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ABSTRACT

We report the 888 MHz radio detection in the Rapid ASKAP Continuum Survey (RACS) of VIK J2318−3113, a z = 6.44 quasar. Its
radio luminosity (1.2 × 1026 W Hz−1 at 5 GHz) compared to the optical luminosity (1.8 × 1024 W Hz−1 at 4400 Å) makes it the most
distant radio-loud quasar observed so far, with a radio loudness R ∼ 70 (R = L5 GHz/L4400 Å). Moreover, the high bolometric luminosity
of the source (Lbol = 7.4 × 1046 erg s−1) suggests the presence of a supermassive black hole with a high mass (&6 × 108 M�) at a time
when the Universe was younger than a billion years. Combining the new radio data from RACS with previous ASKAP observations at
the same frequency, we found that the flux density of the source may have varied by a factor of ∼2, which could suggest the presence
of a relativistic jet oriented towards the line of sight, that is, a blazar nature. However, currently available radio data do not allow us
to firmly characterise the orientation of the source. Further radio and X-ray observations are needed.

Key words. galaxies: active – galaxies: high-redshift – galaxies: jets – quasars: general –
quasars: individual: VIK J231818.3−311346

1. Introduction

In recent years, the exploitation of numerous optical and
infrared (IR) wide-area surveys (e.g. the Panoramic Sur-
vey Telescope and Rapid Response System, Pan-STARRS,
Chambers et al. 2016; the VISTA Kilo-degree Infrared Galaxy
Survey, VIKING, Edge et al. 2013; the Dark Energy Survey,
DES, Dark Energy Survey Collaboration 2016, etc.) has led to
the discovery of thousands of high-z quasars (QSOs), with more
than 200 sources discovered at z > 6 (e.g. Mazzucchelli et al.
2017; Matsuoka et al. 2019; Fan et al. 2019; Wang et al. 2019;
Andika et al. 2020), the three most distant of which are at z∼ 7.5
(Bañados et al. 2018; Yang et al. 2020a; Wang et al. 2021a).
These sources have already proved to be very useful tools for
investigating the intergalactic medium (IGM) at early cosmic
times through the absorption of their optical spectra bluewards
of Lyα (e.g. Kashikawa et al. 2006; Gaikwad et al. 2020). More-
over, the mere presence of such powerful and massive objects
in the primordial Universe places strong constraints on theoret-
ical models describing the evolution and the accretion rate of
supermassive black holes (SMBHs; e.g. Volonteri et al. 2015;
Wang et al. 2021b).

Decades of studies at low redshift have now established
that radio-loud (RL1) sources represent ∼10-15% of the total
QSO population (e.g. Retana-Montenegro & Röttgering 2017),
with no significant deviations until z ∼ 6 (e.g. Stern et al. 2000;
Liu et al. 2021; Diana et al., in prep.). However, of all the z > 6
1 We considered a QSO to be radio loud when it has a radio loudness
R > 10, with R defined as the ratio of the 5 GHz and 4400 Å rest-frame
flux densities, R = S 5 GHz/S 4400 Å (Kellermann et al. 1989).

QSOs, only a few have a radio detection, which means that there
are far fewer confirmed high-z RL QSOs. To date, only five
have been found at z > 6 (McGreer et al. 2006; Bañados et al.
2015; Belladitta et al. 2020; Liu et al. 2021), with the most dis-
tant being at z = 6.21 (Willott et al. 2010). As described by
Kellermann et al. (2016), the RL classification (R > 10), as
opposed to the radio quiet (RQ; R < 10), should identify sources
that produce the radio emission through a relativistic jet, which
can significantly affect both the accretion process itself and the
environment of the source (see Blandford et al. 2019 for a recent
review). Identifying and characterising powerful RL sources at
the highest redshifts therefore is of key importance for studying
the role of relativistic jets in the primordial Universe.

In this Letter we report the radio detection of the z =
6.444 ± 0.005 QSO VIKING J231818.35−311346.3 (hereafter
VIK J2318−3113; Decarli et al. 2018). With a relatively bright
radio flux density (∼1.4 mJy at 888 MHz), this source is the most
distant RL QSO observed to date.VIK J2318−3113 was discov-
ered from the near-IR (NIR) VIKING survey with the dropout
technique, and its redshift was confirmed with both X-Shooter in
the NIR and the Atacama Large Millimetre/submillimetre Array
(ALMA) in the submillimetre (Decarli et al. 2018; Yang et al.
2020b). In this Letter we present its radio properties using recent
observations, and by combining them with archival data, we also
compare VIK J2318−3113 with the small number of other high-
z RL QSOs.

We use a flat ΛCDM cosmology with H0 = 70 km s−1

Mpc−1, Ωm = 0.3, and ΩΛ = 0.7. Spectral indices are given
assuming S ν ∝ ν

−α, and all errors are reported at 1σ unless oth-
erwise specified.
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2. Radio observations

2.1. 888 MHz ASKAP observations

VIK J2318−3113 has been detected in the first data release of
the Rapid ASKAP Continuum Survey (RACS; McConnell et al.
2020)2 with a peak flux density of 1.43 mJy beam−1at 888 MHz,
which considering the associated RMS (0.19 mJy beam−1), cor-
responds to a signal-to-noise ratio (S/N) > 7 (values as reported
in the catalogue released on 2020 December 17).

The overall RACS survey is planned to cover the entire sky
south of declination +51◦ (36 656 deg2 in total) in three different
radio bands centred at 888, 1296, and 1656 MHz, all with a band-
width of 288 MHz. These observations are designed as a pilot
project to prepare for the data calibration and handling of future
deeper surveys (e.g. the evolutionary map of the Universe, EMU,
Norris et al. 2011) with the Australian SKA Pathfinder (ASKAP;
Johnston et al. 2008). In the first data release (December 2020),
the sky south of declination +41◦ was covered in the lower fre-
quency band (888 MHz) with a spatial resolution of ∼15′′. By
cross-matching this first data release with the list of z > 6 QSOs
discovered to date in the same sky area (169 sources in total), we
found the radio counterparts of three of them: VIK J2318−3113,
and two other RL QSOs. For these last two objects a discussion
of their radio properties has already been reported in the litera-
ture: FIRST J1427385+331241 (z = 6.12; McGreer et al. 2006)
and PSO J030947.49+271757.31 (z = 6.10; Belladitta et al.
2020). The radio source is located 1.6′′ from the optical/NIR
counterpart of VIK J2318−3113, which is consistent with the
positional error reported in the RACS catalogue (∼4′′). Even
considering typical uncertainties in interferometric radio posi-
tions (≈ ∆θ

2×S/N ∼0.9′′, where ∆θ is the size of the beam; Fomalont
1999) together with the typical astrometric precision of the sur-
vey (∼0.8′′; McConnell et al. 2020), the observed offset is still
consistent. Moreover, from the source density of the RACS sur-
vey (∼80 sources deg−2, McConnell et al. 2020), we can also
compute the probability of finding an unrelated radio source
within a 1.6′′ radius from any given position (see e.g. Eq. (4) in
Condon et al. 1998). In this case, the probability is ∼5 × 10−5,
which means that the expected number of spurious associa-
tions of the 169 z > 6 QSOs that we based the query on is
<0.01. We can therefore conclude that the association between
VIK J2318−3113 and the radio source is statistically significant
and unlikely to be spurious.

At the same time, VIK J2318−3113 also belongs to one
of the Galaxy and Mass Assembly (GAMA; Driver et al.
2011) fields, GAMA23 (339<RA [deg]< 351 and −35<Dec
[deg]<−30). In particular, this region has recently (2019
March) been covered by a deeper ASKAP observation
(RMS∼ 0.04 mJy beam−1), again at 888 MHz, within an
ASKAP/EMU early science project3 and was reduced as
described in Seymour et al. (2020). We report in Fig. 1 the
888 MHz radio contours from the RACS and GAMA23 obser-
vations, overlaid on the NIR VIKING image in the Y-band. In
Table 1 we report the results of a single Gaussian fit performed
on the RACS and GAMA23 images using the Common Astron-
omy Software Applications package (CASA; McMullin et al.
2007). In the GAMA23 observation the best-fit position is only
0.37′′ away from the NIR counterpart, thus providing further
strong evidence for the radio association. Given the very similar

2 https://data.csiro.au/collections/collection/
CIcsiro:46532
3 https://data.csiro.au/collections/collection/
CIcsiro:40262

Fig. 1. 1′′ × 1′′ cutout of the Y-band VIKING image around
VIK J2318−3113, overlaid with the 888 MHz radio contours from
RACS (continuous red lines) and GAMA23 (dashed blue lines). In both
cases the contours are spaced by

√
2 starting from three times the off-

source RMS derived in our analysis, ∼0.20 mJy beam−1 for RACS and
∼0.04 mJy beam−1 for GAMA23. In the bottom left corner the beam
sizes from the RACS (12.2′′ × 11.4′′) and GAMA23 (10.2′′ × 8.5′′)
observations are shown.

Table 1. Results of the analysis of the 888 MHz ASKAP observations
of VIK J2318−3113.

Project: RACS GAMA23
Total flux density (mJy): 1.44 ± 0.34(∗) 0.59± 0.07
Peak surf. brightness (mJy/beam): 1.48± 0.20 0.59± 0.04
Major axis(∗∗) (arcsec): 13.2± 2.0 10.5± 0.8
Minor axis(∗∗) (arcsec): 10.2± 1.2 8.2± 0.5
PA east of north (deg): 45± 18 105± 10
Off-source RMS (mJy/beam): 0.20 0.04

Notes. (∗)In the following we use the more conservative error of
0.60 mJy obtained from Eq. (7) in McConnell et al. (2020). See
Sect. 2.1 for further details. (∗∗)Convolved with the beam of the
instrument.

angular resolution in both cases, the source is point-like and not
resolved. However, the estimated flux density varies by a factor
∼2.4 in the two images, from 0.59 ± 0.07 to 1.44 ± 0.34 mJy.

The time separation between the two observations is one year
(2019 March – 2020 March), which in the source rest frame
corresponds to ∼50 days (without taking possible relativistic
effects into account). In order to verify whether the source vari-
ation between the GAMA23 and RACS observations is real or
is only a systematic effect related to the calibration, we com-
pared the integrated flux densities of the sources detected in
the two images. In particular, as for VIK J2318−3113, we per-
formed a single Gaussian fit with the CASA software on ∼70
sources with a flux density between 1 and 10 mJy and within
one square degree from the QSO position4. The distribution
of the ratios of the flux densities measured in the two images

4 Although a primary beam correction was performed during the data
reduction of the RACS survey and the GAMA23 images, we applied a
search radius cutoff in order avoid any possible residual fluctuation of
the flux calibration.
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is a Gaussian centred at one and with σ = 0.16, consistent
with the statistical errors on the flux densities and thus indi-
cating that the observed difference for VIK J2318−3113 can-
not be attributed to a systematic calibration offset in the two
datasets. When we sum in quadrature the uncertainties related
to the two flux density estimates, the significance of the vari-
ation observed in VIK J2318−3113 is ∼2.4σ. A large vari-
ation in a short period of time as observed in this case is
usually associated with the presence of a relativistic jet ori-
ented towards the line of sight, that is, a blazar nature (e.g.
Hovatta et al. 2008).

The uncertainty on the flux density ratios reported above
(σ = 0.16) was derived from the relative comparison of the
RACS and GAMA23 images, that is, from datasets obtained
from the same telescope. McConnell et al. (2020) have studied
the uncertainties on the absolute flux density scale of RACS
images by comparing sources with multiple independent RACS
observations (i.e. on the overlapping edges of different tiles),
also with other catalogues in the literature, finding ∆S ν =
0.5 mJy + 0.07 × S ν (Eq. (7) in their paper). In the particular
case of VIK J2318−3113, the corresponding value is ∼0.60 mJy.
We take this uncertainty into account in Sect. 4 when we com-
pute the quantities based on the RACS flux density (e.g. radio
luminosity and radio loudness).

2.2. Archival radio observations

Even though VIK J2318−3113 is not reported in any other
public radio catalogue, we checked archival radio images at
the NIR position of the source to search for the presence of
a faint but significant (S/N > 2.5) radio signal. We did not
detect the source in the TIFR Giant Metrewave Radio Tele-
scope Sky Survey (TGSS; Intema et al. 2017) at 150 MHz
(image RMS∼2.9 mJy beam−1), the Sydney University Molon-
glo Sky Survey (SUMSS; Mauch et al. 2003) at 843 MHz (image
RMS∼ 2.5 mJy beam−1), or in the NRAO Karl G. Jansky Very
Large Array Sky Survey (NVSS; Condon et al. 1998) at 1.4 GHz
(image RMS∼ 0.45 mJy beam−1). In contrast, we did find a radio
excess less than 0.6′′ away from the NIR position of the source in
the first (2018 February) and second (2020 November) epochs of
the Very Large Array Sky Survey (VLASS; Lacy et al. 2020) at
3 GHz. The peak flux density of the emission in the two epochs is
0.29±0.11 mJy beam−1 in the first and 0.40±0.13 mJy beam−1 in
the second, which corresponds to an S/N of 2.6 and 3.0, respec-
tively. Even though the two estimates are marginally consistent,
we consider the average of the two and the overall range of
uncertainty because of the possible intrinsic variability of the
source: 0.35 ± 0.18 mJy. In Table 2 we report the radio data
and the 2.5σ upper limits obtained from archival observations
as described above.

When we take currently available data with their uncer-
tainties and the upper limits derived from non-detections into
account, the spectral index of a single power law covering the
observed frequency range is poorly constrained (αr = 0–1.2).
However, in addition to information on the flux density and the
dimensions of the sources, the RACS catalogue also reports the
spectral index computed within the 288 MHz band centred at
888 MHz. The spectral index reported for VIK J2318−3113 is
αr = 0.98, which is similar to what is typically observed in high-
z QSOs (e.g. Coppejans et al. 2017; Bañados et al. 2018). In the
following, we consider this to be the best-fit value despite the
relatively low S/N across the ASKAP band, even though a dif-
ferent assumption does not affect the results. A more detailed

Table 2. Estimates and 2.5σ upper limits on the radio flux densities of
VIK J2318−3113 from archival radio surveys.

Survey: TGSS SUMSS NVSS VLASS
Obs. Freq. (GHz): 0.15 0.843 1.4 3
Flux density (mJy/beam): <7.3 <6.3 <1.1 0.35 ± 0.18

Table 3. NIR magnitudes of VIK J2318−3113 as measured in the
VIKING survey (Vega system).

Filter: Z Y J H K
λeff (µm): 0.878 1.021 1.254 1.646 2.149
Magnitude: 21.42 20.17 19.89 19.61 18.67
Mag. error: 0.11 0.08 0.11 0.18 0.14

discussion of the broad-band radio properties of VIK J2318−
3113 will be presented in a forthcoming work.

3. Optical/UV properties

Given the high-redshift nature of VIK J2318−3113, the NIR
photometric data from the VIKING survey (reported in Table 3)
cover the UV/optical spectrum in its rest frame. Therefore we
used these photometric points to estimate the bolometric lumi-
nosity (Lbol) of the source. In the following, we assume an opti-
cal spectral index given by the slope observed between the K
and J bands, αo = 0.54, which is consistent with what is nor-
mally found in other QSOs (e.g. Vanden Berk et al. 2001). We
started by computing the rest-frame monochromatic luminosities
at 1350 and 3000 Å using the observed magnitudes in the filter
with the closest corresponding rest-frame wavelength, that is, Y
(∼1370 Å) and K (∼2860 Å), respectively. The bolometric lumi-
nosity can then be inferred using the correction factors derived
in Shen et al. (2008) for 1350 Å (Lbol = 8.0± 2.7× 1046 erg s−1)
and in Runnoe et al. (2012) for 3000 Å (Lbol = 7.4 ± 0.3 ×
1046 erg s−1). Averaging the two results with the corresponding
variances as weights, we obtain Lbol = 7.4 ± 0.3 × 1046 erg s−1.
Assuming an Eddington-limited accretion, that is, Lbol ≤ LEDD

5,
this value of the bolometric luminosity implies that the SMBH
mass must be higher than 6 × 108M�.

4. Radio loudness and comparison with high-z RL
QSOs

In order to estimate the rest-frame monochromatic luminosity
at 5 GHz, we considered the 888 MHz flux density obtained
from the RACS observation (S 888 MHz = 1.44 mJy) with an
uncertainty that takes the absolute calibration of the map into
account (0.60 mJy, see previous section) and the spectral index
reported in the RACS catalogue (αr = 0.98). We also consid-
ered the GAMA23 flux density (S 888 MHz = 0.59 ± 0.07 mJy)
and a spectral index in the range αr = 0–1.2 to estimate the
associated uncertainty. The result, however, has little depen-
dence on the αr assumption because the observed frequency of
888 MHz corresponds to a rest-frame frequency of 6.6 GHz,
which is very close to 5 GHz. The resulting radio luminosity is

5 Where LEDD = 1.26 × 1038 (MBH/M�) erg s−1.
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Fig. 2. Left: rest-frame radio luminosity density at 5 GHz vs. the rest-frame optical luminosity density at 4400 Å for z > 5.5 QSOs with a radio
detection in the literature. Diagonal lines indicate constant radio-loudness values. Adapted from Bañados et al. (2015). Right: radio loudness as a
function of redshift for the z > 5.5 confirmed RL QSOs compared to an optically selected sample of RL QSOs at lower redshift (orange points;
Zhu et al. 2020) and all the RL QSOs at z > 4 (yellow diamonds) known to date. The blue squares (circles) report z > 5.5 (>6) sources in both
graphs. The only confirmed z > 5.5 blazar (Belladitta et al. 2020) is reported with a green triangle. At lower redshifts we did not distinguish this
class because not all sources have a reliable classification. The red star represents VIK J2318−3113.

L5 GHz = 1.2+0.6
−0.9 × 1026 W Hz−1. Combining this estimate

with the optical luminosity at 4400 Å (L4400 Å = 1.8 ±
0.1 × 1031 erg s−1 Hz−1), computed from the observed K mag-
nitude, we obtain a radio loudness R = 66.3+36.3

−46.7. Adopting the
typical value of R = 10 as the threshold between RL and RQ
sources, this makes VIK J2318−3113 the most distant RL QSO
observed so far, at z = 6.44. We note that this classification does
not depend on the somewhat arbitrary criterion for separating the
RL and RQ populations. Even if we consider a radio loudness as
defined by Jiang et al. (2007)6 or a single threshold in the radio
luminosity (L5 GHz > 1032.5 erg s−1 Hz−1; Jiang et al. 2007), the
RL classification still holds.

In RL QSOs, the radio emission is thought to be produced
by relativistic jets and not by star-formation (SF) processes
(e.g. Kellermann et al. 2016). VIK J2318−3113 was found to
be very luminous in the far-IR (FIR) (log(LFIR/L�) in the range
11.89–12.46, between 42.5 and 122.5 µm; Decarli et al. 2018;
Venemans et al. 2018, 2020), and this may imply that at least
part of the observed radio emission is due to SF. However, con-
sidering the relation between radio and FIR luminosity observed
in SF galaxies (Condon et al. 2002), we expect that only a
few percent (<5%) of the observed radio emission can be pro-
duced by SF. This confirms that the high radio power observed
in VIK J2318−3113 is likely produced by relativistic jets, as
expected in RL sources. Interestingly, Venemans et al. (2020)
also found that the FIR continuum and [C II] emissions extend
up to ∼5 kpc (0.2′′) with an irregular morphology. Further radio
observations at similar resolution would be fundamental for
understanding the role of the different components at work in
this complex QSO.

6 In this case, the radio loudness is defined as the following rest-frame
ratio: R = S 5 GHz/S 2500 Å.

Following Bañados et al. (2015), we report in Fig. 2 (left)
the rest-frame radio luminosity (5 GHz) as a function of the rest-
frame optical luminosity (4400 Å) for the updated list of z > 5.5
QSOs with a radio observation and thus a firm RL/RQ classifica-
tion7. Clearly, the radio loudness of VIK J2318−3113 is similar
to that of the majority of z > 5.5 RL QSOs, with 10 < R < 100.

Moreover, in Fig. 2 (right) we compare the confirmed RL
QSOs at z > 5.5 to the optically selected sample at lower red-
shift (∼800 sources) discussed in Zhu et al. (2020) and to the
z > 4 RL QSOs discovered so far8. Interestingly, only a small
fraction of very radio-powerful high-z sources (log R > 2.5) has
been found at z > 5.5 compared to low redshifts. This may be
a consequence of the fact that at these redshifts, QSOs have
been selected mainly in the optical/UV, with only three radio-
selected sources (which include the two radio-brightest sources
at z > 6). Nevertheless, we expect that upcoming and ongoing
wide-area surveys such as RACS and the development of dedi-
cated selection techniques in the radio band (e.g. Drouart et al.
2020) will find many more radio-powerful sources at z > 6 (e.g.
Amarantidis et al. 2019).

5. Conclusions

We have presented the radio detection (at 888 MHz) of
VIK J2318−3113, a z = 6.44 QSO. Combining the new radio
information from RACS with the archival data, we estimate a
7 Data from Bañados et al. (2015, 2018), Belladitta et al. (2020), and
Liu et al. (2021)
8 These are all the RL QSOs published to date. To estimate their radio
loudness, we considered the radio spectral index, if present; otherwise,
we assumed αr = 0.75 (Bañados et al. 2015) and considered a ±0.25
variation to estimate the uncertainty. The full list of sources with the
corresponding radio data and references will be presented in Belladitta
et al. (in prep.).
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radio-loudness value of R ∼ 70, which means that this source
is the most distant RL QSO observed to date. The radio asso-
ciation was made by cross-matching the first data release of the
RACS survey and a list of the 169 previously discovered z > 6
QSOs in the same area of the sky. As a result, we found radio
counterparts for a total of three RL sources, VIK J2318−3113
included, which corresponds to a radio detection rate of ∼2% in
the aforementioned list of z > 6 QSOs. Because the RACS flux
density limit is not deep enough to detect all the z > 6 RL QSOs
discovered so far, which have typical NIR magnitudes ∼22, this
detection rate should be considered as a lower limit to the actual
RL fraction at z > 6.

We cannot fully characterise the radio spectral properties of
VIK J2318−3113, and thus establish whether it is a flat, steep,
or peaked source, with the currently available radio data. This is
an important diagnostic for understanding the orientation of the
relativistic jet with respect to the line of sight, that is, whether
VIK J2318−3113 is a blazar. The possible presence of variabil-
ity at 888 MHz, as found in the comparison of the RACS and
GAMA23 observations, may suggest that the emission of this
source is dominated by the relativistic beaming, which could
mean that the jet is oriented at small angles from the line of sight.
More data are required to confirm this result, however. Assum-
ing an Eddington-limited accretion, the relatively high bolomet-
ric luminosity suggests the presence of a central SMBH with a
mass &6 × 108 M�.

This detection anticipates the discovery of many more RL
high-z sources in the next years when the new generation of all-
sky radio surveys will be performed by the Square Kilometre
Array and its precursors.
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