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Relativistic jets are thought to play a crucial role in the formation and
evolution of massive galaxies and supermassive black holes. Blazars, which
are quasars with jets aligned along our line of sight, provide insights into the
jetted population and have been observed up to redshifts of z= 6.1. Here,

we report the discovery and multi-wavelength characterization of the blazar
VLASSJ041009.05-013919.88 at z = 7 (age of the Universe ~750 Myr), which
is powered by a-7 x 108 M black hole. The presence of this high-redshift
blazarimplies alarge population of similar but unaligned jetted sourcesin
the early Universe. Our findings suggest two possible scenarios. In one, the
jetin]0410-0139isintrinsically low power but appears highly luminous
duetorelativistic beaming, suggesting that most ultraviolet-bright

quasars at this redshift host jets. Alternatively, ifJ0410-0139 represents an
intrinsically powerful radio source, there should be hundreds to thousands
of radio-quiet quasars at z= 7 with properties like those of J0410-0139,
apredictionintension with observed quasar densities based on their
ultraviolet luminosity function. These results support the hypothesis

that the rapid growth of black holes in the early Universe may be driven by
jet-enhanced or obscured super-Eddington accretion, potentially playing a
key role in forming massive black holes during the epoch of reionization.

Relativisticjets are believed to be key driversin the growth of massive
galaxies and supermassive black holes', and a few of them have been
identified in the first billion years of the Universe*>. We selected the
quasar VLASS J041009.05-013919.88 (hereafter JO410—-0139) from
cross-matching the optical DESI (Dark Energy Spectroscopic Instru-
ment) Legacy Imaging Surveys (DELS)* and the 1.4 GHz NRAO (National
Radio Astronomy Observatory) VLA (Karl G.Jansky Very Large Array)
Sky Survey (NVSS)°. We required that the source be undetected in the
DELS g-and r-bands (Fig.1and Table1). The NVSS beam was 45”. Thus,
the radio emission could arise from several sources. Therefore, we
required that the DELS source coincides with an unresolved radio
source in the 3 GHz Very Large Array Sky Survey (VLASS)®. The VLASS
2.5” beam unambiguously identified the NVSS radio source with the

DELS source (there were no other radio sources within the NVSS beam).
The 3 GHz flux density ofJ0410-0139 increased by ~35% from the first
tothesecond VLASS epoch (inlessthan 3 years’ observed frame; Fig. 1
and Table 2). This was the firstindication that the source might be vari-
able and potentially a blazar.

We confirmed the nature of J0410—-0139 on 7 November 2020. A
30 min spectrum recorded by the focal reducer/low dispersion spec-
trograph 2 (FORS2) at the Very Large Telescope (VLT) in Chilerevealed a
quasar withaprominent Lya.emissionlineatz=7.0, within the so-called
epochofreionization when theintergalactic medium was transitioning
from neutral toionized”®. We then obtained near-infrared spectra with
the near-infrared echellette spectrometer (NIRES) at the Keck Obser-
vatory, the LUCIspectrograph at the Large Binocular Telescope (LBT)
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Fig.1|Photometry and spectra of the quasar J0410-0139atz = 7.0.The
greyscale postage stamps are optical and near-infrared images. The radio
images use different colour maps (3 GHz in orange and 1.4 GHz in light blue). The
1995NVSS 1.4 and the 2022 VLA 3 GHz images, taken in the most compact VLA
configuration, have the lowest resolution. The 2021 VLA 1.4 GHz image, shown at
the same size for comparison, confirms that there is a single radio source in the

field with strong evidence of variability. The second-to-bottom panel compares
spectra from VLT/FORS2, Keck/NIRES, Magellan/FIRE and LBT/LUCI, showing
consistent rest-frame UV with no variability in the broad line region or accretion
disk. The bottom panel shows the combined spectrum (and the 1o error in green).
Inset, A Gaussian fit to the Mg 11 line, which was used to estimate the black hole
properties (Table 3).

andthefolded-portinfrared echellette spectrograph (FIRE) mounted
onthe Magellan Baade Telescope at Las Campanas Observatory (Fig.1;
see Methods for details of the observations). The spectra were taken
between November 2020 and November 2021, and the spectral slopes
and broad emission line profiles are consistent among them (Fig. 1).
Near-infrared follow-up photometry taken between November 2020
and January 2023 is also consistent within 2o (Table 1). Thus, we found
no evidence for variability in the observed near-infrared wavelengths
(rest-frame ultraviolet (UV) and optical), implying that there were no
strong changesintheaccretiondisk or broad lineregion of the quasar.
These characteristics are seeninluminous flat-spectrum radio quasars
atlower redshifts’ and are consistent with the flat observed 2.7-5 GHz
radio spectrum'® of J0410-0139 (Fig. 2).

The redshift derived from a Gaussian fit to the Mg I line is
Zygn = 6.995 £ 0.001 (all error bars in this article correspond to 1o or
the central 68% interval of the distribution, unless otherwise stated),
but hereafter we use z;c ;= 6.9964 + 0.0005 as the systemic redshift,
measured from observations of the [C 11] line by the Atacama Large
Millimeter Array and presented in a companion paper". Throughout
this paper, we adopt a flat cosmology with a Hubble parameter of
H,=70kms™Mpc™, and cosmological density parameters Q,,= 0.3
and 2, = 0.7.Inthis cosmology, the Universe’s age at zi¢;;is 751 Myr and
1”corresponds to 5.23 proper kpc.

We derived ablack hole mass 0f6.9’:8j x 108times the mass of the
Sun (M) from the full-width at half-maximum of the Mg 11 line and the
quasar luminosity at 3,000 A (L, ,0; Table 3), following the methods
of previous works'>"*. Adopting a bolometric correction™ of
Lo = 5.15L5 00, the accretion rate or Eddington ratio for J0410-0139 is

Table 1| Optical and near-infrared photometry of J0410-0139

Survey/Inst. AB magnitudes Date

DELS DR10 Ope.s0>25.66

DELS DR10 I'peae>25.02

DELS DR10 ipgae>24.45

DELS DR10 Z,,=2214+0.06

NTT/SOFI Jsor=20.75+0.07 2020 November 20
NTT/SOFI Jsor=20.97+0.12 2021 July 26
NTT/SOFI Jsor=20.77£0.07 2023 January 4
NTT/SOFI Hsor=20.85+0.13 2020 November 20
NTT/SOFI Hsor=20.88+0.07 2023 January 4
NTT/SOFI Ksson=20.30+0.08 2020 November 20
NTT/SOFI Kssorn=20.38+0.10 2023 January 4
DELS DR10 W1=20.46+0.08

DELS DR10 W2=20.16+0.15

To identify J0410-0139, we used DELS data release 8, but here we report the most recent
photometry from DELS data release 10 (DR10). For the DELS DR10 catalogue, the filters are
e I'oes ipe and Zye, corresponding to the filters from the DECam camera. W1and W2 are the
filters onboard the WISE satellite. When the additional subscript,s,, is included, the quantity
reported is a 3-sigma lower limit. For NTT/SOFI the filters are Jsop, Hsop and Ksgog-

Lyo/Legg =1.22 £ 0.08. These properties are comparable to what is
observedinother quasars atasimilar cosmic time but without evidence
of powerful relativistic jets®.
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Table 2 | Radio observations of J0410-0139

Frequency (GHz) Flux density (mJy) Date Image beam (position angle) Reference
0.856 5.09+0.30 2021 December 18 23.1"x11.8" (-61°) FLASH®®

0.888 5.64+0.90 2019 April 26 25.0"x25.0" (0°) RACS®

0.888 5.42+0.97 2020 June 20 15.1"x12.4" (85°) VAST”

0.888 510+0.8 2021 July 21 13.6"x11.9" (79°) VAST”

1.37 7.89+1.62 2021 July 28 9.4"x7.6" (88°) VAST”®

1.37 11.99+1.84 2021 September 20 12.9"x7.1" (67°) VAST”®

1.37 5.83+1.5 2021 November 18 10.6"x7.8" (81°) VAST”®

1.40 4.20+0.50 1995 45.0"x45.0" (0°) NVSS®

15 812+0.02 2021 September 25 4.26"x3.45" (-18°) VLA/21B-087
1.5 4.46+0.04 2021 November 17 0.0143"x0.0059" (1°) VLBA/21B-190
1.5 9.21+0.17 2022 August 06 40.5"x34.5" (3°) VLA/21B-087
3.0 760+0.20 2017 October 1 2.8"x2.1" (16°) VLASS1.1 (ref. 6)
3.0 10.29+0.14 2020 July 19 2.8"x2.1"(-1°) VLASS2.1 (ref. 6)
3.0 14.48+0.01 2021 September 25 216"x1.83" (-9°) VLA/21B-087
3.0 10.63+0.02 2022 August 6 23.13"x19.53" (2°) VLA/21B-087
3.0 10.10£0.15 2023 March 8 2.8"x2.1"(1°) VLASS3.1 (ref. 6)
5.0 15.70+0.01 2021 September 25 1.37"x1.02" (-8°) VLA/21B-087
5.0 11.05+0.01 2022 August 6 16.0"x11.6" (-0°) VLA/21B-087
6.0 14.88+0.01 2021 September 25 1.23"x0.89" (-2°) VLA/21B-087
6.0 10.66+0.01 2022 August 6 13.0"x9.0" (7°) VLA/21B-087
70 14.04+0.01 2021 September 25 113"x0.79" (2°) VLA/21B-087
70 10.28+0.01 2022 August 6 11.5"x8.0" (10°) VLA/21B-087
874 9.45+0.01 2022 August 6 9.0"x0.58" (-4°) VLA/21B-087
8.87 12.79+0.01 2021 September 25 0.77"x6.9" (3°) VLA/21B-087
10.0 12.01£0.005 2021 September 25 0.69"x0.52" (-4°) VLA/21B-087
10.0 8.87+0.06 2022 August 6 0.77"x0.58" (-4°) VLA/21B-087
10.19 8.79+0.01 2022 August 6 7.8"x5.9" (11°) VLA/21B-087
10.7 11.54+0.01 2021 September 25 0.64"x0.49" (-4°) VLA/21B-087

The peak flux densities for QL VLASS1.1 were corrected by 15%, and for VLASS2.1 and VLASS3.1 by 8% (Methods). FLASH, First Large Absorption Survey in H I; RACS, Rapid ASKAP Continuum

Survey; VAST, Variables and Slow Transients (VAST) pilot survey.

Observational signatures of a blazar or a relativistic jet pointing
close to our line of sight include®: (1) strong variable radio emission,
(2) flat or peaked core-dominated radio spectrum, (3) compact or
core-jet radio morphology, (4) flat X-ray photonindex (I'y <1.8) and (5)
flatrest-frame 10 keVt02,500 A fluxratio (dgx > —1.36). Below we show
thatJ0410-0139 satisfies all these criteria.

Figure 2a shows the full spectral energy distributions (SEDs)
0f J0410-0139 and low-redshift blazars with similar radio and X-ray
luminosities'. We compiled all existing archival radio observations of
J0410-0139 (Table 1) and obtained quasi-simultaneous VLA observa-
tions on 25 September 2021 and on 6 August 2022 from 1to 12 GHz,
corresponding to rest-frame 8 to 96 GHz (Methods). The measured
flux densities differed from all archival observations, confirming a
highly variable radio SED, as shown in Fig. 2b. The quasi-simultaneous
2021 VLA observationsreveal aturnover at rest-frame -40 GHz, mak-
ing)0410-0139 agigahertz peaked radio source that resembles other
blazars". The observations are indicative of a young jet or a blazar
flaring event’®", The 2022 radio SED shows a flatter spectrum with a
less pronounced peak. Figure 2c shows the light curves at observed
frequencies of 1.4 and 3.0 GHz, spanning 3.4 years and 8 months in
therest frame of the quasar, respectively. They are incompatible with
the expectations of a young radio source in adiabatic expansion®>?',
The flux density exhibited a change by a factor of 3 over 14 days in

the rest frame of the quasar. Such variability and change of the radio
spectral shape are similar or more extreme than that of blazars at
lower redshifts*?.

On17 November 2021, we obtained 14.3 x 5.9 mas (75 x 37 pc) reso-
lution Very Long Baseline Array (VLBA) observations at1.5 GHz (Meth-
odsandFig.3). The VLBA image reveals adominant, marginally resolved
source with aflux density of 4.46 + 0.04 mJy. This flux density is consist-
ent with the NVSS measurement observed more than 15 years earlier
butis fainter than most contemporaneous data (Fig. 2c). At present, it
is unclear whether the ‘missing’ flux of the VLBA observations is due
to variability or that we might be resolving extended emission over a
few parsecs. We obtained X-ray observations of J0410-0139 with
XMM-Newtonon 4 August 2022 and with Chandra over six observations
from 21 November 2022 to 21 December 2022 (Methods and Fig. 3).
When fitted with a single model, the derived X-ray properties
are aluminosity of L, 1gev = 3.2*05 x 10* ergs~, a photon index of
Iy = 147751 and Aoy = —1.25 + 0.02. Besides satisfying the blazar
classification®, I'y < 1.8 and @yx > —1.36, note that non-blazar quasars
typically have Iy =1.9 and that thereis astrongindicationthatthez>6
quasars are softer’* with an average I,=2.4 + 0.1.

Based on a simple geometrical consideration””, the existence
of this blazar implies that there should be many more intrinsically
similar jetted sources (for example, with similar black hole masses and
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Fig.2|SED and radio light curves 0fJ0410-0139. a, Rest-frame SED from radio to
X-rays, showing only the simultaneous VLA 2021 observations. Strong absorption
inthe UV (shown as 3o upper limits) is due to absorption from the neutral
intergalactic mediumat z = 7. The X-ray uncertainties consider 2o variationin the
X-ray photonindex and flux densities. The shaded orange regions span the loand
20 SED distributions for low-redshift flat-spectrum radio blazars™ with similar
X-ray luminosities. The orange curve marks the median SED. The grey shading
represents the loand 2o expected X-ray luminosity for aradio-quiet quasar with
thesame L, 5y, (ref. 71). b, Radio SED with data points colour-coded by year (Table 1).
The quasar shows strong variability across radio frequencies. Diamonds (squares)
represent quasi-simultaneous VLA 2021 (2022) observations, within15minin the
rest frame. Dashed lines are power-law extrapolations from these measurements.
¢, Observed 1.4 and 3.0 GHz radio light curves (v,,,) (11.2and 23.9 GHz rest-frame
radio light curves, v,.). Data points are normalized to the initial flux density for
each frequency, with 1o error bars shown. The 1.4 GHz values were corrected using
spectralindex values of a = 0.85 (pre-2022) and & = 0.21 (post-2022).

redshifts) pointing elsewhere, including optically obscured quasars.
More specifically, the number of blazars with a viewing angle 6 <1/l
(for">1)isrelated to the total jetted population, Njeeq, as:

20

NO <1T)= Njetted X i ()]

1/r
~Neea | sin(6)do @
0

Table 3 | Derived properties of J0410-0139

Quantity Value Units
Zyigi 6.995+0.001

Zici) 6.9964+0.0005

M4 450 21.33+0.08 AB mag
Mi 450 -25.60+0.08 AB mag
Lasoo (2.0£01)x10% ergs™
Lo (21+£01)x10% ergs’
L4400 (2.5+£0.2)x10% ergs™
L5c1,(2021) (13.590+0.003)x10* ergs™
R2500(2021) 16511

R4,400(2021) 7445

L561,(2022) (27.210+0.006)x10* ergs™”
R1500(2022) 33122

R4.400(2022) 148+9

FWHMyq, 2562+30 kms™
Men 6.910° x 108 Mo
(B (1.096+0.005)x10* ergs™
Lpoi/Leag 1.22+0.08

Lo 10kev 32t8§ x 1045 ergs”
L 147°038

dox -1.46 + 0.07

Oox -1.25+0.02

Lys00. Laooo and Ly 400 Were measured from the best-fitting power-law model to the combined
spectrum. The uncertainties were dominated by the Ksso;,=20.30+0.08 magnitude used to
absolute flux-calibrate the spectrum. For Ls,,(2021), R, 500(2021), R;.400(2021), Ls(2022),
R2500(2022) and R, 400(2022) the rest-frame 5 GHz luminosity and radio loudness were found
using the radio measurements from 25 September 2021 and 6 August 2022 (Table 1and

Fig. 2a). For ay, aox = log(L,, /L., )/ log(vx/vyy), where L, is the monochromatic luminosity.
In this work, and in keeping with standard practice, we evaluated v, at 2,500 A and v, at 2keV
(aox) and 10keV (Toy). Zwg, redshift based on the Mg Il emission line; zy , redshift based on
the [C ] emission line; m; 450, apparent magnitude at rest-frame 1,450 A M, 450, absolute
magnitude at rest-frame 1,450 A; L, 500, luminosity at rest-frame 2,500 A; Ly 00, luminosity at
rest-frame 3,000 A; L4 400 luminosity at rest-frame 4,400 A; Ls 611,(2021), luminosity at
rest-frame 5 GHz measured in 2021; R, 5,0(2021), radio loudness defined as the ratio between
the flux densities at rest-frame 5 GHz and 2,500 A, with the 5 GHz flux density measured in
2021; Ry 400(2021), radio loudness defined as the ratio between the flux densities at rest-frame
5 GHz and 4,400 A, with the 5 GHz flux density measured in 2021; Ls ,,,(2022), luminosity at
rest-frame 5 GHz measured in 2022; R, 5,,(2022), radio loudness defined as the ratio between
the flux densities at rest-frame 5 GHz and 2,500 A, with the 5 GHz flux density measured in
2022; R, 400(2022), radio loudness defined as the ratio between the flux densities at rest-frame
5 GHz and 4,400 A, with the 5 GHz flux density measured in 2022; FHWMyg,, full width at half
maximum of the Mg Il broad emission line; Mg, mass of the black hole; L., bolometric
luminosity; Legg, Eddington luminosity; Ly, /Legq, Eddington ratio; L, 10w X-ray luminosity at
2-10 keV; Iy, X-ray photon index.

= Nietted [1 - cos (%)] 3

where I'is the bulk Lorentz factor of the emitting plasma, and Q is the
solid angle subtended by the jet. Using the first two terms of the Taylor
seriesfor cos(1/I"), the total number of jetted sources given one blazar
iS Njewea = 21 Bulk Lorentz factors for blazars®*” range from 1to 40. If
lisclosetol,thatcould suggestatruly unique source. The distribution
of bulk Lorentz factors for low-redshift blazars?**® peaks between =5
and15,and atz> 4, I'= 5 provides a good match to observational con-
straints”. Assumingis in the range 4-15, we would expect about 30-450
jettedsources likeJ0410-0139 at z = 7. Thus far, there are only two other
spectroscopically confirmed jetted quasars>*® atacomparable redshift
(z=6.8),implying that many z = 7radio sources are yet to be identified.

Quasars are observationally classified as radio loud if their
radio-loudness parameter®*'—the ratio of the rest-frame 5 GHz
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Fig. 3| High-resolution1.5 GHz radio and X-ray observations of J0410-0139.
a, VLBA 1.5 GHzimage with abeam size 0f14.3 x 5.9 mas (75 x 37 pc). The source
ismarginally resolved with a size <3 mas (<16 pc). b, Chandra/ACIS 0.5-7.0 keV
image. c, XMM/EPIC 0.3-4.5 keV image. J0410-0139 is unresolved in the XMM

0.3-4.5 keV

0
ARA ()

and Chandraimages and is the strongest X-ray source in the field. The VLBA and
X-ray images reveal a single compact dominant source, supporting the blazar
interpretation. dec., declination, RA, right ascension.

(radio) flux density (f;q,) to the 4,400 A (optical) flux density (f; 4004)
or 2,500 A (UV) flux density (f;s004)—is greater than 10. With the
caveat that this source shows strong radio variability, we estimated
its radio loudness by extrapolating the radio slopes measured from
our two quasi-simultaneous 2021 and 2022 VLA observations to
rest-frame 5 GHz; that is, with « = 0.85 and a = 0.21, respectively (in
the convention f, =< v*; Fig. 2a). This results in radio-loudness param-
eters Ry soo =fscuzlfas00a = 165 and Ry 400 = fs e/ fua004 = 74 in 2021 and
R, 500=331and R, 400 =148in2022 (Table 3).

However, it is plausible that JO410-0139 has an intrinsically
low-power, weak jet and that the observed radio loudness is due only
to relativistic Doppler boosting. An enhancement of only 7.4 (14.8)
would have made this quasar radio quietin 2021(2022). The observed
fluxdensity isenhanced asf;, ., = 6% x f,...., where ais the radio spectral
indexand éistherelativistic Dopplerfactor 6 = [I'(1 — Bcos(e))]_land
B =+/1—(1/1?),andf,;, is theintrinsic flux density. Figure 4aisaDop-
pler enhancement diagram for J0410-0139, which shows a substantial
chance that we see boosted flux (even reaching factors of <10**).

If the intrinsic luminosity of this radio jet is much lower than
observed, the argument for 2/ similar sources still holds. However,
the expected number of jetted sources approaches the total number of
UV-bright quasars derived from the z = 7 quasar UV luminosity function
(Fig. 4b). The implication is that a large fraction of UV-bright quasars
must havearelativisticradio jet evenifthey are classified as radio quiet.
Thisaligns with the fact that some of the most massive quasars known
at high redshift, although classified as radio quiet, show evidence of
relativistic radio jets*. At low redshift, the origin of the radio emission
for radio-quiet quasars is still debated, but there exist examples of
relativistic jets powered by an active galactic nucleus that do not meet
the observational criteria for classification as radio loud***. Note that
the expected contribution from star formation to radio emissionisless
than four orders of magnitude® of the observed radio luminosity of
J0410-0139. Confirmation that alarge fraction of the highest-redshift
quasars are jetted could have profound implications, as relativistic
jets could affect the interstellar medium of their host galaxies®® and
enhance the growth of supermassive black holes**,

Theradio-loud fraction of quasarsis constant®*° at -10% from z< 1
toz=6.Thus, if)J0410-0139isintrinsically radioloud (R, 400 > 10), then
that implies that there should be ~-10 times more radio-quiet quasars
atsimilar redshifts. This strongly conflicts with the numbers expected
from the quasar UV luminosity function*, as shown in Fig. 4b. As the
number predicted fromthe detection of ablazaralsoincludes obscured
quasars, a way to reconcile the results is that most black hole growth
must happeninanobscured phase. Such obscured growthis predicted
by some theoretical models***?, and it is observationally supported

by the obscured z= 6.8 quasar recently discovered in asmall region of
the sky** and by obscured but intrinsically luminous candidate active
galactic nuclei uncovered by the James Webb Space Telescope***.
The presence of J0410-0139 implies that jet-enhanced***° or
obscured, sustained super-Eddington** accretion can play a key role
inthe growth of supermassiveblack holes at early times. Both scenarios
ease the tension regarding the existence of supermassive black holes
intheearly Universe, leaving the collapse of dense star clusters and the
remnants of populationIll stars as still viable options as initial ‘seeds’.

Methods

VLASS flux densities

For the identification and radio characterization of J0410-0139, we
used peak flux densities from the first data products of the VLASS
survey®: the VLASS quick-look (QL) images. The QL images have some
known systematic offsets of their flux densities (https://science.nrao.
edu/vlass/data-access/vlass-epoch-1-quick-look-users-guide). In prac-
tice, the peak flux densities of QL VLASS1.1data are low by ~15%, whereas
for VLASS2.1 and VLASS3.1, they are low by ~-8%. We have taken these
factorsinto accountinthe valuesreportedin Table1.

During the revision of this paper, the VLASS2.1single-epoch (SE)
continuum image of J0410-0139 was released. The SE images are
intended to be the VLASS reference data products and supersede the
QL images (https://science.nrao.edu/vlass/vlass-se-continuum-
users-guide.) Therefore, we give the SE VLASS2.1 measurements
in Table 1. The difference between the SE and QL flux densities is
0.49 + 0.24 m)y.

Dataand datareduction

Near-infrared imaging. We obtained two epochs of /5o, Hsor and
Ksgop imaging with SOFI* at the New Technology Telescope (NTT) in
La Silla on 20 November 2020 and 4 January 2023. Another epoch of
Jsorwas obtained only on 26 July 2021. The data were bias-subtracted,
flat-fielded, sky-subtracted and stacked. The photometric zero points
were calibrated using stars from the 2MASS* survey. The NTT/SOFI
photometryisreportedin Table 1. The photometry from 2020 and 2023
are consistent within the uncertainties, whereas the /., photometry
from 2021 was slightly fainter by only 0.2 mag, but consistent within 2o.

Spectroscopy. We obtained a 30 min spectrum on 7 November 2020
with VLT/FORS2*. The FORS2 spectrum detected astrong Lya line and
asharp Lyman break, confirming the quasar nature ofJ0410-0139.0On
26 December 2020, we obtained a1.2 h Keck/NIRES*® spectrum, which
revealed strong C 1v and Mg 11 broad emission lines. We observed
J0410-0139 on 23 September 2021 and 15 October 2021 for atotal of 6 h
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Fig. 4 | Doppler enhancement and tension with the expected number of
quasarsatz = 7.a,Doppler enhancement diagram for different bulk Lorentz
factors () and radio spectral indices (a = 0.85 for 2021 and a = 0.21for 2022).
J0410-0139 s classified as radio loud with R,,o, = 74 (148), but its jet may
beintrinsically weak depending on relativistic Doppler enhancement. The
dashed linesindicate a Doppler enhancement of 7.4 (14.8), whichiis critical

for reclassifying the quasar as radio quietin 2021 (2022). The shaded region
represents viewing angles where J0410-0139 would be intrinsically weak for
therespectiveI". For larger angles, the jet power would be substantial, thus
maintaining its classification as radio loud. b, Expected number of 6.9 <2< 7.7
quasars brighter than M5, = —25.5 over 3.3m of the sky (covered by NVSS and
VLASS) as a function of the fraction of quasars with relativistic jets. The thick
horizontal red line represents the expected number based on the z = 7 quasar

UV luminosity function, and the shaded region indicates the 1o uncertainty*..
The existence of this blazar suggests that there are -2/ quasars with similar
properties but misaligned jets. The orange region shows the expected number of
comparable quasars assuming typical low-redshift blazar values” of '=4-15asa
function of the jetted fraction (fieea): Neotar = Nietted!fietted = 21 fietrea- The dashed line
represents an average I'= 5, consistent with observations® at z > 4. This estimate
isin tension with the UV luminosity function. The shaded blue region shows the
measured radio-loud fraction*’ at z= 6. If the jet from J0410-0139 is weak but
appears radio loud due to beaming, the tension decreases if the jetted fraction of
UV-bright quasar exceeds 70%. Conversely, if the jet from J0410-0139 is powerful
and the radio-loud fraction remains 10% at z = 7, the total number of quasars
would exceed expectations by at least an order of magnitude. RL, radio loud; RQ,
radio quiet.

with the Magellan/FIRE spectrograph® inechelle mode. On 23 October
2021and 12 November 2021, we obtained fraternal mode spectroscopy
with the LUCI spectrograph®® at the LBT, where z/and HK observations
were carried out simultaneously. The November observations were
taken under good weather conditions, whereas bad weather in October
severely affected the data. We discarded all individual frames with a
signal-to-noise ratio <0.1, which eliminated all the October HK data.
Thetotal effective exposure times for the z/and HK spectrawere 5 and
3.5 h, respectively.

Allthe spectra were reduced with the Python spectroscopic data
reduction pipeline (Pypelt)®. The LBT/LUCI and Magellan/FIRE data
were absolute flux-calibrated to match the Ksyor, = 20.30 photometry.
The VLT/FORS2 and Keck/NIRES spectra were scaled to match the

flux-calibrated Magellan/FIRE spectral continuum. Figure 1 shows the
individual and combined spectra. It reveals strong broad emission lines
typical of blazars that are not BL Lacertae sources”**. The continuum
slope and profile of the broad emission lines are consistent across all
the different spectra. Stable broad line regions have also been seen
in low-redshift blazars in multi-epoch spectroscopic campaigns®°.

VLA. To characterize the radio SED of the quasarJ0410-0139, we carried
outobservations with the VLA of the NRAO inits B configuration (maxi-
mum baseline of 11.1 km) on 25 September 2021. The frequency range
of the VLA observations spanned 1 to 12 GHz using the L- (1-2 GHz),
S-(2-4 GHz), C- (4-8 GHz) and X- (8-12 GHz) band receivers. The total
on-source time was ~20 min in the L- and S-bands and ~22 min in the
C- and X-bands. The source J0542+4951 (3C 147) was observed as the
flux density scale calibrator and band-pass calibrator, and the source
J0423-0120 was observed to calibrate the complex gains. The L- and
S-band observations used the 8 bit samplers of the VLA, whereas the
C-and X-bands used the 3 bit samplers. The wideband interferometric
digital architecture (WIDAR) correlator was configured to use the
default NRAO wideband set-ups that deliver 16 x 64 MHz sub-bands
fortheL-band, 16 x 128 MHz sub-bands for the S-band and 32 x 128 MHz
sub-bands for both the C-and X-bands. Data editing, calibration, decon-
volution and imaging were carried out using the Common Astronomy
Software Applications (CASA)* package. Self-calibration in phase
only for the L- and C- bands and in both phase and amplitude for the
S- and X-bands was also performed on the target source to improve
the dynamicrange and image fidelity. Self-calibration for the L-, S-and
C-bandswas carried outin CASA. The X-band data were self-calibrated
inphase using CASA, whereas the amplitude self-calibration required
the use of the Astronomical Image Processing System (AIPS)*® to prop-
erly constrain the amplitude gain values.

Another epoch of VLA L-, S-, C- and X-band observations on the
target source were carried out with the D configuration (maximum
baseline of 1 km) on 6 August 2022. The set-up and the datareduction
were like those used for the B-configuration observations. The flagging
of radio-frequency interference resulted in slightly different effective
central frequencies between the 2021 and 2022 data (Table 1).

The final images were all made in CASA using a weighting
scheme intermediate between uniform and natural (robust = 0.4 in
CASA tclean) and using the multi-terms multi-frequency synthesis
(MTMES) algorithm with two terms (nterms = 2 in CASA tclean). The
latter allowed us to model both the total intensity and the variations of
the spectralindexinthesky. These finalimages were centred at1.5 GHz
(L-band data), 3 GHz (S-band data), 5and 7 GHz (C-band data), and 8.9
and 10.7 GHz (X-band data). The synthesized beam sizes at full-width
at half-maximum are reportedin Table 1.

Atwo-dimensional Gaussian fit of the source at all these frequen-
ciesand epochsrevealed apure point source. The measured flux densi-
tiesarelistedin Table 1.

VLBA.]0410-0139 was observed with the VLBA of the NRAO at 1.5 GHz
(L-band) on 17 November 2021. Eight 32 MHz sub-band pairs were
recorded at each station using the ROACH digital back end and the
polyphasefilterbank (PFB) digital signal-processing algorithm, for both
right- and left-handed circular polarizations, and sampled at 2 bits. The
total bandwidthwas 256 MHz, centred at1.54 GHz. The total observing
timeinthe L-band was 6 h, with 4.1 hon target.

The VLBA observations used nodding-style phase-referencing
using the calibrator source J0408-0122, which was 0.54° from the
target. The phase-referencing cycle time was 5 min: 4 min on the target
and 1 min on the calibrator. The uncertainty in the calibrator posi-
tion was 0.13 mas in right ascension and 0.27 mas in declination. As
employedinthese observations, phase-referencing preserves absolute
astrometric positions® to better than 0.01”. The observations also
included the calibrator source 3C 84, which was used as a fringe finder
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and band-pass calibrator. Amplitudes were calibrated using measure-
ments of the antenna gain and the system temperature of each station.
The data were correlated with the VLBA DiFX correlator®® in Socorro,
NM, with 1s correlator integration time. Data reduction and analysis
were performed in AIPS following standard datareduction procedures
for very-long-baseline interferometry. The phase-reference source
was self-calibrated, and the solutions were applied on the target field.
Deconvolution and imaging of the target were performed using natural
weighting (Robust = 5in AIPS task IMAGR).

Figure 3 shows a VLBA 1.5 GHz (12 GHz rest frame) image of
J0410-0139 at an angular resolution of 14.3 x 5.9 mas (75 x 37 pc) with
apositionangle of 1°. The r.m.s. noise in the image is 20 pJy per beam.
This image shows a dominant, marginally resolved source with a flux
density of 4.46 + 0.04 mJy and asize <3 mas (<16 pc). The derivedintrin-
sic brightness temperature lower limitis 2 x 10° K.

X-ray observations. We observed J0410-0139 with XMM-Newton on
4 August 2022 for 55 ks using the European Photon Imaging Camera
(EPIC)®"*2, Observations were reduced with the XMM Science Analysis
Software (SAS) v.19.0.0, and after filtering for periods of high back-
ground, we had effective exposure times of 28.2 ks (MOS1), 28.6 ks
(MO0S2) and 13.6 ks (pn). A combined image of these observations is
showninFig. 3. There areno other notable X-ray sourcesin the immedi-
atevicinity of the quasar. We used acircular extraction region of radius
20” centred on the quasar for spectral analysis. The resultant spectra
were binned to aminimum of 5 counts per bin.

Additionally, we observed J0410-0139 with Chandrainsix obser-
vations totalling 132 ks, starting 25 November 2022 and finishing 21
December 2022.J0410-0139 was positioned on the ACIS-S3 chip, and
data were collected with the very faint telemetry format. Chandra
observations were reduced and processed with the software Chan-
dra Interactive Analysis of Observations (CIAO) v.4.15 (ref. 63). We
used a circle of radius 3” for spectral extraction. As before, we binned
the combined spectrum to a minimum of 5 counts per bin. The vari-
ability between the two observation sets was below the statistical
uncertainties.

We performed the spectral analysis with XSPEC®* to minimize the
C-statistic®>*®. We modelled the X-ray emission as a power law with a
Galactic absorption component® of 6.99 x 10*° cm™. When jointly
fitting both observations with the same model, the best fit (C/degrees
of freedom = 218.54/205) was found for a power-law index of
Iy = 14731 and1keV flux density ey = 1.90*03 nJy, corresponding
to an intrinsic X-ray luminosity of Loy = 32758 x10¥ ergs~'and a
modelled flux of fys70kev = L7132 x 10~ ergs~' cm~2 . From this fit
and the rest-frame UV luminosity reported above, we found
aox=-1.46 + 0.07 and @yx = —1.25 + 0.02 (see Table 3 for their defini-
tions). Note that the Iy and @ values for J0410-0139 are consistent with
whatis expected for blazars®™ and in contrast to most of the X-ray prop-
erties of other z> 6 quasars™.

Data availability

The data used in this study can be accessed from the observatories’
public archives or the surveys’ websites. The datasets generated and
analysed during this study are available from the corresponding author
upon reasonable request.
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