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Abstract

High-frequency very long baseline interferometry (VLBI) polarimetry probes synchrotron-
emitting plasma closer to the central engines of radio-loud active galactic nuclei (AGNs),
but observations above 43 GHz are technically demanding. We present 22-GHz European
VLBI Network observations of the z = 4.31 quasar J1510+5702 and J1606+3124, whose
published spectroscopic redshift, z = 4.56, is uncertain; a photometric estimate gives
zphot = 0.9 ± 0.1. For the published z > 4 redshifts, 22 GHz corresponds to rest-frame
frequencies above 118 GHz. Polarized emission is detected in J1510+5702, and a low-level
polarized signal is recovered from the brightest feature of J1606+3124. Adopting z = 4.56,
that feature has a brightness temperature of Tb,VLBI = (7.4 ± 0.8) · 1010 K, allowing a mildly
Doppler-boosted interpretation, while the young compact-source scenario also remains
viable. The core of J1510+5702 has Tb,VLBI = (1.08 ± 0.15) · 1012 K, implying a Doppler
factor of ∼22 under the equipartition assumption. This component has a ∼3.5% fractional
polarization. These observations show that cm-wavelength VLBI can access rest-frame
millimeter-band polarization in bright z > 4 jets.

Keywords: quasars; active galactic nuclei; relativistic jets; high redshift; very long baseline
interferometry; radio continuum; polarization

1. Introduction
Active galactic nuclei (AGNs) are extremely powerful, continuously radiating sources

that emit across the electromagnetic spectrum, from radio waves to γ-rays [1]. The energy
required for this comes from accretion onto the central supermassive black hole (SMBH;
M ∼ 106–109 M⊙). In some cases, relativistic outflows (jets) can be observed perpendicular
to the accretion disk. These are the so-called radio-loud or jetted AGNs, which, however,
only account for ≲10% of the AGN population [2,3].
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The radio emission from the jets has a non-thermal origin; it is generated by synchrotron
radiation from charged particles moving at relativistic speeds in magnetic fields. Synchrotron
radiation is inherently polarized, and jet polarization therefore traces the ordered component
of the magnetic field and the magneto-ionic material along the line of sight [4,5].

If the jet is inclined at a small angle to the line of sight (i ≲ 10◦), relativistic effects,
such as Doppler boosting, become important. The approaching jet emission is enhanced,
while the counter-jet is deboosted by a similar factor, producing the apparent one-sided
jet morphology typically observed in so-called blazar-type radio-loud AGNs [6]. On the
other hand, if the jets are oriented closer to the plane of the sky, no strong relativistic
beaming is expected. In such a case, if a symmetric, double-lobed radio structure is
observed with a steep spectrum, and the overall extent of the entire radio morphology
does not exceed a linear size of ∼1 kpc, then the source can be classified as a compact
symmetric object (CSO) [7,8]. These objects are often gigahertz-peaked spectrum (GPS)
sources, showing a flux-density peak at a frequency of ∼1 GHz in their radio spectrum
[9]. They are characterized by slow variability (<20% yr−1) and low apparent jet speeds
(<2.5 c, where c denotes the speed of light) [8,10,11]. Their sizes are smaller than their
host galaxies [12,13]. Their compactness is traditionally explained by two models, the
‘youth scenario’ and the ‘frustration scenario’. The former one states that these objects are
newborn jetted sources, representing the earliest state of a radio galaxy evolution, and
after sufficient time, they can grow into Fanaroff–Riley type radio galaxies [14–16]. On the
other hand, according to the ‘frustration scenario’, the jets may be progressing in a dense
interstellar medium (ISM), which prevents their growth [17–19].

Since both blazars and CSOs are compact radio sources, mapping the jet morphology
requires imaging observations with high angular resolution. It is possible with the very
long baseline interferometry (VLBI) technique, allowing for resolution at milliarcsecond
(mas) scales at GHz observing frequencies.

Powerful AGNs can be observed from vast cosmological distances; accreting SMBHs
are now identified out to z ≈ 10 [20], and the highest-redshift known blazars lie at
z ≈ 6–7 [21,22]. Due to the expansion of the Universe, cm-wavelength observations of
high-redshift sources probe their emission at (1 + z) times higher rest-frame frequencies,
or equivalently at (1 + z) times shorter rest-frame wavelengths. In blazar jets, progres-
sively higher radio frequencies probe regions closer to the central engine because of the
frequency-dependent opacity of synchrotron-emitting plasma [23,24]. At mm wavelengths,
the innermost compact regions of the jets can be observed; these regions can be optically
thick and therefore obscured at longer wavelengths (e.g., [25]). The effects of Faraday
rotation and depolarization are also less severe at higher radio frequencies [5]. A use-
ful benchmark for high-redshift VLBI polarimetry is J0906+6930 at z = 5.47 [26]. VLBI
observations performed at 15 GHz, corresponding to a rest-frame frequency of 97 GHz,
revealed polarized emission at a position slightly displaced from the jet core, tracing an
apparent bending in the jet and indicating interaction between a nascent jet and the dense
surrounding interstellar medium [26].

In this paper, we present mas-scale, polarization-sensitive VLBI observations taken
at 22 GHz of CGRaBS J1606+3124 and ICRF J151002.9+570243 (hereafter J1606+3124 and
J1510+5702, respectively). J1510+5702 has a secure spectroscopic redshift of z = 4.31 [27]
and is one of the highest-redshift quasars detected in γ-rays (e.g., [28,29]). It also hosts
a ∼15-kpc X-ray jet discovered with Chandra [30,31]. J1606+3124 can instead be re-
garded as a candidate high-redshift AGN. Its cataloged spectroscopic redshift, z = 4.56,
was flagged as uncertain by [32], while the DESI Legacy Imaging Surveys DR8 photo-
metric estimate gives zphot = 0.9 ± 0.1 [33]. It has been classified as both a gigahertz-
peaked-spectrum galaxy [17,34] and a flat-spectrum radio quasar [32]. Simultaneous
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multi-frequency radio observations showed a peaked spectrum with a turnover fre-
quency at (1.8 ± 0.1) GHz [35,36]. Unless stated otherwise, we adopt the published
value of z = 4.56 to permit direct comparison with earlier VLBI work, but every
rest-frame frequency, brightness temperature, linear size, and apparent speed quoted
for J1606+3124 is conditional on that redshift. We examine the z = 0.9 alternative
explicitly in Section 4.1.

In the following, we assume a flat ΛCDM cosmological model where the value of the
Hubble constant is H0 = 70 km s−1 Mpc−1, the matter density parameter is Ωm = 0.27,
and the vacuum energy density parameter is ΩΛ = 0.73. At z = 4.56 and z = 4.31, 1 mas
corresponds to projected linear scales of 6.789 pc and 6.962 pc, respectively [37]. We define
the spectral index, α, as S ∝ να, where S is the flux density and ν the observing frequency.
The position angles are measured from north through east.

2. Observations and Data Reduction
The VLBI observations were carried out in June 2018 at a central frequency of 22 GHz

with the European VLBI Network (EVN) (project code: EZ028, PI: Tao An). The same
frequency setup was used for both targets: eight intermediate frequency (IF) bands, each
with a bandwidth of 16 MHz. All four Stokes products were recorded. The correlation was
performed at the Joint Institute for VLBI European Research Infrastructure Consortium
(JIVE, Dwingeloo, The Netherlands) with the SFXC Software Correlator [38] with a correla-
tion integration time of 2 s. Further details of the observations and the target sources are
listed in Table 1.

Table 1. Details of the 22-GHz EVN observations. The columns give the name of the source, observing
date, on-source integration time in seconds, adopted redshift, and the luminosity distance in Mpc [37].

Name Obs. Date t (s) z DL (Mpc)

J1606+3124 10 June 2018 23,251 4.56 a 43,292.2 a

J1510+5702 13 June 2018 34,062 4.31 40,489.7
a The DESI DR8 gives a photometric redshift estimate as zphot = 0.9 ± 0.1 [33]. The luminosity distance corre-
sponding to this lower redshift value is ∼5900 Mpc [37].

In the observation of J1606+3124, 13 EVN telescopes participated: Effelsberg (EF,
Germany), Jodrell Bank Mrk 2 (JB, UK), Medicina (MC, Italy), Noto (NT, Italy), Sardinia
(SR, Italy), Onsala (O6, Sweden), Toruń (TR, Poland), Yebes (YS, Spain), Svetloe (SV, Rus-
sia), Zelenchukskaya (ZC, Russia), Badary (BD, Russia), Yonsei (KY, Republic of Korea)
and Tamna (KT, Republic of Korea). All but one of the telescopes participated in the
observation of J1510+5702. KT was not able to observe J1510+5702 due to technical diffi-
culties. The obtained (u, v)-coverages (i.e., distributions of baseline vectors projected onto
the plane perpendicular to the source direction) for the two measurements are displayed
in Figure 1.

Besides the two target sources, the following calibrators were observed: 3C 345,
NGC 6251, J1638+5720, and J1551+5806 together with J1606+3124, and 3C 454.3 and
3C 84 together with J1510+5702. Additionally, J2007+777 was used as a fringe finder in
both observations.
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(a) J1606+3124 (b) J1510+5702

Figure 1. The (u, v)-coverages of the observations carried out at 22 GHz with the EVN for
J1606+3124 (a) and J1510+5702 (b). The axes give the u and v coordinates of the baseline vec-
tors in units of million wavelengths (106λ), where λ = 1.35 cm.

2.1. Total Intensity

The data were reduced in the National Radio Astronomy Observatory (NRAO) Astro-
nomical Image Processing System (AIPS [39]) following standard VLBI procedures. The a
priori amplitude calibration used the gain and system-temperature information supplied
by the EVN pipeline, and parallactic-angle corrections were applied. We used the provided
flag tables to remove erroneous data points. Additionally, we edited out the 7th IF of
SR in the observation of J1510+5702 because it was severely affected by radio frequency
interference, as indicated in the information letter received from the correlator. EF was
used as the reference antenna in both observations.

After the initial instrumental phase delay corrections, global fringe-fitting was per-
formed for all calibrators. The resulting data were channel-averaged and exported to
DIFMAP [40]. We produced hybrid images of the calibrators through several iterations of
CLEAN [41] and phase-only self-calibration. Antenna- and IF-dependent multiplicative gain
corrections were then derived from the calibrators with the best (u, v) coverage, J1638+5720
and 3C 454.3, and transferred in AIPS to all sources, including the targets. Afterwards,
fringe-fitting was done for the target sources, and their total intensity data were imaged in
DIFMAP involving several iterations of CLEAN and phase-only self-calibration. Amplitude
self-calibration was applied only after the source model could no longer be improved by
phase self-calibration alone. The solution time intervals were gradually decreased from a
length comparable to the whole on-source observing time down to one minute.

To quantitatively describe the brightness distributions of the sources, the calibrated
visibility data were fitted with two-dimensional Gaussian components in DIFMAP. The
uncertainties of the component widths and positions were calculated with the formulas
from [42,43]. The flux density errors were calculated based on [44], with 10% uncertainty
added in quadrature, as commonly adopted for EVN measurements at this frequency, to
account for VLBI absolute flux density calibration uncertainties.
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2.2. Polarization Calibration

To perform right- and left-hand delay corrections needed for polarization calibration,
we used the VLBACPOL procedure in AIPS after the instrumental delay corrections but
before fringe-fitting. We also verified the delay corrections with the task RLDLY; we did
not find significant differences between the two approaches. We used the calibrators
J1638+5720 and 3C 454.3 to derive the delay corrections. After fringe-fitting, we derived
the D-terms (polarization leakage terms) using the AIPS task LPCAL, using J1638+5720 and
3C454.3 for the observations of J1606+3124 and J1510+5702, respectively. For 3C 454.3,
we defined two polarized components with a distance of ∼0.5 mas in the brightest region
of the source, following the results of the Monitoring of Jets in Active Galactic Nuclei
with Very Long Baseline Array (VLBA) Experiments (MOJAVE [45]) at 15 GHz and of the
VLBA-BU-BLAZAR program (https://www.bu.edu/blazars/BEAM-ME.html accessed
on 15 March 2026) at 43 GHz (e.g., [46]). We self-calibrated the non-channel-averaged total
intensity data of the calibrators in DIFMAP. The five edge channels at both ends of each IF
were discarded because of their lower sensitivity. The AIPS task IMAGR was used to clean
the self-calibrated visibility data of the calibrators separately for Stokes parameters Q and
U, after applying the D-term corrections. The resulting Q and U images were combined
with the task COMB to create polarized-intensity and polarization-angle images.

Before transferring the leakage solutions to the targets, we inspected the complex
D-terms antenna by antenna, separately for the two circular hands and for all usable IFs.
Table 2 reports the median amplitudes, full antenna ranges, and the median IF-to-IF rms
scatter. We also repeated LPCAL with an independent calibrator in each experiment, where
its parallactic-angle coverage and polarized structure permitted a stable solution. These
sources were 3C345 and 3C84 for J1606+3124 and J1510+502, respectively. For 3C345, we
defined two polarized components, while we regarded 3C84 as unpolarized. The median
absolute differences between the leakage terms are given in the last column of Table 2.

Table 2. Diagnostics of the instrumental-polarization solutions. The medians and ranges are calcu-
lated over the participating antennas after excluding flagged data. σIF is the median antenna-by-
antenna rms scatter among the usable IFs. The last column gives the median absolute complex-D-term
differences obtained with independent leakage calibrators. These were 3C345 and 3C84 in the case of
J1606+3124 and J1510+5702, respectively.

Target Adopted
Calibrator Median |DR| Median |DL|

Full |D|
Range σIF

Independent-
Solution

Difference

(%) (%) (%) (Percentage
Points)

(Percentage
Points)

J1606+3124 J1638+5720 5.5 6.8 0.7–47.8 7.3 8.6
J1510+5702 3C 454.3 4.9 6.2 0.3–29.0 6.3 8.0

The derived D-term corrections were copied over to the target sources and applied
in the same way as for the calibrators during the cleaning of the self-calibrated data of
Stokes Q and U with IMAGR. Similarly, the COMB task was used to combine the Q and U
images to create the polarized intensity and polarization angle images. To further assess
the quality of the polarization calibration, we performed these steps with the alternative
D-terms as well. For the polarized flux densities quoted below, the Ricean bias correction
(e.g., [47]) is negligible at the measured signal-to-noise ratios (≳7 for J1606+3124 and ≳15
for J1510+5702); applying the standard debiasing formula changes the integrated polarized
flux densities by less than a few percent.
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We compared the resulting Stokes Q and U images of the target sources obtained
with the adopted calibrator solutions and with the alternative solutions. We calculated the
differences between the polarized intensities as

∆P =
√
(Q1 − Q2)2 + (U1 − U2)2, (1)

where Q1 and Q2, and U1 and U2 are the Stokes Q and U flux densities measured within
the areas where the highest polarized intensities were detected in the images obtained with
the adopted or the alternative D-term calibrations. In the case of J1510+5702, the difference
was modest, 0.4 mJy compared with the polarized intensity values; thus, we added this
difference in quadrature to the thermal noise when reporting the polarized flux density
value. For J1606+3124, the polarized intensity value obtained with the alternative D-term
calibrations is ∼60 % higher than the one obtained by using the calibrator J1638+5720. This
is most probably related to the inadequate modeling of the radio structure of 3C 345 (due
to the poorer (u, v)-coverage), which has a complex polarized substructure (e.g., [48]).

To determine the electric vector position angles (EVPAs), one would need calibrated
polarization observations of the polarized calibrator performed close in time and at the
same frequency. No such strictly contemporaneous 22-GHz observations of our polar-
ized calibrators were available to us. However, 3C 454.3 was observed relatively close in
time, on 22 April 2018 at 15 GHz within the MOJAVE [45] and 16 June 2018 at 43 GHz
within the VLBA-BU-BLAZAR program [46]. At both frequencies, the EVPAs of the jet
component were similar, ∼90◦. This is consistent with the negligible rotation measure
(RM), (−4 ± 74) rad m−2, derived for this component between 8 GHz and 15 GHz on
15 June 2006 by [45]. We therefore assumed that the EVPA of this jet feature at 22 GHz was
also close to 90◦ and used this assumption for the absolute EVPA calibration of J1510+5702.
Because this calibration is not based on a strictly contemporaneous 22-GHz measurement,
the absolute EVPAs should be regarded as approximate. We therefore use them below only
for qualitative comparison with earlier measurements, and not for an RM determination.
We also note that [45] reported RM variability in 3C 454.3; for example, (−136± 72) rad m−2

was derived for an observation on 9 March 2006.
The closest polarized VLBI measurement of the other calibrator, J1638+5720, that we are

aware of was performed at 15 GHz within the MOJAVE program on 19 August 2018 [49] with
a reported EVPA of 93◦ (https://www.cv.nrao.edu/MOJAVE/ accessed on 24 June 2026). The
formal extrapolation using the RM value 352.7± 79 rad m−2 derived by the MOJAVE team [45]
from measurements taken on 24 May 2006 would change the EVPA between 15 and 22 GHz
by only ∼4◦. Nevertheless, since the higher-frequency EVPA behavior of J1638+5720 is not
established by contemporaneous data, and since intrinsic EVPA variability could dominate
over this formal RM extrapolation, we decided not to use this information. Thus, we did not
perform an absolute EVPA calibration for J1606+3124.

3. Results
3.1. Total Intensity

The naturally weighted 22-GHz EVN intensity map of J1606+3124 is displayed in the
right panel of Figure 2. It shows a roughly north–south-oriented structure with a slight
turn of a few degrees towards the west at ∼2 mas from the brightest feature, corresponding
to a ∼14 pc projected linear distance at the redshift of the source. The whole extent of the
radio structure is ∼9 mas (∼60 pc projected linear size).

The visibilities could be equally well described by either six or seven Gaussian com-
ponents. The additional seventh component could be placed on the southwestern side of
component A0. However, its inclusion does not significantly affect the parameters of the other
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components or the rms (root-mean-square) value of the obtained residual map. Additionally,
it is pointlike with an unrealistically small size, most probably an artifact related to the sparse
visibility sampling. Therefore, we used six Gaussian components to describe the brightness
distribution of J1606+3124; their parameters are listed in Table 3. Except for A0 and A3,
all fitted components have circular Gaussian brightness distributions. The northernmost
component, A5, is at a position angle of ∼−16◦ from the brightest feature, A0.
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Figure 2. EVN images at 22 GHz of the two targets made from the self-calibrated visibility data, with
the fitted two-dimensional Gaussian model components overlaid. The positions and full widths
at half maximum (FWHM) of the components are indicated. The gray ellipses in the lower left
corners represent the FWHM of the restoring beam. In the lower right corners, the linear scales are
displayed. Left panel: The map of the quasar J1510+5702. The peak intensity is 102.7 mJy beam−1,
and the lowest contours are drawn at ±0.2 mJy beam−1, corresponding to an image noise level
of ±3σ. The contour values increase by a factor of two. The FWHM of the restoring beam is
0.5 mas × 0.4 mas, and the position angle of the major axis is PA = −18◦. Right panel: The map of
the quasar J1606+3124. The peak intensity is 152 mJy beam−1, and the lowest contours are drawn at
±0.9 mJy beam−1, corresponding to an image noise level of ±4σ. The FWHM of the restoring beam
is 0.9 mas × 0.3 mas, with PA = 1◦.

Table 3. Parameters of the fitted brightness distribution model components of the quasar J1606+3124.
Columns from 1 to 7 give the components’ designations, relative coordinates in right ascension and
declination directions with respect to the brightest component, the FWHM sizes of the major and
minor axes, position angles of the major axes, and flux densities, respectively. Missing minor axes
and position angles indicate a fitted circular Gaussian component.

ID ∆RA ∆Dec. Wmaj Wmin PA S
(mas) (mas) (mas) (mas) (◦) (mJy)

A0 0 0 0.233 ± 0.006 0.139 ± 0.006 17 ± 3 172.0 ± 17.3
A1 0.27 ± 0.05 0.5 ± 0.1 0.15 ± 0.02 . . . . . . 11.7 ± 1.4
A2 0.07 ± 0.05 0.9 ± 0.1 0.18 ± 0.02 . . . . . . 19.3 ± 2.1
A3 −0.77 ± 0.05 2.6 ± 0.1 0.75 ± 0.02 0.17 ± 0.02 −26 ± 3 44.0 ± 4.5
A4 −1.04 ± 0.05 3.6 ± 0.1 0.22 ± 0.05 . . . . . . 3.2 ± 0.5
A5 −2.39 ± 0.07 8.2 ± 0.1 0.5 ± 0.1 . . . . . . 3.4 ± 0.6

In the left panel of Figure 2, the 22-GHz EVN map of J1510+5702 is shown. It consists
of two main emitting regions, a brighter northern and a fainter southern one, at ∼2 mas to
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the south-southwest, corresponding to a projected linear distance of ∼14 pc in the rest frame
of the source. The visibilities can be adequately fitted with three Gaussian components,
two circular and one elliptical. The latter is the brightest, most compact component, B0.
The parameters of the model components are listed in Table 4.

Table 4. Parameters of the brightness distribution model components fitted to the visibilities of the
quasar J1510+5702. The column descriptions are the same as in Table 3.

Component ∆RA ∆Dec. Wmaj Wmin PA S
(mas) (mas) (mas) (mas) (◦) (mJy)

B0 0 0 0.055 ± 0.002 0.023 ± 0.002 48 ± 3 102.0 ± 10.2
B1 −0.13 ± 0.05 −0.14 ± 0.07 0.106 ± 0.002 . . . . . . 2.9 ± 0.3
B2 −0.6 ± 0.1 −2.2 ± 0.1 0.8 ± 0.1 . . . . . . 1.4 ± 0.3

For both sources, all fitted components are larger than the smallest resolvable sizes
with the interferometer in these observations, as determined in [50]. We calculated the
brightness temperatures of the components for both sources following the formula in [51]:

Tb,VLBI = 1.22 · 1012(1 + z)
S

Wmaj · Wmin · ν2 (K), (2)

where z is the redshift of the quasar, S the flux density of the component in Jy, Wmaj and
Wmin are the FWHM sizes in mas of the major and minor axes, respectively, and ν the
central observing frequency in GHz. For circular Gaussian components, the tabulated
FWHM was used for both axes. Assuming that the intrinsic brightness temperature equals
the equipartition value, Teq = 5 · 1010 K [52], one can estimate the Doppler-boosting factor,
δ, as follows:

δ =
Tb,VLBI

Teq
. (3)

The brightest components of both quasars exceed the equipartition value, strongly in
J1510+5702 and modestly in J1606+3124, suggesting relativistic boosting if the equipar-
tition intrinsic brightness temperature is adopted. No other components had Tb,VLBI

in excess of the equipartition value. The obtained Tb,VLBI and δ values are listed in
Table 5 for components where relativistic boosting is possible. The listed uncertainties
are propagated from the fitted component parameters and the adopted flux-density scale;
they do not include the systematic uncertainty associated with the assumed intrinsic
brightness temperature.

Table 5. Brightness temperatures and Doppler-boosting factors (assuming the equipartition value for
the intrinsic brightness temperature) calculated for the brightest, compact components of J1606+3124
and J1510+5702. The values derived for J1606+3124 adopt the uncertain redshift of z = 4.56. If
its redshift is zphot = 0.9, then Tb,VLBI = 2.5 · 1010 K and Doppler boosting is not required. The
identification of A0 as the radio core of J1606+3124 is model-dependent (see text for details).

Source Tb,VLBI (1010 K) δ

J1606+3124—A0 7.4 ± 0.8 1.5 ± 0.2
J1510+5702—B0 107.9 ± 14.8 21.6 ± 3.0

3.2. Polarization

A low-level polarized signal was detected at the position of the brightest total intensity
feature in J1606+3124 (Figure 3, right panel). The existence of the polarized signal is
consistent irrespective of whether we used the D-term corrections derived from J1638+5720
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or 3C345. However, the values of integrated polarized flux density are very different
for the two D-term solutions (see Section 2.2). The polarized flux density is in the range
of (2–3.2)mJy. For a total flux density of ∼144 mJy in the same region, the fractional
polarization is ∼(1.4–2)%. Due to the low level of polarized signal and the dependence of
the obtained value on the D-term calibrator, we regard this detection as tentative only. No
physical meaning is assigned to EVPA changes within one restoring beam. The absolute
EVPA is not calibrated.
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J1510+5702 J1606+3124

Figure 3. Total intensity (contours) and polarization (lines) images of J1510+5702 (left) and
J1606+3124 (right) at 22 GHz. The details of the total intensity images are the same as in
Figure 2. (left) The lines represent the direction of the EVPA after the approximate absolute cal-
ibration described in Section 2.2. A length of 0.1 mas corresponds to 1 mJy beam−1 polarized intensity.
(right) The lines represent the relative EVPA, but the absolute direction of EVPA is not calibrated. A
length of 0.1 mas corresponds to 0.3 mJy beam−1 polarized intensity.

We detected polarization in the central region of J1510+5702 with a polarized flux
density of pJ1510

22 = (3.4 ± 0.4)mJy. The quoted error includes the thermal noise derived
and propagated from the Stokes Q and U images, and the uncertainty derived by using the
different D-term calibrators. The difference between the polarized flux density obtained
using the D-term solutions from 3C 454.3 and 3C 84 is 0.4 mJy. In the same region, the
flux density in the total intensity image is ∼95.8 mJy; thus, the fractional polarization is
3.5 ± 0.5%. The pixel with the highest polarized intensity is at the center with a value of
∼3 mJy beam−1. The blue polarization vectors together with the total intensity image are
shown in the left panel of Figure 3. We rotated the obtained EVPAs by 100◦ as inferred
from 3C 454.3 (Section 2.2). The obtained mean EVPA of J1510+5702 is ∼107◦ (equivalent
to −73◦ under the usual 180◦ EVPA ambiguity). This value should be treated as approxi-
mate because of the non-contemporaneous EVPA calibration. We therefore refrain from
interpreting small EVPA changes across the unresolved B0–B1 total intensity region.

We did not detect polarization in the more extended, jet-like features of our tar-
get sources down to approximately 3σ polarized-intensity levels of 1.0 mJy beam−1 and
0.7 mJy beam−1 for J1606+3124 and J1510+5702, respectively.
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4. Discussion
4.1. J1606+3124

The 22-GHz radio structure of J1606+3124 agrees well with that recovered at 8 GHz
by [53], while the higher-frequency data resolve the inner region in much finer detail.
The two epochs are separated by 76 d in the observer frame (corresponding to ∼14 d at
z = 4.56). The largest separation rate measured by [53], 0.013 ± 0.002 mas yr−1 for N
relative to S, predicts a displacement of only 0.0027 ± 0.0004 mas over 76 d. The C–S
displacement is ∼0.0012 mas. These shifts are negligible relative to the restoring beams and
fitted component sizes, so component motion does not limit the cross-identification. The
proper motions, however, do not constrain flux-density evolution. For that uncertainty,
we use the directly measured 15-GHz modulation index, V = 0.11, from 2014.4–2020
[53]. Treating an 11% flux-density change as a conservative characteristic inter-epoch
uncertainty gives σα,var = ln(1 + 0.11)/ ln(22.2/8.4) = 0.11. This likely overestimates
stochastic variability over only 76 d because the published light curve is dominated by a
slow decline, but it provides a quantitative allowance for non-simultaneity. The different
angular resolutions remain a separate systematic and prevent component-by-component
spectral indices within blended regions.

The outermost 22-GHz component A5 is associated with N in [53]. Their component
C corresponds to A3 + A4, while S + S0 corresponds to A0 + A1 + A2. The flux densities
and the derived two-point spectral indices are listed in Table 6. Including the variability
term in quadrature gives total uncertainties of 0.2 for the spectral indices of the southern,
middle, and northern regions. The spectral indices of the southern and middle regions are
statistically indistinguishable, so their small difference cannot identify the core. The radio
spectrum of the northern region is much steeper than either inner region even under the
adopted variability allowance. Thus, the robust result is the strong outer-to-inner spectral
steepening, but the derived spectral indices of the inner regions cannot be used as a unique
core diagnostic.

Table 6. Two-point spectral indices calculated from the non-simultaneous 8.4- and 22-GHz VLBI data
for J1606+3124. The 8.4-GHz component flux densities are from [53]; the 22-GHz values are from
this work. The quoted uncertainty on α combines the propagated flux-density error and a variability
contribution σα,var = 0.11 estimated from the published 15-GHz modulation index.

ID8.4 S8.4 (mJy) ID22 S22 (mJy) α

S + S0 321 ± 15 A0 + A1 + A2 203.0 ± 17.5 −0.5 ± 0.2
C 82 ± 4 A3 + A4 47.2 ± 4.5 −0.6 ± 0.2
N 36 ± 2 A5 3.4 ± 0.6 −2.4 ± 0.2

An et al. (2022) [53] described the object as a possible compact symmetric object (CSO)
with the center of the AGN located in their component C, approximately at the position of
our component A3. The steep radio spectrum they obtained for the northern and southern
features using 2- and 8-GHz VLBI data and the overall peaked radio spectral shape of
J1606+3124 led them to this classification. It was further supported by the slow long-term
flux density variability and the mildly relativistic jet speeds they detected. In the new,
higher angular resolution 22-GHz observation, the southernmost, brightest component,
A0, has Tb,VLBI modestly above the equipartition value, giving a nominal Doppler factor
of δ ∼ 1.5. This modest excess alone is not sufficient to rule out a compact hot spot
interpretation of A0, but it shows that weak Doppler boosting is allowed by the data. If this
Doppler factor is combined with the intrinsic jet speed of β = (0.6–0.8) inferred by [53],
it implies an inclination angle of ∼40◦, consistent with the ≳28◦ value given in [53]. The
detected one-sided polarization could also be explained within the CSO scenario, where
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the approaching, brighter jet side is more polarized due to a smaller amount of intervening
depolarizing material (e.g., [54]).

Nevertheless, several properties keep a core–jet, blazar-like interpretation viable. The
spectral indices calculated between 8 and 22 GHz show that the shapes of the radio spectra
of the middle and southern features are very similar. The FWHM size of the assumed
CSO core, A3, is larger than that of A0, the southernmost component. Additionally, the
CSO description of J1606+3124 does not conform straightforwardly to the standard picture
of expanding radio galaxies [55]. According to that simple picture, assuming intrinsic
symmetry, the approaching, brighter lobe should be seen farther away from the AGN
center, while in J1606+3124, the arm-length ratio of the brighter to the fainter regions is
smaller than unity. However, arm-length asymmetries in compact sources can also be
produced by environmental gradients, so this argument is suggestive rather than decisive.
Thus, our findings are also compatible with a core–jet scenario, where the center of the
AGN is located at the brightest feature, A0, and a one-sided northern jet showing a slight
wiggle at a few mas from the core can be detected.

The relatively low value of δ was obtained assuming the equipartition value for the
intrinsic brightness temperature. However, Homan et al. [56] derived a lower median
intrinsic brightness temperature, ∼4 · 1010 K, using a large sample of quasars, implying
δ ∼ 2 for J1606+3124. Moreover, the 22 GHz observing frequency corresponds to 124 GHz
in the rest frame of J1606+3124, and Cheng et al. [57] showed that the brightness tem-
perature decreases with increasing frequency above 7 GHz until 240 GHz (in the source
rest frame). This decrease is due to changes in the synchrotron opacity in the core region
from optically thick to optically thin regimes. Thus, the low Doppler factor obtained at the
22 GHz observing frequency does not by itself exclude the possibility that J1606+3124 is a
mildly-beamed core–jet source.

In that picture, the polarization would originate from an ordered magnetic-field
component in the core region. Because the absolute EVPA is not calibrated for J1606+3124,
only the relative EVPA structure can in principle be discussed. Moreover, given the low
fractional polarization, the detailed EVPA pattern should be treated cautiously. In the
displayed, uncalibrated EVPA frame, the components A0 and A1 fitted to the total-intensity
visibility data roughly coincide with regions where the plotted EVPAs differ by ∼40◦ in
J1606+3124. For comparison, the highest-redshift blazar with detected polarized radio
emission, J0906+6930, showed a polarized component at a projected distance of ∼5 pc from
the core at the similarly high rest-frame frequency of ∼97 GHz [26]. This polarized feature
was interpreted as arising due to jet–ISM interaction.

Multi-wavelength data of J1606+3124 indicate the presence of obscuration. X-ray
measurements show a lack of ultraviolet and soft X-rays compared with quasars of similar
redshift, and an obscuring column density of ≳1024 cm−2, consistent with a Compton-
thick absorber [58]. According to the colour index given by the difference between the
4.6-µm and 12-µm measurements [59] of the Wide-field Infrared Survey Explorer (WISE)
space telescope, J1606+3124 is an obscured AGN [60]. The exact nature of J1606+3124
could be revealed if high-resolution optical data were available to pinpoint the location
of the central engine. The source is not detected in the available data release of the Gaia
optical astrometry space mission, most likely because of its optical faintness (R magnitude
22.56 [32]), so no independent optical position of the nucleus with accuracy comparable to
that of VLBI can presently be used for this purpose.

We note that the spectroscopic redshift of J1606+3124 is indicated to be uncertain
by [32]. The 8th data release of the Dark Energy Survey Instrument (DESI DR8 [33]) gives
a photometric redshift estimate well below the spectroscopic value, zphot = 0.9 ± 0.1. By
adopting this redshift, the brightness temperature of component A0 of J1606+3124 turns to
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be 2.5 · 1010 K, lower than the equipartition limit, thus not requiring Doppler boosting of the
radio emission. Additionally, the expansion speed derived from the changing separation of
components N and S by [53] using this lower redshift value would result in an apparent
transverse speed of (0.64 ± 0.1) c, and consequently a hot spot apparent advance speed
of ∼0.3 c. The projected linear extent of the radio-emitting structure would be ∼71 pc
if it were located at this lower redshift. All these properties are in accordance with the
CSO classification of J1606+3124. Within this lower-redshift framework, the polarization
detection at 22 GHz corresponds to a rest-frame frequency of ∼42 GHz. Polarization was
detected in the hot spot regions of a handful of CSOs in VLBI observations at 8 GHz
and 15 GHz [54,61]. These showed that the closer, brighter side of the CSOs is polarized,
possibly due to a lower level of Faraday depolarization. Thus, our detection of polarization
can be interpreted in the CSO picture. However, we are not aware of the detection of a
polarized signal in CSO hot spots at rest-frame frequencies as high as those in the case of
J1606+3124.

4.2. J1510+5702

Our observation of J1510+5702 is in agreement with the blazar classification of this
source, as we infer a high Doppler factor, δ ∼ 21, for the brightest core feature under the
equipartition assumption. This object is one of the highest-redshift γ-ray emitters known.
One γ-ray flare of J1510+5702 was detected on 4 February 2022 with a 0.1–300-GeV flux
∼25 times larger than the value given in the fourth Fermi Large Area Telescope catalog [28].
During the investigation of this flare, VLBI observations of J1510+5702 were performed at
multiple frequencies (15, 22, 43, and 86 GHz) in three epochs with an array consisting of
the Very Long Baseline Array (VLBA), the Effelsberg radio telescope, and the Green Bank
Telescope [29]. The 22-GHz radio structure of the source in our observation is similar to that
found by [29], except that they detected the core and two jet components in the northern
region in 2022 and 2023. One month after the γ-ray brightening, the jet component closest
to the core had the highest flux density, which then continuously faded at 22 GHz. Our
observation took place 3.6 yr before the γ-ray flare (corresponding to ∼0.7 yr in the source
rest frame). At that time, the core component was the brightest feature. The elliptical shape
of the core component, B0, and its PA towards the jet extension in our observation indicate
that in 2018, the core and the closest jet feature seen by [29] could not yet be resolved in
our observation. This is further supported by the change in the core separation of this
component derived by [29], which indicated a component ejection between 2016 and 2019.
The core separation of B1 in our observation can be reconciled with the proper motion
derived by [29] for their C2 component.

Polarization of J1510+5702 was detected with VLBI earlier, at 5 and 8.4 GHz [62]. At
5 GHz, polarization from both the core and the lobe feature could be detected, whereas
at 8.4 GHz, only the core was significantly polarized. At 22 GHz, we similarly detected
polarization from the core region only. The polarized flux density at 22 GHz is p22 ∼ 3.4 mJy,
comparable to the 8.4-GHz value reported by [62], p8.4 = (4.0 ± 1.2)mJy.

The 22 GHz observing frequency corresponds to 118 GHz in the rest frame of
J1510+5702. At such high frequencies, the emission is expected to arise farther upstream
in the blazar jet than at cm wavelengths, where a more ordered magnetic field, less Fara-
day rotation, weaker depolarization, and consequently higher polarization degrees may
occur ([5] and references therein). This was observed by [5] in simultaneous polarimetric
observations of more than 200 radio-loud AGNs at 86 and 229 GHz. They found median
polarization degrees for flat-spectrum radio quasars of m86 = 3.2% and m229 = 7.7% at
86 and 229 GHz, respectively. We obtained a value similar to the former, ∼3.5 %, for the
rest-frame 118 GHz polarization degree for J1510+5702. Additionally, this value exceeds
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the polarization degree obtained by [62] at 8 GHz observing (43 GHz rest-frame) frequency,
m8 = (1.3 ± 0.4)%. This is consistent with the finding of [5] that at mm wavelengths the
degree of polarization increases with increasing frequencies, probably due to the lower
Faraday depolarization effect, although the comparison here is based on non-simultaneous
measurements. The diminished Faraday depolarization was also supported by the similar
EVPAs they found at the two frequencies for their samples.

The average EVPA in the core of J1510+5702 is χ22 ∼ −73◦ at 22 GHz, while O’Sullivan
et al. [62] reported values of χ5 = −89◦ ± 3◦ and χ8.4 = −93◦ ± 3◦ at 5 and 8.4 GHz
observing frequencies, respectively. The 22-GHz EVPA is therefore broadly similar to the
lower-frequency EVPAs within the limitations of the non-contemporaneous observations
and the approximate absolute EVPA calibration. We do not derive an RM from these data.
The comparison nevertheless does not contradict the expectation that Faraday rotation and
depolarization become less important at higher emitted frequencies. This is similar to the
findings of [5] for their samples.

5. Summary
We conducted 22-GHz EVN observations of the secure z = 4.31 quasar J1510+5702 and

the candidate high-redshift radio-loud AGN J1606+3124. If the published spectroscopic
redshift value, z = 4.56, of J1606+3124 is adopted, the 22-GHz EVN observations probed
rest-frame frequencies above 118 GHz. If J1606+3124 is instead located at zphot ≃ 0.9,
its emitted frequency is ∼42 GHz. The radio brightness distributions of both sources are
described by compact and extended Gaussian components on parsec scales.

At z = 4.56, the brightness temperature of component A0 of J1606+3124 lies modestly
above the equipartition value and permits weak Doppler boosting; at zphot = 0.9, it falls
below equipartition. The 8.4–22 GHz comparison shows a robust spectral steepening
toward the northern outer component, while the spectral indices of the southern and
middle regions are indistinguishable. Low-level polarized signal was tentatively detected
in component A0. None of these observables can uniquely distinguish between a mildly
beamed core–jet geometry and a young compact symmetric source. A reliable redshift
measurement and phase-referenced multi-epoch VLBI astrometry or an independent mas-
scale optical/infrared localization of the central engine are therefore required to securely
classify J1606+3124.

Our VLBI results for J1510+5702 agree with its previous blazar classification and
with later VLBI observations, showing a highly Doppler-boosted compact core and a
southward-oriented jet. Its jet structure in 2018 is more compact than that observed more
than 3 years after our observation [29], consistent with the component motion reported
by those authors. Its core is polarized with a higher degree of polarization than reported
at lower frequencies [62]. The broadly similar EVPAs at observing frequencies from 5 to
22 GHz are consistent with weaker Faraday effects at high rest-frame frequencies, although
the present EVPA calibration does not allow a precise RM measurement.

Our study of one z > 4 quasar and one candidate high-redshift quasar highlights how
the rest-frame mm-wavelength total and polarized jet emission can be investigated at mas-
scale resolution by employing relatively straightforward cm-wavelength VLBI experiments
in the observer’s frame.
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