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There are approximately 250 quasars discovered at redshift z > 6, of which only a handful were
detected in radio bands, and even fewer were imaged with the highest resolution very long baseline
interferometry (VLBI) technique. Here we report the results of our dual-frequency observations
with the Very Long Baseline Array (VLBA) of two such recently discovered quasars, VIKING
J231818.35-311346.3 at z = 6.44 and FIRST J233153.20+112952.11 at z = 6.57. Both extremely
distant sources were imaged with VLBI for the first time. The radio properties of the former are
consistent with those of quasars with young radio jets. The latter has an UV/optical spectrum
characteristic of BL Lac objects, of which no others have been found beyond redshift 4 so far. Our

VLBA observations revealed a flat-spectrum compact radio source.
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Two Quasars at the End of Reionization Krisztina Perger

1. Introduction

To date, there are approximately 250 quasars identified at redshifts z > 6, of which only around a
dozen were found to have a counterpart in radio wavebands, and only a handful were imaged with the
highest resolution very long baseline interferometry (VLBI) technique [13]: NDWEFS J14276+3312
[3, 11], CFHQS J1429+5447 [4], SDSS J010013.02+280225.92 [18], PSO J030947.49+271757.31
[17], and PSO J172.3556+18.7734 [12]. Increasing the number of observations targeting such
high-redshift objects is crucial for achieving better understanding of the formation of the earliest
supermassive black holes and the cosmological evolution of the astrophysical objects associated
with them. Here we report results of the first VLBI imaging observations of two recently discovered
extremely high redshift quasars.

2. VIKING J231818.35-311346.3

The source VIKING J231818.35-311346.3 (J2318—-3113) was identified as a quasar at redshift
Z = 6.44 [1], and detected in the radio domain at 888 MHz in the Galaxy and Mass Assembly and
Rapid ASKAP Continuum Surveys [7]. J2318-3113 was found to be a radio-loud (radio loudness

parameter R = 70, [7]) steep spectrum quasar, with a spectral index of @ = —1.24 between
888 MHz and 5.5 GHz ([8], following the S ~ v® convention, where S is the flux density and v is
the frequency).

Our 4.7 and 1.6 GHz Very Long Baseline Array (VLBA) observations were conducted on
August 2 and 16, 2021, respectively (project code: BZ083, P.I. Y. Zhang). The raw data were
correlated at the Distributed FX (DiFX) correlator [2] in Socorro (New Mexico, USA), with an
integration time of 2 s and a recording data rate of 2 Gbps. Each 5 h observation was carried out
in phase-referencing mode, using J2314-3138 as a phase calibrator. The data were recorded in
512 MHz frequency bands. The correlated data sets were calibrated using the US National Radio
Astronomy Observatory (NRAO) Astronomical Image Processing System (a1ps) software package
[6]. The amplitude and phase self-calibration, imaging, and model fitting were carried out with
DIFMAP program [16]. A detailed description of the observations, calibrations, and model fitting is
given in the original paper describing the project [19].

The resulting radio images are shown in Fig. 1. The source was detected as a compact ‘core’
at 1.6 GHz with a flux density of 550 uJy, while no compact component brighter than 130 uJy (i.e.
50 image noise) was detected at 4.7 GHz [19]. This constrains the spectral index of the pc-scale
feature to @ < —1.2, which is consistent with the value found for the kpc-scale radio emission
[8]. Detailed analysis [8] showed that the radio emission of J2318—-3113 likely originates from a
recently formed quasar jet, as fitting both a curved (peaked) and a double power law model to the
radio spectrum implies a young kinetic (~ 500 yr) and radiative age (< 9 x 10* yr).

3. FIRST J233153.20+112952.11

The observed near-infrared spectrum of the quasar FIRST J233153.20+112952.11 (J2331+1129)
shows no detected emission lines [9]. Its redshift was estimated based on the Gunn—Peterson trough
found at 0.921 um, giving a lower limit on the redshift of z = 6.57. The optical-to-radio spectral
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Figure 1: Naturally weighted images obtained from the VLBA observations of J2318—-3113. The images
are reproduced from Fig. 2 of [19]. The intensity colour scales are on the right-hand sides of the panels. The
lowest contours start at £30- rms noise, and the positive levels increase by a factor of 2. The restoring beams are
shown in the lower left corners. The beam sizes of the 1.6 GHz and 4.8 GHz maps are 14.6 masx4.6 mas and
4.8 masx 1.6 mas, with position angles of 0.3° and —0.3° (measured from North through East), respectively.

energy distribution of J2331+1129 is dominated by the synchrotron emission of the jet and closely
resembles those of BL Lac objects. J2331+1129 has a flat radio spectrum (@ = —0.01) and non-
thermal UV/optical continuum of spectral index aqp = 1.43 £ 0.23. The UV/optical and radio
fluxes of J2331+1129 vary on timescales of months to years. The spectral properties indicate that
this quasar might be the highest-redshift BL. Lac object discovered to date, of which none has been
found so far beyond z > 4 [9].

We conducted observations of J2331+1129 with the VLBA at 1.6 and 4.8 GHz on February
1 and 4, 2022 (project code: BF132, P.I.: S. Frey). The phase-referencing observations were
conducted for 4 hours at each frequency, with 2 Gbps and 4 Gbps data rates for the 1.6 and 4.8
GHz observations, respectively, using J233040.85+110018.7 as a phase calibrator. The raw data
recorded at each telescope were correlated at the DiFX correlator [2] in Socorro (New Mexico,
USA). For the 1.6 and 4.8 GHz data, the observations were conducted in 2 and 4 intermediate
frequency channels (IFs), respectively. The total bandwidth was 128 MHz for both frequency
bands. Phase and amplitude calibration, self-calibration, imaging, and model fitting were carried
out in the same manner as for J2318—-3113, and will be described in detail in [5].

The quasar J2331+1129 was detected at both frequencies. We found that the source is compact
(Fig. 2), with flux densities S| ¢cn, = 1.8 mJy and S4.36H, = 1.6 mly, indicating a flat spectrum
(apc = —0.11). The brightness temperature values (T, ~ 10® — 10° K) confirm the non-thermal
nature of the radio emission. To facilitate a comparison with other sources, we calculated the
1.4 GHz rest-frame radio power as P = 47rSDi(1 +2)~2"! where Dy is the luminosity distance of
the source. The high value of P = 1.4 x 10°6 W Hz~! suggests that the emission originates from a
powerful active galactic nucleus (see [14] and references therein), provided that the source is indeed
at such a high redshift.

We found no evidence for strongly Doppler-boosted radiation, as the brightness temperature
does not reach the equipartition limit of Ty ¢q ~ 5 X 109 K [15], usually assumed as the intrinsic
value. Such an enhancement with Doppler factor 6 = Ty, /Ty, ¢q > 1 would be expected from the jet of
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Figure 2: Naturally weighted VLBA images of the source J2331+1129. The intensity colour scales are
on the right-hand sides of the panels. The lowest contours start at +30- rms noise, and the positive levels
increase by a factor of 2. The restoring beams are shown in the lower left corners. The beam sizes of the
1.6 GHz and 4.9 GHz maps are 11.7 masx5.7 mas and 4.0 masx1.8 mas, with position angles of 3.2° and
—1.0° (measured from North through East), respectively.

a flat-spectrum radio quasar or a low-synchrotron-peaked BL Lac object. The less strongly beamed
jets with Doppler factors 6 = Ty, /T;, oq < 1 are more typical for intermediate- and high-synchrotron-
peaked BL Lac objects [10]. The relatively low measured brightness temperature values could also
imply that the particles and the magnetic field are not in equipartition in the source.
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