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The discovery of a highly accreting, radio-loud quasar at z = 6.82
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ABSTRACT

Radio sources at the highest redshifts can provide unique information on the first massive galaxies
and black holes, the densest primordial environments, and the epoch of reionization. The number
of astronomical objects identified at z > 6 has increased dramatically over the last few years, but
previously only three radio-loud (Ras00 = fu,5 GHz/ fy72500 A > 10) sources had been reported at z > 6,
with the most distant being a quasar at z = 6.18. Here we present the discovery and characterization
of PSO J172.3556+18.7734, a radio-loud quasar at z = 6.823. This source has an Mg II-based black
hole mass of ~ 3 x 108 M, and is one of the fastest accreting quasars, consistent with super-Eddington
accretion. The ionized region around the quasar is among the largest measured at these redshifts,
implying an active phase longer than the average lifetime of the z 2 6 quasar population. From
archival data, there is evidence that its 1.4 GHz emission has decreased by a factor of two over the last
two decades. The quasar’s radio spectrum between 1.4 and 3.0 GHz is steep (o« = —1.31). Assuming
the measured radio slope and extrapolating to rest-frame 5GHz, the quasar has a radio-loudness
parameter Rasop ~ 90. A second steep radio source (« = —0.83) of comparable brightness to the
quasar is only 23”1 away (~120 kpc at z = 6.82; projection probability < 2%), but shows no optical
or near-infrared counterpart. Further follow-up is required to establish whether these two sources are
physically associated.
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1. INTRODUCTION

Radio jets from active galactic nuclei (AGNs) are
thought to play a key role in the coevolution of super-
massive black holes and their host galaxies, as well as in
the early growth of massive black holes (e.g., Jolley &
Kuncic 2008; Volonteri et al. 2015; Hardcastle & Croston
2020). Yet, strong radio emission seems to be a rare or
at least short-lived phenomenon. Only about 10% of all
quasars are strong radio emitters, almost independent
of their redshifts up to z ~ 6 (e.g., Banados et al. 2015;
Yang et al. 2016; Shen et al. 2019 but see also Jiang
et al. 2007; Kratzer & Richards 2015).

The radio-loudness of a quasar is usually defined as
the ratio of rest-frame 5 GHz (radio) and 4400 A (opti-
cal) flux densities (R4400; €.g., Kellermann et al. 1989)
although sometimes the 2500 A (UV) emission is used
instead of the optical flux density (Ra2s00; e.g., Jiang
et al. 2007). For an unobscured type-1 quasar, the dif-
ferent definitions yield comparable results. An object is
considered radio-loud! if Rgsop or Ras00 is greater than
10. Radio-loud sources at the highest accessible red-
shifts are of particular interest for multiple reasons. For
example, radio galaxies are known to be good tracers
of overdense environments (e.g., Venemans et al. 2007;
Wylezalek et al. 2013) and at high redshift these over-
densities could be the progenitors of the galaxy clusters
seen in the present-day universe (Overzier 2016; Noirot
et al. 2018). Furthermore, radio-loud sources deep in
the epoch of reionization would enable crucial absorp-
tion studies of the intergalactic medium (IGM) at this
critical epoch (e.g., Carilli et al. 2002; Ciardi et al. 2013;
Thyagarajan 2020) and they could potentially also con-
strain the nature of dark matter particles by detecting
neutral hydrogen in absorption in the radio spectrum
(e.g., Shimabukuro et al. 2020).

The number of astronomical objects known within the
first billion years of the universe has increased dramat-
ically over the last few years, with galaxies being dis-
covered up to z ~ 11 (Oesch et al. 2014) and quasars
up to z ~ 7.5 (Banados et al. 2018b; Yang et al. 2020).
On the other hand, identifying strong radio emitters at
high redshift has been difficult. The highest-redshift ra-
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1 When we talk about radio-loud quasars in this paper we refer to

jetted-quasars, see discussion in Padovani (2017)

dio galaxy lies at z = 5.7 (Saxena et al. 2018), with
the previous record at z = 5.2 (van Breugel et al. 1999).
Out of the 200 published quasars at z > 6 (e.g., Banados
et al. 2016; Matsuoka et al. 2019a; Andika et al. 2020),
only three are known to be radio-loud. For the large
majority of the remainder, the existing radio data are
too shallow to robustly classify them as radio-quiet or
radio-loud, although there are on-going efforts to ob-
tain deeper radio observations of these objects. The
three z > 6 radio-loud quasars currently known?, listed
by increasing redshift, are: J0309+2717 at z = 6.10
(Belladitta et al. 2020), J1427+3312 at z = 6.12 (Mc-
Greer et al. 2006; Stern et al. 2007), and J1429+5447 at
z = 6.18 (Willott et al. 2010a).

In this paper we present the discovery and initial
characterization of the most distant radio-loud quasar
currently known, PSO J172.3556+18.7734 (hereafter
P172+418) at z = 6.823, as measured from the Mg II
emission line. In Section 2 we describe the selection
of the quasar and the details of follow-up observations.
The properties derived from near-infrared spectroscopy
are presented in Section 3 and the properties from
follow-up radio observations are introduced in Section
4. We summarize and present our conclusion in Section
5. Throughout the paper we use a flat cosmology with
Hy = 70kms™ ' Mpc™t, Qy = 0.3, and Q4 = 0.7. In
this cosmology the age of the universe at the redshift of
P172+18 is 776 Myr and 1 pkpc corresponds to 573. Op-
tical and near-infrared magnitudes are reported in the
AB system, while for radio observations we report the
peak flux density unless otherwise stated. For nondetec-
tions we report 3¢ upper limits.

2. A RADIO-LOUD QUASAR AT z=6.8

2.1. Selection and Discovery

P172+418 has been identified as a z > 6.5 quasar can-
didate by at least two independent methods. We first
selected P172+18 as a z-dropout radio-loud candidate
in Banados et al. 2015 (see their Table 1). That se-
lection required red (zp1 — yp1 > 1.4) sources in the

2 The quasar J1609+3041 at 2 = 6.14 was classified as radio-loud
by Banados et al. (2015) based on a tentative 1.4 GHz detection
at S/N of 3.5. However, deeper observations showed this object
to be radio-quiet (Liu et al. 2021). Also note that Liu et al.
(2021) detected the quasar J0227-0605 at z = 6.2 at 3 GHz but
not at 1.4 GHz, making it potentially radio-loud, though deeper
1.4 GHz (or lower frequency) observations are required for a ro-
bust classification.
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Figure 1.

Optical/near-infrared spectrum of P172+18. The final spectrum was obtained by combining all the spectroscopic

follow-up data available (Keck/NIRES, VLT/X-Shooter, and LBT/MODS).

stacked object Pan-STARRS] catalog (Chambers et al.
2016) and a counterpart in the radio survey Faint Images
of the Radio Sky at Twenty cm (FIRST, Becker et al.
1995) to avoid most of the L- and T-dwarfs, which are
the main contaminants for z > 6.5 quasar searches (see
Banados et al. 2015 for details). The Pan-STARRS1
and FIRST measurements for P172+18 are listed in Ta-
ble 1. This object also stands out as a promising high-
redshift quasar candidate in a new method to select
z 2 6.5 quasars exploiting the overlap of Pan-STARRS1
and the DESI Legacy Imaging Surveys (DECaLS; Dey
et al. 2019), which will be presented in a forthcoming
paper along with additional z 2 6.5 quasar discoveries
(E. Banados et al. in preperation). P172+18 was se-
lected using the DECaLS DR7 catalog, but in Table 1
we report the photometry from the latest (DR8) data
release.

The optical photometry of P1724+18 in the DECaLS
DR7 and DRS catalogs is consistent. However, the mid-

infrared Wide-fied Infrared Survey Explorer (WISE)
magnitudes are inconsistent® at the 20 level even though
DR7 and DRS8 use the same input set of WISE im-
ages spanning from 2010 to 2017 (A. Meisner, private
communication; Meisner et al. 2019). DECaLS pro-
vides matched WISE photometry by using the gpg,
rpE, 2pE information to infer the WISE magnitudes
from deep image coadds using all available WISE data
(Lang 2014; Meisner et al. 2017, 2019). The WISE
DECaLS DR7 magnitudes are W1 = 21.25 + 0.21 and
W2 = 21.30 + 0.51 in contrast to the DR8 magnitudes
of W1 = 20.71 £ 0.13 and W2 = 20.73 + 0.31. The
main difference between DR7 and DRS8 is the change
of sky modeling as presented in Schlafly et al. (2019),
which can affect the fluxes of sources at the faint limit

3 We also note that P172418 does not appear in the ALLWISE
(Cutri 2014), unWISE (Schlafly et al. 2019), or CatWISE (Eisen-
hardt et al. 2020) catalogs.



4 BANADOS ET AL.

of the unWISE coadds. Therefore, the reported WISE
magnitudes need to be taken with caution.

We confirmed P172+18 as a z ~ 6.8 quasar on 2019
January 12 with a 450 s spectrum using the Folded-
port InfraRed Echellete (FIRE; Simcoe et al. 2008, 2013)
spectrograph in prism mode at the Magellan Baade tele-
scope at Las Campanas Observatory. The spectrum had
poor signal-to-noise ratio (S/N) but was sufficient to un-
equivocally identify P172418 as the most distant radio-
loud quasar known to date, which triggered a number of
follow-up programs described below.

2.2. Near-infrared Imaging Follow-up

We obtained JH K photometry using the NOTCam
instrument at the Nordic Optical Telescope (Djupvik
& Andersen 2010). The total exposure times were 19
minutes each for Jyor and Hyort and 31 minutes for
Ksnor. Data reduction consisted of standard proce-
dures: bias subtraction, flat-fielding, sky subtraction,
alignment, and stacking. Table 2 presents a log of the
observations.

We calculate the zero-points of the NOT observations,
calibrating against stars in the T'wo Micron All Sky Sur-
vey (2MASS) using the following conversions:

Jnot = Jamass — 0.074 x (Joniass — Hoanmass) + 0.003
Hyot = Honass + 0.045 x (Janass — Honmass) + 0.006
Ksnotr = Komass + 0.580 x (Hamass — Komass) + 0.225

These conversions were calculated via linear fits of the
stellar loci as described in Section 2.6 of Banados et al.
(2014). The near-infrared photometry is listed in Ta-
ble 1.

2.3. Spectroscopic Follow-up

We obtained three follow-up spectra of P172418.
On 2019 February 18 we observed P172+18 for 3.5
hr with Keck/NIRES (Wilson et al. 2004). Between
2019 March 8 and April 8 we used the Very Lare
Telescope (VLT)/X-Shooter spectrograph (Vernet et al.
2011) to observe the target for a total time of 3.5
hr. We also observed P172+418 with the Large Binocu-
lar Telescope (LBT)/Multi-Object Double Spectrograph
(MODS) (Pogge et al. 2010) on 2019 June 13. The
MODS observations were carried out in binocular mode
for 20 minutes on-source. We summarize the spectro-
scopic follow-up observations in Table 3.

The Keck/NIRES and VLT/X-Shooter data were re-
duced with the Python Spectroscopic Data Reduction
Pipeline (Pypelt; Prochaska et al. 2019; Prochaska et al.

2020). In practice, sky subtraction on the 2D images was
obtained through a B-spline fitting procedure and dif-
ferences between AB dithered exposures. The 1D spec-
trum was extracted with the optimal spectrum extrac-
tion technique (Horne 1986). Each 1D single exposure
was flux-calibrated using standard stars observed with
X-Shooter. Then, the 1D spectra were stacked and a
telluric model was fitted, obtained from telluric model
grids from the Line-By-Line Radiative Transfer Model
(LBLRTM4; Clough et al. 2005, Gullikson et al. 2014).
The X-Shooter and NIRES spectra were then absolute-
flux-calibrated with respect to the JyoT magnitude (see
Table 1). The LBT/MODS binocular spectra were re-
duced with IRAF using standard procedures, including
bias subtraction, flat-fielding, and telluric and wave-
length calibration. They were each scaled to the yp;
magnitude.

We performed all measurements presented in the fol-
lowing sections in the individual spectra, which resulted
in consistent results. To maximize the information pro-
vided by all spectra we re-binned them to a common
wavelength grid with a pixel size of 50kms™!, and aver-
aged them weighting by their inverse variance. The final
spectrum that we use for our main analysis is shown in
Figure 1 and a zoom-in on the main emission lines is
presented in Figure 2.

2.4. Radio Follow-up

Follow-up radio-frequency observations were carried
out with the Karl G. Jansky Very Large Array (VLA)
of the NRAO* on 2019 March 5 and 2019 March 11,
in S and L bands respectively. Each observing session
was Lhr in total (~21 min on-source). The VLA was
in B-configuration with a maximum baseline length of
11.1km. The observations spanned the frequency ranges
1-2GHz (L band; center frequency 1.5 GHz) and 2-
4 GHz (S band; center frequency 3 GHz). The WIDAR
correlator was configured to deliver 16 adjacent sub-
bands per receiver band, each 64 MHz at L band and
128 MHz at S band. Each subband had 64 spectral chan-
nels, resulting in 1 MHz channels in the L-band data and
2MHz channels in the S-band data.

The source 3C 286 (J1331+3030) was used to set the
absolute flux density scale and to calibrate the band-
pass response, and the compact source J1120+1420 was
observed as the complex gain calibrator. Data editing,
radio-frequency interference (RFI) excision, calibration,
imaging, and analysis were performed using the Com-

4 The National Radio Astronomy Observatory is a facility of the
National Science Foundation operated under cooperative agree-

ment by Associated Universities, Inc.
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Figure 2. Zoom-in on the main broad emission lines from near-infrared spectroscopy. We show the total spectral fit (red
line), and the different components, i.e. power law + Balmer pseudo-continuum (blue line), Fe II template (green line, from
Vestergaard & Wilkes 2001), and emission lines (pink lines). Spectral regions used for the continuum and spectral line fits are
shown as horizontal light blue and pink regions, respectively. The noise spectrum is reported in gray in the main panels, while
residuals are also shown below each panel. Regions with low S/N or strong absorption features are masked out during the fit,

and highlighted with gray vertical regions.

mon Astronomy Software Applications (CASA) pack-
age of the NRAOQO. The data were calibrated using the
CASA pipeline version 5.4.1-23, and the continuum im-
ages were made using the wide-field w-projection gridder
and Briggs weighting with robust=0.4 as implemented
in the CASA task tclean. Due to the excision of data
affected by RFI, the resulting L- and S-band images
have the reference frequencies of 1.52 and 2.87 GHz, re-
spectively. The resulting beam sizes for the 1.52 and

2.87 GHz images are 3”55 x 3724 and 2727 x 1”85, re-
spectively. A summary of the radio observations is listed
in Table 2 and the results are discussed in Sections 4.1
and 4.2. The follow-up radio images as well as archival
data from the FIRST survey are shown in Figure 3.

3. ANALYSIS OF UV-OPTICAL PROPERTIES

To derive the properties of the broad emission lines,
we use a tool especially designed to model near-infrared
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Figure 3. VLA L- and S-band observations (blue contours) centered on the position of P172+18 over optical and near-infrared
imaging as labeled in the figure; north is up and east is left. Contours correspond to 30 and 50 for the FIRST image (left panel)
and to 3o, 7o, 140, and 21c for the VLA-DDT images (corresponding negative contours for all panels are dashed); o for each
of the radio images is listed in Table 2. The follow-up observations reveal a second radio source 23”1 to the northwest of the
quasar with no counterpart in available optical or near-infrared imaging (see Table 1). Although the secondary radio source is
slightly brighter than the quasar in the deepest observations, it was not visible in the FIRST survey data.

spectra of high-redshift quasars, which is described in
detail in Section 3 of Schindler et al. (2020). Briefly,
we consider both the quasar pseudo-continuum emission
and the broad emission lines. In particular, we fit the
former with the following components:

1. a power law (fp), normalized at rest-frame wave-
length 2500 A:
A o
) )

fpl = fpl,O (m

where a) and fp 0 are the power-law index and
amplitude, respectively.

2. a Balmer pseudo-continuum. We consider the de-
scription from Dietrich et al. (2003), valid for
wavelength A < Agg = 3646 A, i.e., where the
Balmer break occurs:

IBc(N) = fBCoBA(N, Te) (1 - erBE(’\/ABE)g) (2)

with By(T,) the Planck function at electron tem-
perature T, Tgg the optical depth at the Balmer
edge, and fpc,o the normalized flux density at the
Balmer break. Following the literature (e.g., Diet-
rich et al. 2003, Kurk et al. 2007, De Rosa et al.
2011, Mazzucchelli et al. 2017, Onoue et al. 2020),
we assume T, = 15,000K and 7gg = 1, and we
fix the Balmer emission to 30% of the power-law
contribution at rest-frame 3646 A.

3. an Fe II pseudo-continuum. We model the
Fe II contribution with the empirical template
from Vestergaard & Wilkes (2001), which is used

in the derivation of the scaling relation that we
later consider for estimating the black hole mass of
the quasar (see Section 3.2 and Equation 5). We fit
the Fe II in the rest-frame wavelength range 1200 —
3500 A. Assuming that Fe II emission arises from
a region close to that responsible for the Mg II
emission, we fix zrer1 = 2Merr and FWHMpe to
be equal to FWHM,11.

To perform the fit, we choose regions of the quasar con-
tinuum free of broad emission lines and of strong spikes
from residual atmospheric emission: [1336-1370], [1485—
1503], [1562-1626], [2152-2266], [2526—2783], [2813—
2869] A (rest frame).

We subtract the entire pseudo-continuum model
(power law + Fe II 4+ Balmer pseudo-continuum) from
the observed spectrum, and then we model the broad
emission lines with Gaussian functions, interactively
choosing the wavelength range for the fit. In particu-
lar, we model the N V, Si IV, C III], and Mg II lines
with a single Gaussian, while the Lya and C IV lines
are better fit by two Gaussians representing a narrow
component and a broad one.

After obtaining the best fit, we implement a second
routine to obtain the best parameters and their uncer-
tainties through a bootstrap resampling approach. The
spectrum is resampled 500 times by drawing from a
Gaussian distribution with mean and standard devia-
tion equal to the observed spectrum and the uncertainty
on each pixel, respectively. For every resampling, the
spectrum is refit with the initial best fit used as a first
guess. All the model parameters are then saved and
used to build a distribution. The final best values and
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uncertainties correspond to the 50% and 16% and 84%
percentiles, respectively.

We show the total best fit of the final spectrum in
Figure 1 and zoom-in on the emission lines in Figure 2.
We list the measured quantities in Tables 1 and 4 and
the derived properties in Table 5.

3.1. Emussion Line Properties

Specific properties such as equivalent width (EW) and
peak velocity shift of key broad emission lines (e.g., Lya,
N Vv, C 1V, and Mg II) have been shown to trace
properties of the innermost regions of quasars and of
their accretion mechanisms (e.g, Leighly & Moore 2004,
Richards et al. 2002, 2011).

We measure the redshifts of the emission lines as

_ >\line,0bs
Zline = Y

)\line,rf ! (3)
where Ajine.obs 15 the observed line wavelength, i.e., the
peak of the fitted Gaussian function, and Ajinerf is the
rest-frame line wavelength (see Table 4). In case of a
line fitted with two Gaussian functions (e.g., C IV and
Lya), we considered the peak wavelength correspond-
ing to the maximum flux value of the full model (see
Schindler et al. 2020 for further details).

P172+18 presents strong and narrow Lya and N V
emission lines (see Figures 1 and 2). We derive
the total equivalent equivalent width of Lya+N V,
EW(Lya+N V) ~ 56A (see Table 4). This is con-
sistent with the mean of the EW(Lya 4+ N V) distribu-
tions for 3 < z < 5 and z > 5.6 quasars as found by
Diamond-Stanic et al. (2009) and Banados et al. (2016),
respectively.

Notably for a z ~ 7 quasar, the narrow component
of the Lya emission of P172418 can be fitted well by
a single Gaussian and there is no evidence for an IGM
Lya damping wing (see Wang et al. 2020), implying that
the surrounding IGM is > 90% ionized (see also Section
3.3).

Now we focus on the relation between the C IV EW
and the blueshift with respect to the Mg II line. As a
reminder, we model the C IV line with two Gaussians
(see Table 4 and Figure 2). In the following, we con-
sider all the components of the model, i.e., the total
line emission®. We measure C IV EW = 21.3725 A and
Avmgii—cry = 195 £ 225 km s~1. In Figure 4, we place
the measurements of P172+18 in the context of quasar
populations at z ~ 2 and z 2 6. For the z ~ 2 subsam-
ple we select quasars from the Sloan Digital Sky Survey

5 The properties of the single Gaussian components of the fit of

the line are presented in Table 4

(SDSS) Data Release 7 quasar catalog (DR7; Shen et al.
2011) using the criteria of Richards et al. (2011):

1. 1.54< z <2.2, to ensure that both C IV and Mg II
emission lines are encompassed by the SDSS spec-
tral wavelength range.

2. FWHMcpy and FWHM e > 1000 km s™!, to
select only quasars with broad emission lines.

3. FWHM¢cry > 2UFWHM,CIV and EWcgry >
20ew,crv and EWery > 5 A, for a reliable fit of
the C IV line.

4. FWHMMgH > ZUFWHM,MgII and EWMgII >
20Ew Mgll, for a reliable fit of the Mg II line.

5. we exclude broad absorption line quasars
(BAL_FLAG = 0).

This yields 22,703 objects, out of which 1284 are classi-
fied as radio-loud with Ro599 > 10.

As shown in Richards et al. (2011), radio-loud quasars
occupy a specific region of the C IV EW-blueshift pa-
rameter space: small blueshifts (< 1000kms™") but a
wide range of EW values. However, note that for each
radio-loud quasar several radio-quiet ones with similar
rest-frame UV properties can be found, but not neces-
sarily the other way around (Figure 4). Recently, the
C IV emission line of z 2 6 quasars has been studied
by various researchers (e.g., Mazzucchelli et al. 2017,
Meyer et al. 2019). Large blue shifts for these objects
are ubiquitous, with median values of Avygrn—civ ~
1800 kms™' (Schindler et al. 2020) and with extreme
values extending to Avmgr—crv 25000 km s~!(e.g.,
Onoue et al. 2020). In Figure 4 we show the Avyg—c1v
measurements for z > 6 quasars from Mazzucchelli et al.
(2017), Shen et al. (2019), Onoue et al. (2020), and
Schindler et al. (2020).

To exclude objects with extremely faint emission lines
and/or with spectra with low S/N close to the C IV line,
we consider only high-z quasars for which EW¢ry >
20crv and EWery > 5A. Out of the three radio-loud
quasars at z > 6 that have near-infrared spectra cover-
ing Mg II and C 1V, only J1429+5447 does not satisfy
our criteria owing to its extremely weak emission lines
(EWery < 5A; Shen et al. 2019). The two radio-loud
quasars at z > 6 in Figure 4, J14274+3312 and P172+18,
show C IV emission line properties consistent with what
is observed in the radio-loud sample at z ~ 2. A larger
sample of radio-loud quasars at high redshift with near-
infrared spectra is needed to further investigate whether
this trend changes with redshift, and whether the differ-
ent EW and blueshift properties of radio-loud quasars
can inform us about physical properties of their broad-
line regions and/or their accretion mode.
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3.2. Black Hole Properties

We compute the quasar bolometric luminosity (Lpo)
using the bolometric correction presented by Richards
et al. (2006):

Lol = 5.15 X L (3000 A) ergs~! (4)

where L(3000A) is the monochromatic luminosity at
3000 A derived from the power-law model. We estimate
the black hole mass using the Mg II line as a proxy
through the scaling relation presented by Vestergaard &
Osmer (2009):

6.86
Mpn =10 { 103kms—! 10%4ergs—1!
()
This scaling relation has an intrinsic scatter of 0.55 dex,
which is the dominant uncertainty of the black hole mass
estimate. Once we have a black hole mass estimate, we

can directly derive the Eddington luminosity as

Lggq = 1.3 x 1038 (JWBH> ergs L. (6)

Mg
We obtain a black hole mass of My = 2.9f8:g X
108Mp, and an Eddington ratio of Lye/Lrda = 2.270°5%
for P172+18 (see also Table 5). We note that the Ed-
dington ratio depends on the bolometric luminosity cor-

rection used. For example, using the correction recom-
mended by Runnoe et al. (2012),

log Lol = 1.852 4 0.975 x log(A Ly (3000A)),  (7)

yields Lyo = 6.5 x 10*6 ergs™' and an Eddington ratio
of Lyol/Lrda = 1.8. For the reminder of the analysis
we consider the bolometric correction from equation 4
to facilitate direct comparison with relevant literature
(e.g., Shen et al. 2019; Schindler et al. 2020).

In Figure 5 we plot black hole mass vs. bolometric lu-
minosity for P172418 as well as other z > 6 and lower-
redshift quasars from the literature. As for Figure 4,
the low-redshift quasar sample is taken from the SDSS
DR7 quasar catalog. Here, we select objects with red-
shift 0.35 < z < 2.25, i.e., for which the Mg II emission
line falls within the observed wavelength range, and with
valid values of FWHM (Mg II) and L,(3000), necessary
to estimate the black hole masses and bolometric lu-
minosities. This results in 85,504 SDSS quasars, out
of which 5769 are classified as radio-loud (red contours
in Figure 5). We compiled the z > 6 quasar sample
from the following studies: Willott et al. (2010b), De
Rosa et al. (2011), Wu et al. (2015), Mazzucchelli et al.
(2017), Shen et al. (2019), Pons et al. (2019), Reed et al.

FWHM(MglI) ] 2 |:/\L)\(3000 A) ] o M
@.

(2019), Matsuoka et al. (2019b), Onoue et al. (2019,
2020), and Yang et al. (2020). We recalculate the black
hole masses and bolometric luminosities of all quasars,
at both low and high redshift using equations 4 and 5.
The two high-redshift radio quasars for which these mea-
surements are available from the literature (J1427+3312
and J1429-+5447, both with near-infrared spectra pre-
sented by Shen et al. 2019), show black hole masses
and bolometric luminosities consistent with radio-loud
quasars at lower redshift, and with the general quasar
population at z > 6. The black hole of P172+18 is ac-
creting matter at a rate consistent with super-Eddington
accretion, and it is found among the fastest accreting
quasars at both z ~ 1 and z 26.

Quasars SDSS DR7
2.5 SDSS DR7 Radio Loud
Quasars at z > 6
z > 6 Radio Loud
= P172+18
T?.()
=
[a
Z,
O 1.57
g + 8
# s
1.0
+ -+
0 2000 4000 6000
Av (Mgll — CIV)[km s~ ]
Figure 4. C IV equivalent width vs. blueshift with re-

spect to the Mg IT emission line. We show the distribution
of SDSS DR7 1.4 < z < 2.2 quasars with gray points and
shaded gray contours. The radio-loud subsample from SDSS
is highlighted with red points and contours (see Section 3.1
for definition and selection). Quasars at z > 6 are reported
with green points, and obtained from a collection of works
from the literature (Mazzucchelli et al. 2017, Shen et al. 2019,
Onoue et al. 2020, Schindler et al. 2020). Before this work,
there was only one z > 6 radio-loud quasar with robust C IV
and Mg II measurements (magenta square). P172+18 at
z = 6.823 is represented as an orange star and its uncertain-
ties are shown in the bottom left corner.

3.3. Near-zone Size

Near-zones are regions around quasars where the
surrounding intergalactic gas has been ionized by the
quasar’s UV radiation, and they are observed as regions
of enhanced transmitted flux close to the quasar in their
rest-frame UV spectra. The near-zone sizes fo quasars
provide constraints on quasar emission properties and
on the state of their surrounding IGM (e.g., Fan et al.
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Figure 5. Black hole mass vs. bolometric luminosity. The
gray points and contours show the distribution of SDSS DR7
quasars at 0.35 < z < 2.25. Red points and contours high-
light the SDSS DR radio-loud quasar subsample. We show
z > 6 radio-quiet and radio-loud quasars from a collection of
studies in the literature (see Section 3.2 for references) with
blue circles and magenta squares, respectively. P172+418
(orange star) is consistent with accreting matter at super-
Eddington rate. The dominant systematic uncertainty on
black hole mass estimates from scaling relations (~0.55 dex)
is shown in the bottom right corner. All black hole masses
shown here are estimated using the same scaling relation
(Vestergaard & Osmer 2009), and the same bolometric cor-
rection was applied for all bolometric luminosities (Richards
et al. 2006).

2006, Eilers et al. 2017, 2018). The radii of near-zones
(Rnz) depend on the rate of ionizing flux from the cen-
tral source, on the quasar’s lifetime, and on the ion-
ized fraction of the IGM (e.g., Fan et al. 2006, Davies
et al. 2019). In practice, Rxz is measured from the rest-
frame UV spectrum (smoothed to a resolution of 20 A)
and taken to be the distance from the quasar at which
the transmitted continuum-normalized flux drops below
10%. Here, we obtain the transmitted flux by dividing
the observed spectrum of P172+18 by a model of the
intrinsic continuum emission obtained with a principal
components analysis method (see Davies et al. 2018; Eil-
ers et al. 2020, for details of the method). In order to
take into account the dependence on the quasar’s lumi-
nosity, we also calculate the corrected near-zone radius
(RNZ.corr), following the scaling relation presented by
Eilers et al. (2017):

Rxz.com = Rxz % 100-4(27+M1450)/2.35 (8)

where Mi450 is the absolute magnitude at rest-frame
1450 A. We report both RNz and Rnz.corr in Table 5.

The size of the near-zone of P172+18 and the corrected
near-zone are Rnz = 3.96 £ 0.48 pMpc and RNz corr =
6.31 + 0.76 pMpc, respectively. This large near-zone
is within the top quintile of the distribution of quasar
near-zones at z 2 6 (Eilers et al. 2017). This suggests
that the time during which this quasar is UV-luminous
(here referred to its lifetime) exceeds the average lifetime
of the high-redshift quasar population of tq ~ 106 yr
(Eilers et al. 2020).

The evolution of Rnz corr With redshift, at z > 5.5,
has been investigated in the literature to constrain both
the reionization history and quasar lifetimes (e.g., Carilli
et al. 2010, Davies et al. 2016, Eilers et al. 2020). While
Carilli et al. (2010) and Venemans et al. (2015) recover
a steep decline of Rz corr With redshift (a decrease in
size by a factor of ~ 6 between z = 6 and z = 7), Eil-
ers et al. (2017) study a larger sample of ~30 quasars
at 5.8 < z < 6.6 and recover a best-fit relation in the
form of RNz corr X (14 2)77, with v ~ 1.44, suggesting
a more moderate evolution with redshift than previous
studies (a reduction in size by only ~ 20% between z = 6
and z = 7). Finally, Mazzucchelli et al. (2017) recover
a flatter relation (y ~ 1.0), utilizing measurements of
RNz, corr up to z ~ 7 (see also Ishimoto et al. 2020). Us-
ing hydrodynamical simulations, Chen & Gnedin (2020)
obtained a shallow redshift evolution of near-zone sizes
over the redshift range probed by the current quasar
sample, i.e., 5.5 < z < 7 (see also Davies et al. 2020).
The expected average corrected near-zone size at z = 6.8
is (RNz,corr) = 4.2 pMpc for the redshift evolution from
Eilers et al. (2017), and (Rnz,corr) &~ 2.2 pMpc when as-
suming a steeper evolution as found by Venemans et al.
(2015).

Therefore, the new near-zone measurement for
P172+18 is considerably larger than the expected av-
erage size at this redshift. However, if the quasar was
more luminous in the recent past and its activity is cur-
rently in a receding phase (see § 4.1 for tentative ev-
idence of a decrease in the quasar’s radio luminosity),
the large near-zone size could be explained by a higher
luminosity than what is measured at the present time.

4. ANALYSIS OF RADIO PROPERTIES

In addition to detecting the quasar, the follow-up VLA
radio observations revealed a second radio source 23”1
from P172+18 at a position angle of 128.25° (see Fig-
ure 3). We will explore the radio properties of the quasar
and the serendipitous companion radio source below.

4.1. Quasar Radio Properties

The quasar is a point source in both the follow-up L-
and S-band observations with a deconvolved size smaller
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Table 1. Photometry of the radio-loud quasar P172+18 and its radio detection threshold of the FIRST survey (Becker et al.

companion.

Quasar Radio Companion
R.A. (J2000) 11"29™25237 11729724508
Decl. (J2000) +18°46'24/29 +18°46'38”58

Public optical and infrared surveys
Pan-STARRSI ip1 > 23.6 > 23.6
Pan-STARRSI zpy > 23.2 > 23.2
Pan-STARRSI yp: 20.76 £+ 0.09 > 22.3
DECaLS DR8 gpr > 254 > 254
DECaLS DRS8 rpg > 24.8 > 24.8
DECaLS DRS8 zpg 21.64 +£0.05 > 23.8
DECaLS DR8 W1 20.71+£0.13 > 21.8
DECaLS DR8 W2 20.73 £0.31 > 20.9
Follow-up near-infrared imaging
JnoT 20.90 +0.11 > 22.2
Hyor 21.36 = 0.24 > 21.8
Ksnor 21.07 +0.18 > 21.7
Public radio surveys
TGSS 147.5 MHz < 8.5mly < 8.5mly
FIRST 1.4 GHz 1020 + 144 pJy @ < 406 puJy
Radio follow-up
VLA-L 1.52 GHz 510 &£ 15 udy 732 £ 15 udy
VLA-S 2.87 GHz 222 + 9 puly 432 + 20 pJy?
ok —1.3140.08 —0.8340.08
Quasar rest-frame luminosities®

mM1450 21.08 = 0.10
Mias0 —25.81£0.10
Lasoo (1.440.1) x 10*®ergs™!
Lsooo (1.340.1) x 10* ergs™*
L0 (1.140.1) x 10*6 ergs™*
Ls g, (5.440.2) x 10*? ergs™*

@ This is the reported peak flux density in the FIRST catalog (version
2014dec17). We note that in the FIRST image we measure 852 £ 135 uJy.

bThe source is marginally resolved in the VLA-S image and we report the

integrated flux.

€ The quasar UV and optical luminosities are derived from the best-fit power
law of the near-infrared spectrum (see Table 4) and the uncertainties are
dominated by the JxoT photometry used for absolute flux calibration of the
spectrum. The 5 GHz radio luminosity is extrapolated using the measured

radio index.

than 179 x 0”87; see Figure 3. P172+18 is well detected
in both bands with S/N> 20 and the measured flux
densities are listed in Table 1. The measured L-band
flux density is a factor of two fainter than what is re-
ported in the FIRST catalog. In fact, the measured
fis2guz, = 510 £ 15 uJy would have been below the

1995). The discrepancy is significant at more than 3o
and could be the result of real quasar variability over
the 20 yr (~ 2.5 yr rest frame) between the two mea-
surements; such changes have been reported in similar
timescales (e.g., Nyland et al. 2020). However, given
that the source is at the faint limit of the FIRST sur-
vey, we cannot rule out that the variation is simply due
to noise fluctuations in the FIRST data. Unfortunately,
we are not able to test the variability hypothesis given
that no other measurements of the quasar are available
at a similar epoch to the FIRST observation. For the
remainder of the analysis we will consider the follow-
up VLA measurements as the true fluxes. Assuming
that the radio observations follow a power-law spectral
energy distribution (f, o v%), the L- and S-band flux
densities correspond to a steep power-law radio slope of
aé = —1.31 & 0.08. This is steeper than o = —0.75,
which is usually assumed in high-redshift quasar studies
when only one radio band is available (e.g., Wang et al.
2007; Momjian et al. 2014; Banados et al. 2015).

4.1.1. Radio-loudness

To estimate the radio-loudness of P172418 we obtain
the rest-frame 5 GHz emission by extrapolating the radio

emission using the measured spectral index ok = —1.31
and the 2500 A and 4400 A emission using the power-
law fit to the near-infrared spectrum (o, yy = —0.48)

obtained in Section 3. This results in radio-loudness
parameters of Ros00 = 91+ 9 and Ry400 = 70+ 7, classi-
fying P1724-18 as a radio-loud quasar. The quasar radio
properties are summarized in Table 5.

We note that the data from very long baseline inter-
ferometry (VLBI) presented by Momjian et al. (2021)
imply a steeper spectral index at frequencies higher than
3 GHz (see Figure 6). The quasar is not detected in the
TIFR GMRT Sky Survey (TGSS; Intema et al. 2017)
at 147.5MHz. We downloaded the TGSS image and
determined a 3¢ upper limit of 8.5mJy (see Table 1
and Figure 6). This implies that the slope of the ra-
dio spectrum should flatten or have a turnover between
147.5MHz and 1.52 GHz. If the turnover occurs at a
frequency larger than rest-frame 5 GHz, the rest-frame
5 GHz luminosity (and therefore radio-loudness) would
be smaller than our fiducial value assuming o = —1.31.
In the extreme case that the turnover happened exactly
at the frequency of our L-band observations, the source
would still be classified as radio-loud (i.e., Ras00 > 10)
as long as o < 1.24 (see Figure 6). Deep radio observa-
tions at frequencies < 1 GHz are needed to precisely de-
termine the rest-frame 5 GHz luminosity and the shape
of the radio spectrum.
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Figure 6. Radio spectral energy distribution of P172+18,
including data from our VLA follow-up observations (red
diamond), the VLBI measurements (green circles) from
Momjian et al. (2021), and a 3o upper limit from the TGSS
(purple square). The power-law index, «, is shown between
the measurements as well as the radio-loudness by extrapo-
lating the radio emission to rest-frame 5GHz. The dotted line
with a = 1.24 represents the turnover required for P172+18
to be classified as radio-quiet (i.e., Ras00 < 10).

4.2. Companion Radio Source

The radio companion is detected with S/N>20 in
both L- and S-band observations (see Figure 3). This
object is a point source in the L-band image with a de-
convolved size smaller than 176 x 0769. A Gaussian fit
to the S-band image results in a resolved source with
a deconvolved size of 173 x (/8 and position angle of
74° £+ 22°. This secondary source is not detected in any
of our available optical, near-infrared, and mid-infrared
images. Its radio properties and optical/near-infrared
limits are listed in Table 1.

The number of radio sources with a 1.4 GHz flux den-
sity > 700 pJy is 59deg™2 and 117 deg~2 according to
the number counts of deep radio surveys from Fomalont
et al. (2006) and Bondi et al. (2008), respectively. This
means that in an area encompassing the quasar and the
second radio source (7 x 23”12%) only 0.007 and 0.015
sources like the companion are expected using the num-
ber counts from Fomalont et al. (2006) and Bondi et al.
(2008), respectively. The < 2% likelihood of chance su-
perposition raises the possibility that this radio source
and the quasar could be associated.

This companion radio source is (slightly) brighter than
the quasar in both the L- and S-band follow-up obser-
vations. However, it was not detected in the FIRST
survey carried out in 1999 (see Table 1 and Figure 3).
This second source could not be a hot spot of the radio
jet expanding for the last 20 yr: at the redshift of the
quasar, the projected separation of the two sources is

about 120 proper kpc, a distance that would take light
about 400, 000 yr to travel.

Another possibility is that this second source is an ob-
scured, radio-AGN companion. There are a few exam-
ples of associated dust-obscured, star-forming compan-
ion galaxies to quasars at z > 6 (e.g., Decarli et al. 2017;
Neeleman et al. 2019). A couple of them have tentative
X-ray detections, which make them obscured AGN can-
didates (e.g., Connor et al. 2019; Vito et al. 2019). This
possibility is tempting, because two associated radio-
loud AGNs would point to an overdense environment in
the early universe and provide constraints on AGN clus-
tering. Nevertheless, with the available shallow optical
and near-infrared data we are not able to rule out that
the second radio source lies at a different redshift than
that of the quasar. More follow-up observations are re-
quired to firmly establish the nature and redshift of the
source.

5. SUMMARY AND CONCLUSIONS

The main results of this work can be summarized as
follows.

1. We present the discovery of the most distant radio-
loud source to date, the quasar P172418 with an
Mg II-based redshift of z = 6.823 (see Figures 1
and 7 and Table 5).

2. The C IV properties of the two z > 6 radio-loud
quasars known with near-infrared spectroscopy
and reliable C IV detection (J142745447 and
P172+18) are consistent with the radio-loud pop-
ulation at z ~ 2 in terms of C IV EW and blueshift
(see Figure 4).

3. The quasar has a black hole mass of ~ 2.9 x 108 M,
and an Eddington ratio of ~2.2. It is known that
there are large uncertainties on the estimates of
black hole mass and Eddington ratio associated
with the scaling relations used. Therefore we com-
pare the properties of P1724+18 to other quasars
using the same scaling relation (Vestergaard &
Osmer 2009) and bolometric correction (Richards
et al. 2006). With this in mind, P172+18 is among
the fastest accreting quasars at both low and high
redshift (Figure 5).

4. The quasar shows a strong Ly« line that can be
modeled with a narrow Gaussian and a broad one
(see Figure 2 and Table 3). The large measured
near-zone size, RNz corr ~ 6pMpc, suggests an
ionized IGM around the quasar and implies that
P172+18’s lifetime exceeds the average lifetime of
the z 2 6 quasar population (see Section 3.3).
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5. The quasar’s radio emission is unresolved (with
size smaller than 1790 x 0787) and shows a steep
radio spectrum (o = —1.31 + 0.08) between 1.5
and 3.0 GHz (~11-23 GHz in the rest frame). Ex-
trapolating the spectrum to 5 GHz rest frame, the
quasar has a radio-loudness of Ras00 = 91 £9 (see
Figure 6).

6. The follow-up L-band radio data are a factor ~
2 fainter than what is expected from the FIRST
observations taken two decades previously. This
fact, together with the long lifetime implied by the
size of P172+418’s near-zone, could indicate that
we are witnessing the quasar phase turning off.

7. The VLA follow-up observations revealed a second
radio source 23”1 from the quasar with compara-
ble radio flux densities (see Figure 3 and Table
1). This source was not detected in the FIRST
survey and has no counterpart in our current
optical /near-infrared images.

P172+18, in particular, is an ideal target to investi-
gate the existence of extended X-ray emission arising
from the interaction between relativistic particles in ra-
dio jets and a hot cosmic microwave background (CMB)
(e.g., Wu et al. 2017). This effect is expected to be
particularly strong at the highest redshifts because the
CMB energy density scales as (1 + 2)* and as a result
its effective magnetic field can be stronger than the one
in radio-lobes (Ghisellini et al. 2015). Complementary

to this science case will be high-resolution VLBI obser-
vations to constrain the structure of the radio emission
(e.g., Frey et al. 2008; Momjian et al. 2008, 2018). VLBI
observations for P172418 already exist and the results
will be presented in the companion paper by Momjian
et al. (2021).

The serendipitous detection of the companion radio
source (see Figure 3) deserves further follow-up. If the
radio source lies at the same redshift as the quasar,
this could be the most distant AGN pair known, po-
tentially revealing a very dense region in the early uni-
verse. Telescopes such as the Atacama Large Millime-
ter /submillimeter Array or the James Webb Space Tele-
scope should be able to determine the exact redshift by
identifying far-infrared and optical emission lines from
this possible obscured AGN.

Out of the 18 quasars known at z > 6.8, P172+18 is
the only one currently classified as radio-loud. In Ta-
ble 6 we compile the information on all the radio-loud
sources at z > 5 known to date and in Figure 7 we
present their redshift and radio-loudness distribution.
The radio-loudness of P172+18 is consistent with the
median value of the z > 5 radio-loud quasar population
(R2500,median = 91; R2500,mean = 213) Thus, the exis-
tence of this “median” radio-loud quasar at z = 6.823
makes it likely that there are other radio-loud sources
waiting to be discovered (or categorized) between this
redshift and the previous redshift record, and possibly
even at z > 7. Identifying these radio sources would
be important for future 21cm absorption studies of the
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IGM with the Square Kilometre Array (Carilli et al.
2004; Carilli & Rawlings 2004; Ciardi et al. 2015).
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trofisica de Canarias.

Facilities: EVLA, Keck:II (NIRES), VLT:Kueyen
(X-Shooter), Magellan:Baade (FIRE), LBT (MODS),
NOT (NOTCam).

Software:  Astropy (Astropy Collaboration et al.
2018), CASA (McMullin et al. 2007), Matplotlib (Hunter
2007, http://www.matplotlib.org), Numpy (Harris et al.
2020), Pypelt (Prochaska et al. 2019; Prochaska et al.
2020), SciPy (Virtanen et al. 2020), TOPCAT (Taylor
2005, http://www.starlink.ac.uk/topcat/)
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Table 2. Observing Log of Optical and Radio Imaging

Date Telescope/Instrument  Filters/frequency rms (1o) Reference
2019 May 17 NOT/NOTCAM JxoT,HNoT 23.4, 23.0 mag This work
2019 May 18 NOT/NOTCAM Ksnot 22.9 mag This work
1999 Nov 10 VLA /L-band 1.44 GHz 135 pJy FIRST
2019 Mar 5 VLA /S-band 2.87 GHz 9uJy This work
2019 Mar 11 VLA /L-band 1.58 GHz 15 puJy This work

Table 3. Summary of the optical and near-infrared follow-up spectroscopic observations.

Date Telescope/Instrument  Exposure Time Wavelength Range Slit Width
2019 Feb 18 Keck/NIRES 3.5 hr 9400—24000 A 0”55
2019 Mar 8—Apr 8 VLT /X-Shooter 3.5 hr 3000—24800 A 1”70 / 079 / 0”6
2019 Jun 13 LBT/MODS 0.3 hr 5000—10000 A 1722
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Table 6. Census and Properties of z > 5 Radio-loud Sources, Sorted by Decreasing Redshift, z

Name z Type miaso®  anuv fracHs Quiradio  Ras00© References
(mag) (mJy) disc./z/mias0/0x,uv/ f1.4 GHz/ Qv radio

P172+18 6.823 quasar 21.08 —1.52 0.510+0.016 —1.31 9149 1/1/1/1/1/1
J1429+-5447 6.183 quasar 20.70 —1.22 2.934+0.15 —0.67 161 + 17 2/3/4/7/5/6
J1427+43312 6.121 quasar 20.68 — 1.73+0.13 —0.90 117+ 14 7,8/9/4/7/5/6
J0309427172  6.10  blazar 20.96 ~ 23804087 044 15214151 10/10/11/-/12/10
J222840110  5.95  quasar 92.20 - 0.31 + 0.06 - 71+ 15 13/13/13/—/13/—
J224240334  5.88  quasar 22.20 - 0.204£0.03 —1.06 5849 2/2/4/-/14/14
P352-15 5.84 quasar 21.05 - 14.9+0.70 —0.89 1358 £+ 141 15/15/15/7/12/15
J0836+0054 581  quasar 1895 —0.73 1744004 —086  16+1 16/17/4/9/18/6
J153041049 572 radio galaxy =~ - - 7504010  —1.40 - 19/19/—/-/19/19
P055-00 568  quasar 20.29 - 2.14 +0.14 - 8349 20/20/4/-/5/—
P135+16 563  quasar 20.74 - 3.04 4+ 0.15 - 177+ 18 20/20/4/-/5/—
J0856-+0223  5.55 radio galaxy =~ - ~ 86.50+£0.60 —0.89 - 21/21/-/-/21/21
J0906+6930  5.48  blazar 19.67  —2.00 92.0+£0.62 —0.40 2373+ 205 22/23/11/23/22/22
J1648+4603 536  blazar 19.51 - 34.04£0.01 047 552447 24/24/11/-/24/24
J16144+4650 531  quasar 19.72 - 1.69+£0.16  0.67 17+2 24/25/11/-/5/6
J102642542  5.25 blazar 19.69 ~230.00+0.14 —0.60 4701 %407 24/25/11/-/5/26
J232043003 524  quasar 18.83 - 4.90 % 0.40 - AT£5 27/28/27/- )12/~
J0924 2201 519 radio galaxy ~ 7110£010 —1.63 - 20/29//—/29/29
J0131-0321 5.189 blazar 18.09 —1.75 32.83 +0.12 0.29 116 +9 30/30/30/30/5/6
J22454+0024 516  quasar 22.24 - 1.09 + 0.06 - 240 + 27 31/31/31/-/32/-
J09134+5919 5.12 quasar 20.26 — 17.45+0.16 —0.67 618 + 55 24/25/11/7/5/33
J2239+4-0030 5.09 quasar 21.27 — 1.35+0.10 —0.27 98 + 12 31/31/31/7/5/6
J103442033  5.01  quasar 19.56 - 3964015  0.28 47 +4 24/25/11/-/5/6

For objects for which the rest-frame 1450 A magnitudes are not reported in the literature or have large uncertainties, we use as proxy their ypq
magnitude from Pan-STARRS1 (Reference 11).

b

We report rest-frame UV power-law slopes for objects with available near-infrared spectra covering at least from 1 um to 2.2 um. For J0836+0054,

J14294-5447, and J0131-0321, ay yv was not directly available from the literature but we calculated it from their published spectra.

€To estimate Ras500 = fu,5GHz/ [y 2500 A» We extrapolate mi450 and f1.4 gH, to rest-frame 2500 A and 5 GHz flux densities using the reported UV

and radio slopes, respectively. For objects without o) yy, we assume the median value,a UV, ,median = —1.36 , found in the analysis of 38 z 2 6
quasars by Schindler et al. (2020). For objects without o, radio, We assume the median value from all the ‘type=quasar’ sources in this table:
Qy radio,median = —0.67. See section 4.1.1 for implications of extrapolating o radio-

NoTE—Blazars are highly variable objects and the UV and radio properties for the objects in this list were not observed simultaneously.

Therefore, the radio-loudness reported here should be treated with caution, especially for blazars.

References— 1: This work; 2: Willott et al. (2010a); 3: Wang et al. (2011); 4: Baniados et al. (2016); 5: Becker et al. (1995); 6: Shao
et al. (2020); 7: McGreer et al. (2006); 8: Stern et al. (2007); 9: Shen et al. (2019); 10: Belladitta et al. (2020); 11: yp1 magnitude; 12:
Condon et al. (1998); 13: Zeimann et al. (2011); 14: Liu et al. (2021); 15: Banados et al. (2018a); 16: Fan et al. (2001); 17: Kurk et al.
(2007); 18: Wang et al. (2007); 19: Saxena et al. (2018); 20: Baniados et al. (2015); 21: Drouart et al. (2020); 22: Romani et al. (2004);
23: An & Romani (2018); 24: Schneider et al. (2010); 25: Paris et al. (2018); 26: Frey et al. (2015); 27: Wang et al. (2016); 28: Yang
et al. (2016); 29: van Breugel et al. (1999); 30: Yi et al. (2014); 31: McGreer et al. (2013); 32: Hodge et al. (2011); 33: Wu et al. (2013)
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