible interaction
between the radio galaxy and the surrounding ICM.

Furthermore, we detected for the first time in the radio
band two additional gas-rich members of the protocluster. For
one of them we could perform SED fitting, from which we
derived a SFR <43 M yr~!. This upper limit is consistent with
the range derived by D’Amato et al. (2020a) from an ALMA-
based molecular gas mass measurement and exploiting the
SK law (~40-60 Mg yr~!). It is also consistent with the typ-
ical SFR of main-sequence galaxies with similar stellar mass
(log(M./My) = 10.75 £0.25) and redshift (Schreiber et al. 2015;
Genzel et al. 2015). On the other hand, this SFR is at least a factor
2% too low to explain the observed JVLA flux density, suggesting
that at least part of the observed radio emission is of AGN ori-
gin. If confirmed, this would be the second radio AGN detected
in the protocluster.

Finally, we exploited the deep (~500ks) Chandra observa-
tions of the J1030 field to explore the radio/X-ray luminosity
correlation of RQ AGN. To this end we matched the 243
X-ray sources with photometric and/or spectroscopic redshifts
(Marchesi et al. 2021) with our radio catalog, and pushed the
search for radio counterparts down to 30 for sources with no
association in the radio catalog. As a result we found 153 radio
detections. For the remaining sources we estimated 30 radio
upper limits. The sources span a redshift range 0 < z < 3, with
a high redshift tail extending up to z = 6.3 (the redshift of the
SDSS J1030+0524 QSO). We calculated the rest-frame 1.4 GHz
luminosity of all the 243 X-ray sources, and investigated the X-
ray/radio luminosity correlation for the 123 sources (87 radio
detected and 36 with radio upper limits) provided with spectro-
scopic redshift and classification, through survival analysis. We
found that AGN (i.e., BL-AGN and NL-AGN) and ETG feature
a significant X-ray/radio correlation (null-hypothesis probabil-
ity Pyn < 1073), indicating that a common mechanism is at the
origin of the emission observed in the two bands (likely asso-
ciated with SMBH accretion). In addition, most ETG and AGN
(~83%, or 287% if we include radio upper limits) show a radio-
to-X-ray radio loudness Rx < —3.5, classifying these objects as
RQ AGN (Terashima & Wilson 2003; Lambrides et al. 2020).
We found that ETG (most of which have Ly < 10*¥ergs™!
and z < 0.5) follow a relation log(Lr) = a log(Lx) + b with
a slope a ~ 0.6, in agreement with fundamental plane studies
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of low luminosity AGN (slope 0.5-0.7, Merloni et al. 2003;
Dong et al. 2021). This slope is commonly interpreted as a
signature of inefficient accretion processes, in contrast with what
is found for luminous (Lx = 10 ergs™') X-ray-selected local
Seyfert galaxies, for which Panessa et al. (2015) found a steeper
relation (a~1.1) that is interpreted as a signature of efficiently
accreting systems. Despite the large uncertainties of the mea-
sured slopes (~0.1-0.15), we can conclude that our ETG sample
likely probes a different accretion efficiency regime with respect
to Panessa et al. (2015) sample. The AGN subsample displays
an intermediate correlation (a ~ 0.8) between local ETG and
Seyfert galaxies. The 1o uncertainty of the derived slope is
large (~0.2), but, if confirmed, this result may suggest that our
AGN sample consists of a mix of objects with different accretion
efficiency and/or that a large fraction of them have intermedi-
ate efficiency. Finally, we investigated the properties of ELG,
finding that these sources do not show a significant X-ray/radio
correlation (P, = 0.42). Our analysis suggests that star forma-
tion and SMBH accretion are responsible for the radio and X-ray
emission in these objects, respectively.
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