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Abstract: High-redshift active galactic nuclei (AGN) provide key insights into early super-
massive black hole growth and cosmic evolution. This study investigates the parsec-scale
properties of 86 radio-loud quasars at z > 3 using very long baseline interferometry
(VLBI) observations. Our results show predominantly compact core and core-jet morpholo-
gies, with 35% having unresolved cores, 59% with core—jet structures, and only 6% with
core—double jet morphology. Brightness temperatures are generally lower than expected
for highly radiative sources. The jets” proper motions are surprisingly slow compared to
those of lower-redshift samples. We observe a high fraction of young and/or confined peak-
spectrum sources, providing insights into early AGN evolution in dense environments
during early cosmic epochs. The observed trends may reflect genuine evolutionary changes
in AGN structure over cosmic time, or selection effects favoring more compact sources
at higher redshifts. These results stress the complexity of high-redshift radio-loud AGN
populations and emphasize the need for multi-wavelength, high-resolution observations to
fully characterize their properties and evolution through cosmic history.

Keywords: galaxies; active—galaxies; high-redshift-galaxies; jets—quasars; general

1. Introduction

The study of high-redshift active galactic nuclei (AGN) provides unique insights into
not only the early evolution of supermassive black holes (SMBHs) and their host galaxies
but also fundamental physics under extreme conditions during a critical period in cosmic
history [1-4]. While multi-wavelength observations have revealed much about black hole
accretion processes, very long baseline interferometry (VLBI) observations of relativistic
jets offer direct probes of the innermost regions around these early black holes, providing
crucial measurements of their energetic output and feedback mechanisms [5-8].

Universe 2025, 11, 91

https://doi.org/10.3390 /universe11030091


https://doi.org/10.3390/universe11030091
https://doi.org/10.3390/universe11030091
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/universe
https://www.mdpi.com
https://orcid.org/0000-0003-0181-7656
https://orcid.org/0000-0003-4341-0029
https://orcid.org/0000-0001-9321-6000
https://orcid.org/0009-0007-0108-3900
https://orcid.org/0000-0003-4853-7619
https://orcid.org/0000-0001-9172-7237
https://orcid.org/0000-0001-9984-127X
https://orcid.org/0000-0002-7351-5801
https://doi.org/10.3390/universe11030091
https://www.mdpi.com/article/10.3390/universe11030091?type=check_update&version=3

Universe 2025, 11, 91

2 of 28

At lower redshifts, radio-loud AGN constitute approximately 10% of the entire AGN
population [9,10]. However, the evolution of this fraction with cosmic time and its de-
pendence on physical parameters remains heavily debated. Recent studies have revealed
complex trends, with some suggesting an increase in the radio-loud fraction with optical lu-
minosity [11], while others find evidence for a roughly constant fraction across a wide range
of redshifts and luminosities [9,10]. The apparent contradictions in these findings highlight
the challenges in disentangling genuine evolutionary effects from observational biases.

Theoretical work suggests that radio jets may play a particularly important role in
galaxy evolution at high redshifts through mechanical feedback [6]. The intense energy
output from these jets can significantly impact the surrounding interstellar and intergalactic
medium, potentially regulating both star formation and black hole growth in the early
universe. Understanding the physical properties of these jets is therefore essential for
constraining models of galaxy formation and evolution.

Blazars [12], a subset of AGN characterized by relativistic jets oriented close to our
line of sight [13,14], are preferentially detected in flux-limited surveys due to Doppler-
boosting effects, particularly at high redshifts [15]. This selection bias must be carefully
considered when interpreting population statistics. While blazars typically exhibit flat radio
spectra (e.g., [16]), a surprising finding from recent surveys is that a significant fraction of
high-redshift radio-emitting AGN have been found to display steep or peaked spectra [17].

These spectral characteristics are more commonly associated with either young radio
sources or those confined by dense environments [18,19], such as compact steep-spectrum
(CSS) and GHz-peaked spectrum (GPS) sources [19-22]. The study of GPS and CSS sources
at high redshifts provides crucial insights into the early stages of jet development and its
interaction with the host galaxy (e.g., [23,24]).

The high prevalence of GPS and CSS sources at high redshifts raises fundamental
questions about the physical conditions that may favor the formation of these compact
radio sources in the early universe. Multiple factors could contribute to this phenomenon,
including higher ambient gas densities affecting jet propagation, more frequent galaxy
mergers triggering AGN activity, different accretion modes in early SMBHs, and selection
effects in current surveys [25,26]. Understanding the relative abundance of these factors is
crucial for constraining models of AGN evolution across cosmic time.

In the first paper in this series, Sotnikova et al. [27] (Paper I) presented a comprehensive
study of 102 high-redshift (z > 3) quasars with 514G, > 100 mJy observed using the
RATAN-600 telescope. They found that nearly 50% of the sample exhibited peaked spectra,
while only 24% showed flat spectra typical of blazars, suggesting a significant population of
young, evolving radio AGN at high redshifts. These sources offer a unique opportunity for
investigate SMBHs during their formative stages. The powerful jet feedback mechanisms
in young radio AGN (e.g., [26,28]) provide insights into the co-evolution of black holes and
their host galaxies in the early universe.

The second paper in our series [29] (Paper II) focused on the variability properties of
these high-redshift quasars, revealing complex patterns of flux density variations across
multiple frequencies. This variability analysis provided important constraints on the physi-
cal processes occurring in these distant AGN, complementing the spectral classification
from the first paper.

In this third paper, we present the first systematic VLBI study of parsec-scale jet
properties in a well-defined, flux-limited sample of 86 radio-loud quasars at z > 3. Using
multi-frequency VLBI observations spanning multiple epochs, we aim to address several
key questions: what are the predominant morphological characteristics of jets in high-
redshift quasars? How do the core properties (size, flux density, brightness temperature)
of these distant sources relate to their overall spectral characteristics and variability? For
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sources with multi-epoch data, what can we infer about jet kinematics and evolution at
high redshifts? How do the physical properties of GPS and CSS sources at high redshifts
compare to their lower-redshift counterparts?

At the redshifts of our targets (z = 3-5.3), these observations probe physical scales of
just a few parsec in projection', providing unprecedented resolution of the jet collimation
regions. This allows us to directly study the physics of relativistic jets during an epoch
when the Universe was less than 2 billion years old.

By combining our VLBI analysis with previous spectral and variability studies, we aim
to present a comprehensive picture of the properties of the radio-brightest high-redshift
quasars, from their integrated spectra and variability characteristics to their parsec-scale jet
structures. This multi-faceted approach allows us to probe the physical processes governing
jet formation and propagation in the early universe, providing valuable constraints on
models of SMBH growth and AGN evolution during the crucial transition from cosmic
dawn to cosmic noon.

2. Sample
2.1. Sources with VLBI Data

Our study builds upon a well-defined parent sample of 102 high-redshift quasars
initially observed by Sotnikova et al. [27]. This parent sample was selected based on three
key criteria: redshift z > 3; 1.4 GHz total flux densities exceeding 100 m]y; declination range
from —35° to +49°. From this parent sample, we identified 86 sources with available VLBI
data suitable for detailed structural analysis (Appendix A). While this selection ensures
sufficient signal-to-noise ratios for reliable VLBI imaging, we note that the resulting sample
cannot be considered strictly complete due to the VLBI data availability criterion. Therefore,
the statistical results should be interpreted with appropriate caution.

The redshift range of our targets (z = 3-5.3) encompasses a crucial epoch in cosmic
history, spanning from the end of the Epoch of Reionization (which ended around z~5.3)
to the onset of the cosmic noon (around z~3). This period, which is marked by rapid
evolution in both galaxy properties and black hole growth rates, provides a unique window
into AGN physics.

Our sample selection process involves several important selection effects that must
be carefully considered when interpreting the results. While the radio selection criterion
(S1.4cHz > 100 m]y) is well defined, the requirement for spectroscopic redshifts introduces
an additional selection bias, potentially favoring optically brighter sources. Of the original
102 sources in the parent sample, 16 lack VLBI detections in the Astrogeo VLBI database’.
Analysis of their single-dish measurements suggests these sources may have a more ex-
tended structure that is resolved out at VLBI scales, implying our VLBI-detected sample
could be biased toward more compact sources.

The geodetic/astrometric nature of our VLBI observations introduces further selection
effects. These observations typically target compact, bright sources optimal for geometric
measurements—a fundamentally different selection than imaging-focused surveys like the
MOJAVE (Monitoring Of Jets in Active galactic nuclei with VLBA Experiments) [30-32],
which often preferentially observed sources with complex, evolving jet structures. This
distinction is particularly important when comparing our results with lower-redshift
samples (Section 4.3).

Table Al presents the fundamental properties of our sample. The redshifts (column 2)
are adopted from the NASA /IPAC Extragalactic Database (NED), while precise coordinates
are derived from the Astrogeo archive. Radio spectral classifications are adopted from Sot-
nikova et al. [27], and morphological classifications are based on our VLBI image analysis.
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The sample spans a range of radio spectral types, from flat-spectrum sources typical of
blazars to peaked-spectrum objects characteristic of young or evolving radio sources.

Among our sample, several sources are particularly noteworthy, warranting detailed
study: (1) the highest-redshift source, 102,623 + 254,259 (z = 5.3), represents one of the most
distant known radio-loud AGN. This source exhibits a one-sided core-jet morphology on
milliarcsecond scales [33], with its jet oriented close to the line of sight. Its characteristics, in-
cluding a large bulk Lorentz factor, high-brightness temperature, and fast jet proper motion,
make it an exceptional laboratory for studying relativistic jets in the early Universe [34].
(2) 160,608 + 312,504 (z = 4.56, corresponding to J1606+3124) shows a rare compact sym-
metric object (CSO) morphology at such a high redshift. GPS with a rest-frame turnover
frequency of 10.6-17.8 GHz provides important constraints on radio source evolution or
confinement models [35]. Notably, this source is probably classified as a galaxy rather than
a quasar, adding diversity to our high-redshift radio source population.

2.2. VLBI Data

Our study utilizes VLBI data obtained primarily from the Astrogeo VLBI archive,
a comprehensive database containing calibrated VLBI observational data. The Astrogeo
archive consists primarily of astrometric and geodetic VLBI observations, which typically
have shorter integration times per source compared to dedicated imaging observations.
This affects the sensitivity and uv-coverage of the data, resulting in typical image noise
levels ranging from 0.1 to 1 mJy beam ! and a practical flux density sensitivity threshold
of approximately 0.05-0.1 Jy at X-band and 0.1-0.2 Jy at S-band. This sensitivity limitation
is reflected in the lower flux density cutoff observed in our sample distribution (Figure 1).
Weaker sources were less frequently targeted due to correlator constraints and detectable
signal-to-noise ratios.
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Figure 1. Histogram of the X-band and S-band VLBI flux density.

For our sample, we collected all available VLBI images and calibrated visibility data.
The observations span multiple frequencies, predominantly including 2.3 GHz (S band),
4.7/5.0 GHz (C band), 7.6/8.4 GHz (X band), 15 GHz (U band) and 24 GHz (K band) for
selected sources. This multi-frequency coverage enables detailed spectral properties and
investigation of frequency-dependent effects on source structure. The X-band (8.4 GHz)
observations form the core of our analysis, providing an optimal balance between resolution,
sensitivity, and consistent coverage across the sample.
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Figure 1 presents the VLBI flux density distribution of our sample at both X-band
(upper panel) and S-band (lower panel). The X-band (~8.4 GHz) flux density distribution
shows an asymmetric profile with a pronounced peak at 0.1~0.25 Jy and a long tail extend-
ing to higher flux densities up to ~3.0 Jy. The S-band (~2.3 GHz) distribution exhibits a
similar asymmetric pattern but peaks at slightly higher flux densities (0.2~0.4 Jy).

Several key features are noteworthy. First, both bands show a sharp decline in source
counts with increasing flux density, reflecting both the intrinsic rarity of bright radio sources
and following the expected luminosity function of radio-loud AGN. Second, the lower
flux density cutoff around 0.05-0.1 Jy in X-band and 0.1-0.2 Jy in S-band represents the
sensitivity threshold of current VLBI observations rather than an intrinsic feature of the
source population. Third, the different distributions between X and S bands provide
insights into the spectral properties of these sources, with the systematically higher S-band
fluxes indicating predominantly steep or peaked spectra.

The observational data in our study span from the early 1990s to 2022, providing
a substantial temporal baseline for many sources. Notably, 62 out of our 86 sources
have >2 epochs of observations, with some having up to 163 epochs for J0646+4451 (OH
471) [36], 137 epochs for J2129-1538. Our VLBI dataset complements and extends the
RATAN-600 observations. While the RATAN-600 data covered a more recent and concen-
trated period from 2006 to 2019 [27] and from 2006 to 2022 [29], our VLBI dataset provides
a longer historical perspective, reaching back to the early 1990s. This extensive tempo-
ral coverage is particularly valuable given cosmic time dilation effects. For our highest
redshift sources, a 30-year observing baseline in the observer’s frame corresponds to only
about 5-7 years in the source rest frame, necessitating long monitoring periods to study
structural evolution.

The observations were conducted using various VLBI arrays, predominantly the very
long baseline array (VLBA), but also including the European VLBI Network (EVN) and
global VLBI arrays. This diversity of arrays provides complementary coverage of different
angular scales and sensitivities, enabling robust characterization of source structures across
a wide range of spatial frequencies.

This VLBI dataset, combined with our previous single-dish RATAN-600 monitoring
and spectral analysis, provides comprehensive view of high-redshift radio-loud AGN prop-
erties and evolution. The combination of high angular resolution, multi-frequency coverage,
and extensive temporal sampling makes this dataset uniquely suited for investigating the
physics of relativistic jets in the early universe.

3. Methods

Our analysis of this high-redshift quasar sample employs a comprehensive method-
ological approach designed to extract maximum physical insight from the VLBI data while
carefully accounting for observational limitations and potential biases. The key analysis
steps are summarized below, with detailed procedures provided in Appendix B.

The VLBI data were obtained from the Astrogeo archive, which provides initial cali-
bration for phase and complex gains. For about 12% of observations requiring additional
calibration (primarily due to complex source structures or technical issues), we imple-
mented enhanced calibration using the DIFMAP software package [37]. Quality control
criteria included verification of amplitude and phase calibration, assessment of uv-coverage
and sensitivity limits, and cross-validation with independent observations where available.

Source structures were characterized through model fitting using circular Gaussian
components, a choice that provides good approximation for compact radio structures while
minimizing free parameters. For multi-epoch sources, kinematic analysis required careful
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component identification and tracking, considering multiple parameters: component flux
densities, sizes, positions relative to the core, and spectral properties where available.

Rest-frame brightness temperatures were calculated for fitted components using
standard formulae, and careful attention was paid to resolution limits. For unresolved
components, we derived conservative lower limits using the maximum resolution of each
observation. Jet parameters were estimated using equipartition brightness temperature as
a reference, though we note that this assumption may not hold in all cases, particularly
in the most compact regions of AGN jets and in their maximum brightness state (see
Appendix B.4 for discussion).

However, we note that while this method is straightforward, it relies on the assumption
of equipartition between particle and magnetic field energy densities, which may not hold
in all cases, particularly in the most compact regions of AGN jets and in their maximum
brightness state. Therefore, these Doppler factor estimates should be considered indicative
rather than definitive, and are used in conjunction with other observables to constrain the
intrinsic jet parameters.

For sources with multi-frequency data, spectral index maps were constructed using
matched-resolution images. This process required careful image alignment and considera-
tion of both thermal noise and systematic calibration uncertainties. Through this systematic
approach, we extracted reliable physical parameters while paying careful attention to
uncertainties and potential systematic effects.

4. Results
4.1. Source Compactness

Our VLBl imaging analysis reveals distinctive patterns in the morphological properties
of high-redshift radio-loud AGN. To quantify source compactness, we calculated the ratio
C = SyrB1/SRATAN, Where Sy p] represents the integrated flux density measured from
VLBI observations and Sgaran denotes the flux density measured by RATAN-600. We
focused on S band (2.3 GHz) and X band (7.6 and 8.4 GHz) for this analysis, as these
frequencies had the highest number of source detections. This parameter C serves as a
key diagnostic tool, with values approaching unity indicating highly compact sources
where most emission originates from parsec scales. Lower C values suggest the presence of
extended emission on scales larger than those probed by VLBL

To compute the C parameter, we used several strategies to deal with the sparse VLBI
and RATAN-600 data. We prioritized contemporaneous observations, interpolated flux
densities when frequencies did not match, and applied variability corrections for non-
contemporaneous data within 3 months. VLBI-only data provided the lower limits for C.
These methods allowed us to calculate consistent C values across our sample, despite the
data limitations.

Analysis of the compactness distribution (Figure 2) reveals a pronounced broad peak
in our sample. The vast majority of sources cluster tightly in the range of C = 0.8-1.1,
with a peak around C ~ 0.9, indicating that most of the emission originates from parsec-
scale structures which can be detected by VLBI. For the compactness distribution analysis
shown in Figure 2, we used contemporaneous single-epoch measurements directly from
the Astrogeo catalogue, where C typically ranges from 0.6 to 1.4. The values of C > 1 may
occasionally occur due to source variability between VLBI and RATAN-600 observation
epochs, even after applying our 3-month contemporaneity criterion.

Of the 102 parent sample, 16 sources lacking VLBI detections which were excluded
in this study would likely show lower C values if they could be measured. Including
these sources would extend the distribution toward lower compactness values, though the
predominance of compact sources in our sample would likely remain significant.
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Figure 2. Histogram of the source compactness index C, expressed by the ratio of the X-band VLBI
flux density to RATAN-600 flux density.

The overwhelming majority of sources in our sample display remarkably compact
structures, with 35% appearing as unresolved cores and 59% showing core-jet morpholo-
gies. The compactness parameter serves as an independent metric that corroborates our
morphological classification scheme (see the discussion in Section 4.2). Sources classified
as core-dominated are expected to exhibit C values approaching unity, while those with
significant extended emission should display lower C values. Indeed, the majority of our
sources (30%) demonstrate high C values (>0.8), consistent with their classification as core
or core-jet morphologies. This high degree of compactness aligns with expectations for a
sample of high-redshift quasars, where extended emission is often resolved out in VLBI
observations [38,39].

To investigate evolutionary trends in our sample, we examined the relationship be-
tween compactness parameter C and redshift (Figure 3). Each source in the plot shows a
mean value of C values with standard deviation due to variability across multiple epochs
of observation. Across the redshift range (z = 3.0-4.6), the mean compactness values
consistently cluster around C ~ 1.0, showing no significant systematic evolution with
redshift. This stability suggests that the basic structural properties of radio-loud AGN
cores remain relatively constant throughout this epoch of cosmic history. Moreover, we ob-
serve a remarkable decrease in the dispersion of compactness value C as redshift increases.
While sources at z ~ 3 show a wide range of C values (roughly 0.3 to 3.0), this spread
progressively narrows at higher redshifts. This reduction in scatter could reflect either
observational effects or physical processes. From an observational perspective, surface
brightness dimming (x (1 + z) %) might preferentially eliminate detection of extended
structures at higher redshifts, effectively reducing the range of observable C values. Addi-
tionally, our flux-limited sample may preferentially select more beamed, compact sources
at higher redshifts, further reducing the observable range of structural variations. The
combination of stable mean compactness with decreasing variance provides important
constraints for models of AGN evolution, though interpreting these trends requires care-
ful consideration of selection effects and observational biases. Future observations with
increased sensitivity to extended emission will be particularly valuable for understanding
the reduced scatter at higher redshifts.
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Figure 3. The mean value of compactness parameter of the quasars versus redshift z. The standard
deviation is utilized for the error bar. In the case of a source with only one epoch measurement,
the standard deviation is 0.

Only four sources (J0214+0157, J1457+0519, J1715+2145, ]2314+0201, approximately
5% of the sample) show notably lower C values (<0.7), suggesting these are rare cases in
which a substantial emission comes from larger-scale structures resolved by VLBI. This
strong predominance of compact sources likely reflects both the selection effects of our flux-
limited sample and the intrinsic nature of high-redshift radio-loud AGN, where extended
emission may be suppressed by increased inverse Compton losses against the cosmic
microwave background.

Figure 4 illustrates the relationship between the maximum source compactness (C)
and variability index (Vs,,) for our sample. The variability index Vs, is calculated us-
ing the Formula (1) in Sotnikova et al. [29] at X band. Our correlation analysis yields a
weak positive correlation coefficient of 0.22 between Vs, , and C. While this correlation
is not strong, it suggests a subtle tendency for more compact sources to display slightly
higher-variability amplitudes. However, the scatter in the distribution is considerable,
with variability indices ranging from nearly 0 to about 0.95 across different C values. Some
of the most compact sources (C > 1.5) show moderate-to-high variability (Vs,, > 0.4),
but there are also several compact sources with low variability levels. In contrast with
the display in Figure 2, we plot the maximum value of C observed across all available
epochs for each source to capture the full range of structural variations. This multi-epoch
approach results in some sources showing larger C values (up to ~3.0) due to significant
flux variability over the long monitoring period. These higher values typically correspond
to epochs of enhanced source activity where the VLBI flux density temporarily exceeded
the reference RATAN-600 measurements. This complex pattern suggests that while source
compactness may influence variability behavior, it is likely not the dominant factor deter-
mining variability amplitude in high-redshift AGN. Other physical parameters, such as jet
orientation, Doppler boosting, and intrinsic source properties, may play equally important
or even more significant roles in determining the observed variability characteristics.



Universe 2025, 11, 91

9 of 28

1.0 o JO001+1914 J1230-1139
10006+1415 1124243720
1004840640  —o— |1340+3754

J0121-2806 J1354-0206

10148+4215 J1405+0415

0.8 015142517 11421-0643
o J0203+1134 —e— J1445+0958
1021440157  —e— J1457+0519
10324-2918 1152141756
10337-1204 J1538+0019
0.6 o o J0339-0133 o J1559+0304
1035440441  —o— J1600+0412

o 10424+0805 J1610+1811
N 10428+1732 11616+0459
10525-2338 o J1655+1948

0.4 10539-2839 11658-0739
10624+3856 J1715+2145

10646+4451 11939-1002

N 10733+0456 2050+3127

0.2 o 10753+4231 J2129-1538
: o J0915+0007 221740220

o ]0933+2845 12248-0541

094141145 o J2314+0201

. J1016+2037 12316-3349

0.0 o J1128+2326 12321-0827

: J1150+4332

05 10 15 20 25 3.0
C

Figure 4. The variability index V,, versus the maximum compactness parameter of the quasars.

4.2. Morphology

The morphological classification of high-redshift AGN presents unique challenges
due to their extreme compactness, with many sources appearing unresolved even at VLBI
resolutions. This limitation necessitates a comprehensive approach that integrates multiple
lines of evidence beyond spatial structure alone.

Our classification methodology combines four key diagnostic indicators: spatial mor-
phology, spectral properties, variability characteristics, and brightness temperature mea-
surements. This integrated approach helps overcome the limitations of traditional classifica-
tion schemes that rely primarily on a resolved structure. For example, while jet components
typically exhibit steep-spectrum optically thin emission above 2.3 GHz (corresponding to
Vint > 10 GHz in the observer’s system of z > 3 sources), we find that even core compo-
nents in our sample can display steep spectra between 5 and 8.4 GHz, likely due to the
prevalence of peaked spectral distributions at high redshifts [27], which may indicate either
youthful AGN activity or dense ambient medium confinement; in these cases, spectral
indices measured between 5 and 8.4 GHz often fall in the steep-spectrum part of these
peaked distributions.

To better understand these spectral characteristics, we constructed detailed spectral
index maps for each source (Appendix B.6; see the example in Figure A2), providing crucial
additional constraints for morphological classification. Core components in our sample
typically display high brightness temperatures (10 K), flat or inverted spectra, significant
variability, and compact structure. In contrast, jet components generally exhibit lower
brightness temperatures, steeper spectra, and more extended morphologies when resolved.

This multi-parameter classification framework allows us to confidently categorize
sources even when traditional structural analysis proves insufficient, providing a robust
foundation for investigating the physical properties of high-redshift radio-loud AGN.
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Based on these criteria, we classified sources into the following categories: compact
core-only sources (C), core-jet structures (CJ), and compact double jets (CD). Figure 5 shows
the example images of these types. Class C sources retain point-like morphology at all
resolutions, which is identified by its flat or inverted spectrum, high-level variability and
high brightness temperature. Class CJ sources have a distinct core and one-sided weaker
jet structure, typically showing a steep spectrum and brightness gradient along the jet axis.
Class CD sources show two steep spectrum features with comparable brightness, similar to
CSOs. For sources with multi-epoch observations, we ensure the classification is consistent
across epochs, noting any significant structural changes.
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Figure 5. Example of VLBI images: compact core (top), core-jet (middle), core and double jets
(bottom) complex morphology.

The core-only sources (Class C, accounting for 35%) are characterized by a single,
compact component that remains unresolved even at the highest available angular reso-
lution (~0.5 mas at 8.4 GHz). These sources exhibit median brightness temperatures of
T, = (8.97 +2.15) x 10'° K, approaching but generally not exceeding the inverse Compton
limit. This suggests that while relativistic beaming is present, extreme Doppler boosting
factors (6 > 10) are rare in our high-redshift sample. Some of the class C sources display flat
spectra in RATAN-600 observations, suggesting they are likely blazars [40]. A subset (55%)
show peaked spectra [27], potentially indicating young or recently reactivated AGN [20].
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Core-jet (CJ) sources comprise 59% of our sample. Their total flux density spectra
range from flat to peaked, reflecting the complex interplay between core and jet emission at
different frequencies. This spectral diversity highlights the importance of high-resolution
VLBI observations in disentangling emission components in high-redshift quasars [41].

Core-double jet (CD) sources, while rare in our sample (5%), present intriguing cases
for study. These sources typically show GPS-type peaked spectra in their total flux density
measurements, suggesting they may represent young radio sources in the early stages of
evolution [20,24]. The small fraction of complex or two-sided sources in our sample presents
an interesting puzzle. Their rarity could reflect either genuine evolution in radio source
properties with cosmic time or observational biases against detecting extended emission
at high redshifts. Extended emission could be potentially missed in our observations,
suggesting that the true fraction of complex sources might be higher.

Our classification is unavoidably subject to resolution limitations, especially for the
most distant sources. Some core-jet sources might be misclassified as compact cores due to
these constraints. Future observations with enhanced sensitivity and resolution may reveal
additional structural details, potentially leading to reclassification of some sources [42-44].

A particularly intriguing finding is the presence of large jet bending (>90°) in
five sources in our sample (J0203+1134, J1230-1139, ]J1405+0415, J1445+0958, J2003-3251),
accounting for approximately 6% of our sample. This fraction appears slightly higher
than that seen in lower-redshift samples [32]. This comparison warrants careful considera-
tion. The large jet bending may indicate stronger interaction with a denser circumnuclear
medium, more frequent merger-induced perturbations or enhanced pressure gradients in
the early universe. Our flux-limited sample is inherently biased toward the most powerful
radio sources at high redshift, which may be less susceptible to environmental effects due
to their higher jet powers. A more complete understanding of jet bending mechanisms
across cosmic time would require expanding studies to include weaker radio AGN at
high redshifts, where lower-power jets would be more sensitive to interaction with the
host galaxy environment and ambient medium. Additionally, the denser environments
expected in the early Universe could play a more significant role in jet deflection for these
lower-power sources.

This morphological analysis provides insights into jet physics and source evolution in
the early universe, though several observational biases must be carefully considered. First,
VLBI observations inherently tend to miss low surface brightness emission, particularly
at high redshifts where surface brightness sensitivity is further reduced by cosmological
dimming. Second, our flux-limited sample preferentially selects brighter sources, which
are more likely to have jets aligned closer to our line of sight, resulting in compact nuclei
that can outshine extended jet emission due to Doppler boosting. The high median bright-
ness temperature (T, = (8.97 £ 2.15) x 10'? K) observed in our Class C sources exceeds
equipartition values, suggesting Doppler boosting and thus orientation bias, which is a
notable contrast to studies of sources at z > 6 [45]. Therefore, while the prevalence of
compact structures in our sample could indicate either young sources or strong environ-
mental confinement of jets at high redshifts, these interpretations must be weighed against
the aforementioned selection and observational biases. These findings, when properly
accounting for observational effects, provide constraints for models of AGN evolution and
jet formation in the early Universe, though the true distribution of source properties may
be broader than what our flux-limited, VLBI-selected sample reveals.
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4.3. Jet Proper Motion

Our multi-epoch VLBI observations, spanning 5-15 years depending on the source,
provide unprecedented insights into jet kinematics at high redshifts. Our kinematic anal-
ysis focuses on 57 sources with multiple epochs of X-band VLBI observations, providing
optimal resolution and sensitivity for tracking jet component evolution. Within this sub-
set, 34 sources have three or more epochs, enabling robust proper motion measurements
through least-squares fitting of component trajectories. Examples of jet proper motions are
shown in Figure 6. Other results can be accessed at Zenodo®. The distribution of jet proper
motion is shown in Figure Al.
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Figure 6. Examples of jet proper motions of the sample: slow motion (J1354-0206) and moderate
motion (J1658-0739).

For sources with only two epochs, we calculated jet proper motions directly from the
positional changes of identifiable components. The remaining sources with 3-9 epochs
were analyzed using standard component tracking and linear fitting techniques.

Nine sources in our sample have more than 20 epochs of observations, allowing for
detailed kinematic analysis. Some of these have been the subject of previous studies (J0339-
0133 [46], J0O001+1914, J1658-0739 [47], J1405+0415 [48], J0203+1134, J0539-2839, ]1354-0206,
J2129-1538, and J0646+4451 [36]). These well-sampled cases reveal complex kinematic
behavior, with some components showing evidence for acceleration and/or non-linear
trajectories.

The measured proper motions range from 0.002 to 0.09 mas yr~!, corresponding
to apparent superluminal speeds between 0.2 ¢ and 10.0 c when converted to projected
linear velocities. The analysis reveals an intriguing distribution of jet speeds that challenge
conventional expectations for high-redshift blazars (Figure Al). This distribution of high-z
jets shows a marked difference from lower-redshift samples, where maximum apparent
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speeds often exceed 10 c. The lower apparent speeds in our high-redshift sample suggest
either intrinsically lower jet bulk Lorentz factors or stronger environmental effects on
jet propagation.

Figure 7 presents a comparison between jet proper motions in our high-redshift sample
and those from the MOJAVE sample (redshift range 0.05 to 3.40, median z = 0.79). While
MOJAVE observations preferentially target sources with complex jet structures, potentially
biasing their sample toward more dynamically active AGN, our comparison focuses on
maximum jet speeds, as these represent the highest achievable velocities in each population.
This approach provides a conservative benchmark for comparing jet kinematics between
epochs, as any selection bias toward more active sources in MOJAVE would only strengthen
our finding that high-redshift jets show systematically lower speeds. The observed dif-
ference in velocity distributions persists even when accounting for these selection effects,
suggesting a genuine evolution in jet kinematical properties with cosmic time.
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Figure 7. Histogram of maximum S,p,(c). (Top): distribution of jet proper motions from this study;
(Bottom): distribution of maximum jet proper motions from MOJAVE programme ([30,32]).

The unexpected prevalence of slow or stationary components could be attributed to
several possibilities: faster-moving components might exist on scales smaller than our
resolution limit; sources viewed at larger angles to the line of sight will exhibit slower
apparent motions; there may be a population of high-redshift sources with genuinely lower
jet velocities.

The kinematic data also reveal interesting correlations with other source properties.
Sources with lower apparent speeds tend to show higher fractional polarization and more
stable flux densities, suggesting these may be viewed at larger angles to the line of sight
despite their blazar-like core dominance. Conversely, the sources showing faster apparent
motions typically display greater variability and lower polarization fractions, consistent
with standard beaming models.

These findings have important implications for our understanding of jet physics
in the early universe. The scarcity of very high apparent speeds, combined with the
trends in polarization and variability, suggests that either the intrinsic jet properties or
their interaction with the environment differs significantly from what we observe in the
local universe.
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5. Discussion

Our investigation of high-redshift radio-loud AGN using VLBI imaging reveals sev-
eral notable characteristics that emphasize the profound influence of the early universe
environment on AGN jet evolution. Our VLBI imaging reveals a striking dominance of
compact structures, with 94% of sources showing either core-only or core-jet morphologies,
significantly exceeding the fraction observed in lower-redshift samples, where more ex-
tended and complex structures typically dominate [49]. While surface brightness dimming
at high redshifts might create bias against the detection of large-scale structures [50]), our
analysis indicates that observational effects alone cannot fully account for the pronounced
morphological differences between high- and low-redshift AGN populations.

Proper motion measurements further stress fundamental distinctions in jet dynamics.
We find that the apparent jet speeds in our high-redshift sample, ranging from 0-10 c,
are systematically lower than those in well-studied low-redshift projects such as MO-
JAVE, where superluminal speeds frequently exceed 10 c [32]). This discrepancy persists
even after accounting for flux-limited selection biases [51]), and the absence of very fast
jets (Bapp > 10c¢) [39] strongly suggests intrinsically lower bulk Lorentz factors or more
pronounced environmental confinement at early epochs [52]). These findings align with the-
oretical expectations that the dense protocluster environments prevalent at high redshifts
impose significant constraints on jet propagation [53,54]).

In addition to kinematic differences, the relationship between source compactness and
variability offers valuable insights. Although only a weak positive correlation emerges
between the compactness parameter C and the maximum variability index V; yax, this
trend implies that more compact emission regions are associated with marginally greater
variability amplitudes [55]). Yet the substantial scatter in this correlation indicates that
factors beyond emission region size—such as jet composition, magnetic field configuration,
or inhomogeneous external media—also influence variability characteristics [56]).

The prevalence of GPS and CSS sources within our sample further enriches our under-
standing of early AGN evolution. These spectral types may indicate either young AGN or
“frustrated” sources confined by dense ambient medium [22,24]). The observed properties
could be explained by either evolutionary effects or environmental conditions unique to
the early universe. At high redshifts, both scenarios are plausible: rapid supermassive
black hole growth and abundant ambient gas could jointly govern jet evolution, hindering
large-scale expansion and favoring early-stage or absorbed spectra [5,57].

Taken together, our findings strongly suggest that the early universe exerts a more
pronounced influence on AGN jet formation and evolution than previously recognized.
Relative to lower-redshift systems, high-redshift jets display systematically lower speeds,
more compact morphologies, and a higher fraction of peaked-spectrum sources, consistent
with stronger environmental confinement and enhanced absorption processes [26,58].
Dense early environments may inhibit the development of large-scale radio structures and,
through free-free absorption or synchrotron self-absorption, support a high occurrence of
peaked-spectrum AGN [59,60]). Despite these constraints, the observed diversity in AGN
properties suggests that intrinsic processes and line-of-sight effects continue to generate
significant observed variability, even under challenging early-universe conditions [61].

Comparisons with established low-redshift samples (e.g., MOJAVE) [30,32] confirm
that the absence of ultra-fast jets and extremely high brightness temperatures in our high-
redshift sources is not merely a selection artifact, but likely represents a genuinely different
population [39]). These results prompt a reevaluation of existing AGN evolutionary models,
encouraging new theoretical frameworks that incorporate environmental density and
cosmic epoch as key parameters [34]. Furthermore, the systematically lower brightness
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temperatures in our sample suggest diminished Doppler boosting or altered microphysical
conditions in the early Universe [54,62]).

In addition, the high fraction of compact and peaked-spectrum AGN may indicate
that we are observing many objects at nascent stages, which have either yet to evolve into
large-scale radio sources or have been “stalled” by dense media [24,63]. This provides a
unique window into the early growth and feedback of AGN in the formative stages of
the universe [5]. Our observations imply that the duty cycles, lifetimes, and evolutionary
pathways of early AGN may differ significantly from their low-redshift counterparts,
shedding new light on how supermassive black holes accumulated substantial mass so
rapidly in the young cosmos [64].

Future VLBI observations with higher sensitivity and longer time baselines will be
crucial to capturing subtle kinematic signatures and faint extended structures. Multi-
wavelength observations, including millimeter/submillimeter and X-ray data, will
help characterize the host galaxy environments, linking jet properties to their cosmic
habitats [65,66]).

6. Conclusions

Our systematic VLBI study of 86 high-redshift (z > 3) radio-loud AGN has provided
new insights into relativistic jets in the early universe. Through detailed analysis of their
morphology, kinematics, and spectral properties, we find evidence that jet physics at high
redshifts may differ significantly from the local universe.

The key findings from our study reveal three notable characteristics. First, the sources
show a remarkably high degree of compactness, with VLBI-to-single-dish flux density ra-
tios peaking sharply around 0.9. This compactness likely reflects both selection effects and
enhanced inverse Compton losses against the cosmic microwave background at high red-
shifts. Second, the jet kinematics show predominantly low apparent speeds (Bapp < 15¢),
in contrast to lower-redshift samples in which faster speeds are common for radio-brightest
quasars. Third, the high fraction (~50%) of peaked and steep-spectrum sources suggests a
significant population of young or recently activated AGN and/or sources interacting with
dense environments at high redshifts.

These results challenge our current understanding of AGN jet evolution. The com-
bination of slower jet speeds, lower brightness temperatures, and high peaked-spectrum
fraction points toward either stronger environmental effects or fundamentally different jet
properties in the early universe. The prevalence of young radio sources in our sample may
provide crucial insights into the triggering mechanisms of AGN activity during this early
cosmic epoch.

Future observations with next-generation facilities like the SKA and FAST Core Array
and their VLBI components [42,67], combined with large-sample statistical studies, will
be essential for expanding these studies to larger samples and higher sensitivity. These
observations, combined with theoretical advances, will help distinguish between evolu-
tionary and orientation effects, ultimately providing a clearer picture of how radio-loud
AGN develop and evolve in the early universe.
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Appendix A. Sample Selection

Table Al. The observational parameters of 1213 observation epochs 1. The columns include the source name (1), redshifts (2), observation date (3), bandwidth (4),
observation frequency (5), the synthesis beam FWHM and position angle (6, 7, 8), thermal noise level rms (9), integrated flux density, core flux density and core size
from Gaussian model fitting (10, 11, 12), the ratio of core flux density versus integrated flux density (13), and the VLBI integrated flux density versus RATAN flux
density observed within 3 months (14).

Name z Epoch BW v O1maj 0,1in P.A. rms Sint Score Core Size % Si‘:‘%
(W) (2) (3) @) (5) (6) (7) 8 9) (10) (11 12) (13) (14)
(MHz) (MHz) (mas) (mas) ©) (Jy beam™1) Jy) Jy) (mas)

J0001+1914 3.10 2 January 1996 16.0 8336.89 2.93 0.94 104.1 1.15 0.38 0.38 0.16 1.00 0.99
J0048+0640 3.58 30 April 2004 32.0 8646.22 247 1.08 82.90 0.82 0.07 0.05 0.24 0.74 1.32
J0121-2806 3.11 12 May 2005 32.0 8646.22 3.51 1.19 101.8 1.15 0.14 0.14 0.80 1.00 0.87
J0148+4215 3.24 8 February 2012 32.0 8642.24 1.55 1.28 126.25 0.35 0.12 0.12 0.13 1.00 1.11
J0151+2517 3.10 9 July 2005 32.0 8646.22 4.20 1.01 105.7 1.02 0.11 0.11 1.66 1.00 1.07
J0203+1134 3.63 1 October 1998 16.0 8644.23 1.62 0.73 97.94 0.55 0.53 0.38 0.64 0.72 0.95
J0257+4338 4.06 30 June 2005 32.0 8646.22 1.96 0.98 83.80 0.50 0.12 0.10 0.30 0.88 0.88
J0324-2918 4.63 12 May 2005 32.0 8646.22 2.51 0.95 96.40 1.24 0.09 0.09 0.26 1.00 1.07
J0337-1204 3.44 7 May 1997 32.0 8339.47 2.80 1.12 88.75 1.89 0.10 0.10 0.18 1.00 0.45
J0339-0133 3.19 27 March 2007 32.0 8642.24 3.69 2.57 78.5 1.25 0.13 0.13 2.24 1.00 1.00
J0354+0441 3.26 15 July 1995 16.0 8336.89 2.34 1.05 92.44 1.24 0.20 0.2 0.83 1.00 0.93
J0424+0805 3.09 20 July 2005 32.0 8646.22 2.17 091 90.50 0.72 0.33 0.33 0.15 1.00 0.87
J0428+1732 3.32 2 January 1996 16.0 8336.89 2.67 0.99 100.75 1.26 0.16 0.16 0.31 1.00 1.03
J0539-2839 3.10 27 August 1997 32.0 8339.47 2.78 0.95 924 1.11 0.87 0.87 0.39 1.00 0.73

! The whole table can be found at https://doi.org/10.5281/zenodo.14258041.
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Table A2. Kinematics parameters of 34 high-z quasars show resolved features from at least 3 epochs’ observations at X-band !. The columns represent the source
name (1), brightness temperature Ty, in the unit of 10! K and the error (2, 3), Doppler factor 8 (4), proper motion speed in the unit of light speed (c) and the
error (5, 6), Lorentz factor I (7), and viewing angle of the jet (8).

Name Ty erry, Doppler Factor Speed Error Speed Lorentz Factor Viewing Angle
D () 3) 4) (5) (6) (7) (8)
(10" K) (© ©)
J0001+1914 102.08 0.31 20.42 1.71 1.43 10.30 0.46
J0048+0640 6.38 0.11 1.28 1.94 1.03 2.50 41.44
J0121-2806 1.43 0.01 0.29 6.96 5.50 - -
J0151+2517 0.26 0.01 0.05 0.79 217 - -
J0203+1134 6.91 0.01 1.38 ~0 - - -
J0232+2317 19.39 0.14 3.88 8.97 0.56 12.42 10.75
J0257+4338 9.74 0.05 1.95 0.99 0.22 1.48 27.61
J0339-0133 0.18 0.01 0.04 0.20 1.00 - -
J0539-2839 41.37 0.05 8.27 5.03 1.10 5.72 6.18
J0733+0456 34.33 0.15 6.87 451 3.05 4.98 7.72
J0753+4231 11.68 0.06 2.34 0.53 0.97 1.44 12.69
J0847+3831 26.16 0.23 5.23 ~0 - - -
J0915+0007 4.54 0.06 0.91 ~0 - - -
J0933+2845 0.34 0.01 0.07 791 10.86 - -
J0941+1145 1.25 0.01 0.25 10.01 0.93 - -
J1016+2037 5.06 0.02 1.01 3.78 1.42 8.05 27.84
J1230-1139 56.95 0.59 11.39 1.17 2.11 5.79 1.03
J1242+3720 1.02 0.01 0.20 2.77 3.10 - -
J1340+3754 49.05 0.33 9.81 ~ - - -
J1354-0206 15.24 0.03 3.05 0.59 0.40 1.74 7.80
J1356-1101 1.52 0.02 0.3 1.87 4.05 - -
J1405+0415 8.67 0.01 1.73 9.71 0.57 28.36 11.39
J1421-0643 8.26 0.07 1.65 7.85 0.67 19.78 13.91
J1430+4204 4413 0.16 8.83 1.67 0.16 4.62 2.39
J1445+0958 0.94 0.01 0.19 3.75 9.88 - -
J1521+1756 2.02 0.04 0.4 0.62 0.29 - -
J1538+0019 2.13 0.01 0.43 6.30 2.49 - -
J1658-0739 13.32 0.01 2.66 2.84 0.58 3.03 21.84

1 The whole table can be found at https:/ /doi.org/10.5281/zenodo.14258041.
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Appendix B. Data Analysis
Appendix B.1. Self-Calibration and Imaging

The VLBI data obtained from the Astrogeo archive have undergone initial calibration
for phase and complex gains. For most sources, these pre-calibrated data were of sufficient
quality to proceed directly to imaging. However, a subset of our data was affected by radio
frequency interference (RFI); therefore, the quality of the images created using the automatic
imaging pipeline* was not satisfactory and they necessitated additional processing steps.

We implemented a hybrid approach combining automated and manual techniques
to address the poorly calibrated data. We employed the DIFMAP software package [37]
for both self-calibration and imaging. Our process began with the CLEAN algorithm
in DIFMAP to create an initial image, revealing the basic source structure. This step is
crucial for identifying potential artifacts and guiding subsequent calibration efforts. We
then performed iterative phase self-calibration, starting with longer solution intervals and
gradually decreasing them. This approach effectively corrects for residual phase errors
while minimizing the risk of introducing spurious features [69]. Once the phase solutions
stabilized, we cautiously applied amplitude self-calibration, using longer solution intervals
to preserve the integrity of the source structure. After the self-calibration process, we
created the final images by using natural weighting.

Throughout this process, we closely monitored the evolution of image quality and
closure phases. This is essential to ensure that self-calibration improves data quality without
introducing artifacts [70]. Our final images typically achieved a dynamic range (ratio of
peak flux to off-source rms noise) of several hundred to a few thousand, depending on
source strength and data quality.

For sources with multiple epochs or frequencies, we applied consistent imaging
parameters and self-calibration approaches. This consistency is crucial for our subsequent
analysis of source variability and spectral properties, allowing for reliable cross-epoch and
cross-frequency comparisons.

Appendix B.2. Model Fitting

To obtain a quantitative description of the radio structure, we conducted model fitting
on the self-calibrated visibilities. We employed circular Gaussian models, which provide
a good approximation for compact radio sources while minimizing the number of free
parameters [71]. The parameters of the fitted components, including peak flux density,
integrated flux density, and deconvolved size, were then used to calculate each component’s
brightness temperature and spectral index (discussed in Section 4).

For sources with multi-epoch data, we analyzed the positional changes of VLBI
components to calculate jet proper motion. This kinematic information, combined with
the radio structure data, allows us to determine the geometry of the jet and estimate its
kinematic age [72]. The multi-epoch observations, spanning up to three decades in some
cases, provide a unique opportunity to study the long-term evolution of jet structures in
high-redshift quasars [34,39].

The angular resolution of the VLBI images varies depending on the observing fre-
quency and array configuration, typically ranging from about 0.5 to 5 milliarcseconds.
At the redshifts of our sources (3.0 < z < 5.3), this corresponds to linear scales of approxi-
mately 3 to 30 parsecs, allowing us to probe the inner jet zones where relativistic effects are
most pronounced [73].

Component identification across multiple epochs is crucial for accurate proper motion
analysis. We primarily focused on 8.4 GHz data, which offered the best combination of
temporal coverage, resolution, and sensitivity for most sources. To identify and track
components across epochs, we employed a multi-step approach:
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*  We compared the separation and position angle of each component relative to the core.

*  We considered the evolution of flux density and size, expecting these properties to
vary smoothly over time for a single physical component [74].

¢ In cases of ambiguous identification due to differences in resolution or sensitivity
between epochs, we examined the overall structural evolution of the source and used
physical arguments about plausible component motions to inform our decisions.

*  When necessary, we referred to observations at other frequencies to aid in
component identification.

This careful approach allowed us to track components reliably across epochs, even
when the image quality and resolution varied, ensuring the robustness of our kinematic
analysis [75].

Appendix B.3. Calculation of Brightness Temperatures

The brightness temperature is a key parameter in characterizing the physical condi-
tions in AGN jets and indicating the presence of relativistic beaming [76]. For each fitted
core component in our VLBI images, we calculated the rest-frame brightness temperature
using the following formula [77]:

Ty = 1.22 x 10'2(1 4 2)(5/6*)v 2 [K]

where z is the redshift of the source, S is the flux density of the component in Jy, 8 is the
FWHM of the fitted circular Gaussian component in mas, and v is the observing frequency
in GHz.

For unresolved components, where the fitted size is smaller than the minimum resolv-
able size of the interferometer, we used the minimum resolvable size as an upper limit to
calculate the lower limit of the brightness temperature. The minimum resolvable size was
estimated using the formula 40 from Lobanov [78].

We paid particular attention to the brightness temperature values of core components,
as these can provide evidence for relativistic beaming when they exceed the inverse Comp-
ton limit of ~10'? K for a stationary synchrotron source [79-81]. Extremely high brightness
temperatures (T, > 103 K) may indicate either strong Doppler boosting or the presence of
coherent emission mechanisms [82-85].

In cases with multi-frequency observations of the same component, we used the
brightness temperature measurements to estimate the spectral properties of the emission.
A decrease in brightness temperature as the frequency increases can indicate synchrotron
self-absorption, which is common in compact VLBI cores [86].

For sources with multiple epoch observations, we tracked the evolution of brightness
temperature over time. Variability in brightness temperature can provide insights into
changes in the physical conditions of the emitting regions, such as expansion, compression,
or changes in the Doppler factor [87,88].

By analyzing the brightness temperatures across our sample of high-redshift quasars,
we aim to characterize the emission properties of these distant AGN and compare them
with lower-redshift populations to investigate any evolutionary trends in jet physics over
cosmic time [89].

Appendix B.4. Estimation of Doppler Factors

To characterize the relativistic jets in our high-redshift quasar sample, we estimated the
Doppler factors of the core components using a method based on the observed brightness
temperature. This approach assumes equipartition between particle and magnetic field
energy densities in the emission region [79,81].
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The Doppler factor § is estimated as follows: & = Ty op5/ T} e, Where Ty 55 is the
observed brightness temperature calculated as described in Appendix A, and T, is
the equipartition brightness temperature. In accordance with Readhead [81], we adopt
Tpeq =5 % 10'° K as the equipartition brightness temperature. This value represents the
maximum brightness temperature attainable under conditions of equipartition between
the energy densities of the radiating particles and the magnetic field.

Uncertainties in the Doppler factor estimates were calculated by propagating the
uncertainties in the observed brightness temperature. For sources with multiple epoch
observations, we calculated the Doppler factor at each epoch, allowing us to track potential
variations over time. Such variations can provide insights into changes in the jet orientation
or intrinsic properties.

While this method is straightforward and directly tied to our brightness temperature
measurements, it relies on the assumption of equipartition, which may not hold in all cases,
particularly in the most compact regions of AGN jets and in their maximum brightness
state [90]. Therefore, we treat these Doppler factor estimates as indicative rather than
definitive, and use them in conjunction with other observables to build a comprehensive
picture of the jet properties.

By comparing our derived Doppler factors with those of lower-redshift samples [86,88,91],
we aim to investigate whether there are systematic differences in the beaming properties of
high-redshift quasars that might indicate evolutionary trends in jet dynamics or orientation
effects in flux-limited samples.

Appendix B.5. Proper Motion Measurements for Multi-Epoch Sources

For the 34 sources in our sample with >3 epochs of VLBI observations, we performed
proper motion analysis to study jet component kinematics. This analysis provides crucial
information about jet speeds, which can be used to constrain the geometry and physical
properties of the jets.

We identified and tracked individual components across epochs using a combination
of visual inspection and quantitative criteria. The separation and position angle of the jet
component with respect to the core component, which is assumed to be stationary, are
calculated. Components were considered to be the same across epochs if their positions
relative to the core were consistent with linear motion, their position angles, their flux
densities and sizes evolved smoothly [74].

Proper motions were calculated by fitting linear functions to the component positions
over time. For a few sources, with multi-epoch data covering >30 year time baseline, we
also tested for potential acceleration by fitting second-order polynomials to the component
trajectories [72]. Acceleration was considered significant if the improvement in the x? of the
fit was greater than 99% confidence level compared to the linear fit. We converted angular
speeds to apparent speeds in units of ¢ using the following formula: B,y = #Da/c(1+ z)
where D 4 is the angular size distance to the source and z is its redshift [92].

The uncertainties in proper motion measurements were estimated using least square
method, taking into account the uncertainties in component positions and potential sys-
tematic errors in the VLBI astrometry [93].
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Figure A1. Distribution of jet proper motions in X band.

Appendix B.6. Spectral Index Map

For sources with multi-frequency VLBI data, we created spectral index maps to fur-
ther investigate the jet structure and emission mechanisms. Most sources in our sam-
ple have dual-frequency observations: either S/X (2.3/8.4 GHz) or C/X (4.7/7.6 GHz)
band combinations.

We focused our spectral index analysis on sources with parsec-scale extended jets,
as these offer the most informative view of jet physics. Our approach was as follows: for
sources resolved in the S band, we used S/X band images for spectral index mapping;
for sources compact in the S band but resolved in the C and X bands, we produced C/X
band spectral index maps; and we omitted spectral index mapping for sources appearing
compact and unresolved at all available frequencies, as these would not provide meaningful
spatial spectral information.

To create the spectral index maps, we carried out the following steps:

Image alignment: We aligned images at different frequencies using the 8 GHz VLBI
core position as a reference point.

Image convolution: We convolved the higher-frequency images to match the resolution
of the lowest-frequency image in each pair.

Spectral index calculation: We calculated the spectral index « (S « v*) for each pixel,
where the flux density exceeded five times the rms noise level in both images.

The uncertainty in the spectral index measurement comes from the uncertainty in the
flux densities, which can be calculated according to the following equation:

1 AS1\*  [AS\?
A"‘—lnz;\/ (5) + (%) A

where v, and Sy, refer to two frequencies used to calculate the spectral index and flux

densities, respectively. The uncertainty in VLBI flux density measurements comprises
two primary components: a random error, approximately equivalent to the image noise,
and a systematic error caused by visibility amplitude calibration, typically ranging from
5% to 10% for VLBA [72]. This systematic error, arising from uncertainties in antenna gain
curves, opacity corrections, and other factors, often dominates the overall error budget for
bright sources.
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Notes

1

Throughout this paper, we adopt a flat ACDM cosmological model with Hy = 70km s~! Mpc~!, Q = 0.73, and Oy, = 0.27.
Atz = 3,1 mas angular size corresponds to a projected linear size of ~7.7 pc, or ~25 light years.

Astrogeo VLBI archive, Available online: http://astrogeo.org/ (accessed on 24 December 2024).

Available online: https://github.com/SHAO-SKA /Astro_AGN_catalogue.git (accessed on 24 December 2024).

4 Available online: https://github.com/SHAO-SKA /vlbi-pipeline.git (accessed on 24 December 2024).

References

1.  Fan, X,; Carilli, C.L.; Keating, B. Observational Constraints on Cosmic Reionization. Annu. Rev. Astron. Astrophys. 2006,
44, 415-462. [CrossRef]

2. Volonteri, M. The Formation and Evolution of Massive Black Holes. Science 2012, 337, 544. [CrossRef] [PubMed]

3. Volonteri, M,; Bellovary, J. Black holes in the early Universe. Rep. Prog. Phys. 2012, 75, 124901. [CrossRef] [PubMed]

4. Inayoshi, K.; Visbal, E.; Haiman, Z. The Assembly of the First Massive Black Holes. Annu. Rev. Astron. Astrophys. 2020, 58, 27-97.
[CrossRef]

5. Fabian, A.C. Observational Evidence of Active Galactic Nuclei Feedback. Annu. Rev. Astron. Astrophys. 2012, 50, 455-489.
[CrossRef]

6. Hardcastle, M.].; Croston, ].H. Radio galaxies and feedback from AGN jets. New Astron. Rev. 2020, 88, 101539. [CrossRef]

7. Blandford, R.; Meier, D.; Readhead, A. Relativistic Jets from Active Galactic Nuclei. Annu. Rev. Astron. Astrophys. 2019,
57,467-509. [CrossRef]

8.  Ghisellini, G.; Haardt, E; Della Ceca, R.; Volonteri, M.; Sbarrato, T. The role of relativistic jets in the heaviest and most active
supermassive black holes at high redshift. Mon. Not. R. Astron. Soc. 2013, 432, 2818-2823. [CrossRef]

9. Ivezi¢, Z.; Menou, K.; Knapp, G.R;; Strauss, M.A.; Lupton, R.H.; Vanden Berk, D.E.; Richards, G.T.; Tremonti, C.; Weinstein, M.A.;
Anderson, S.; et al. Optical and Radio Properties of Extragalactic Sources Observed by the FIRST Survey and the Sloan Digital
Sky Survey. Astron. J. 2002, 124, 2364-2400. [CrossRef]

10. Kellermann, K.I.; Condon, ]J.J.; Kimball, A.E.; Perley, R.A.; Ivezi¢, 7. Radio-loud and Radio-quiet QSOs. Astrophys. . 2016,
831, 168. [CrossRef]

11. Jiang, L.; Fan, X,; Ivezi¢, 7.; Richards, G.T.; Schneider, D.P; Strauss, M.A.; Kelly, B.C. The Radio-Loud Fraction of Quasars is a
Strong Function of Redshift and Optical Luminosity. Astrophys. J. 2007, 656, 680-690. [CrossRef]

12.  Angel, ].R.P,; Stockman, H.S. Optical and infrared polarization of active extragalactic objects. Annu. Rev. Astron. Astrophys. 1980,
18, 321-361. [CrossRef]

13.  Urry, C.M.; Padovani, P. Unified Schemes for Radio-Loud Active Galactic Nuclei. Publ. Astron. Soc. Pac. 1995, 107, 803.
[CrossRef]

14. Blandford, R.D.; Rees, M.]. Some comments on radiation mechanisms in Lacertids. In Pittsburgh Conference on BL Lac Objects;
Wolfe, A.M., Ed.; University of Pittsburgh: Pittsburgh, PA, USA, 1978; pp. 328-341.

15.  Volonteri, M.; Haardt, F; Ghisellini, G.; Della Ceca, R. Blazars in the early Universe. Mon. Not. R. Astron. Soc. 2011, 416, 216-224.
[CrossRef]

16. Hovatta, T.; Aller, M.E,; Aller, H.D.; Clausen-Brown, E.; Homan, D.C.; Kovalev, Y.Y.; Lister, M.L.; Pushkarev, A.B.; Savolainen,
T. MOJAVE: Monitoring of Jets in Active Galactic Nuclei with VLBA Experiments. XI. Spectral Distributions. Astron. . 2014,
147, 143. [CrossRef]

17.  Coppejans, R.; van Velzen, S.; Intema, H.T.; Miiller, C.; Frey, S.; Coppejans, D.L.; Cseh, D.; Williams, W.L.; Falcke, H.; Kérding,
E.G.; et al. Radio spectra of bright compact sources at z > 4.5. Mon. Not. R. Astron. Soc. 2017, 467, 2039-2060. [CrossRef]

18.  Snellen, I.A.G,; Schilizzi, R.T.; Miley, G.K.; de Bruyn, A.G.; Bremer, M.N.; Rottgering, H.J.A. On the evolution of young radio-loud
AGN. Mon. Not. R. Astron. Soc. 2000, 319, 445-456. [CrossRef]

19. Fanti, C. Radio properties of CSSs and GPSs. Astron. Nachrichten 2009, 330, 120-127. [CrossRef]

20. O’Dea, C.P. The Compact Steep-Spectrum and Gigahertz Peaked-Spectrum Radio Sources. Publ. Astron. Soc. Pac. 1998,
110, 493-532. [CrossRef]

21. Orienti, M. Radio properties of Compact Steep Spectrum and GHz-Peaked Spectrum radio sources. Astron. Nachrichten 2016,
337,9. [CrossRef]

22. O’Dea, C.P; Saikia, D.J. Compact steep-spectrum and peaked-spectrum radio sources. Astron. Astrophys. Rev. 2021, 29, 3.
[CrossRef]

23. Fanti, C,; Fanti, R.; Dallacasa, D.; Schilizzi, R.T.; Spencer, R.E.; Stanghellini, C. Are compact steep-spectrum sources young?

Astron. Astrophys. 1995, 302, 317.


http://astrogeo.org/
https://github.com/SHAO-SKA/Astro_AGN_catalogue.git
https://github.com/SHAO-SKA/vlbi-pipeline.git
http://doi.org/10.1146/annurev.astro.44.051905.092514
http://dx.doi.org/10.1126/science.1220843
http://www.ncbi.nlm.nih.gov/pubmed/22859482
http://dx.doi.org/10.1088/0034-4885/75/12/124901
http://www.ncbi.nlm.nih.gov/pubmed/23099537
http://dx.doi.org/10.1146/annurev-astro-120419-014455
http://dx.doi.org/10.1146/annurev-astro-081811-125521
http://dx.doi.org/10.1016/j.newar.2020.101539
http://dx.doi.org/10.1146/annurev-astro-081817-051948
http://dx.doi.org/10.1093/mnras/stt637
http://dx.doi.org/10.1086/344069
http://dx.doi.org/10.3847/0004-637X/831/2/168
http://dx.doi.org/10.1086/510831
http://dx.doi.org/10.1146/annurev.aa.18.090180.001541
http://dx.doi.org/10.1086/133630
http://dx.doi.org/10.1111/j.1365-2966.2011.19024.x
http://dx.doi.org/10.1088/0004-6256/147/6/143
http://dx.doi.org/10.1093/mnras/stx215
http://dx.doi.org/10.1111/j.1365-8711.2000.03935.x
http://dx.doi.org/10.1002/asna.200811137
http://dx.doi.org/10.1086/316162
http://dx.doi.org/10.1002/asna.201512257
http://dx.doi.org/10.1007/s00159-021-00131-w

Universe 2025, 11, 91 25 of 28

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

An, T.; Baan, W.A. The Dynamic Evolution of Young Extragalactic Radio Sources. Astrophys. J. 2012, 760, 77. [CrossRef]
Tadhunter, C. Radio AGN in the local universe: Unification, triggering and evolution. Astron. Astrophys. Rev. 2016, 24, 10.
[CrossRef]

Morganti, R.; Oosterloo, T. The interstellar and circumnuclear medium of active nuclei traced by H i 21 cm absorption. Astron.
Astrophys. Rev. 2018, 26, 4. [CrossRef]

Sotnikova, Y.; Mikhailov, A.; Mufakharov, T.; Mingaliev, M.; Bursov, N.; Semenova, T.; Stolyarov, V.; Udovitskiy, R.;
Kudryashova, A.; Erkenov, A. High-redshift quasars at z > 3 — I. Radio spectra. Mon. Not. R. Astron. Soc. 2021, 508,
2798-2814. [CrossRef]

Holt, J.; Tadhunter, C.N.; Morganti, R. Fast outflows in compact radio sources: Evidence for AGN-induced feedback in the early
stages of radio source evolution. Mon. Not. R. Astron. Soc. 2008, 387, 639—-659. [CrossRef]

Sotnikova, Y.; Mikhailov, A.; Mufakharov, T.; An, T.; Kudryavtsev, D.; Mingaliev, M.; Udovitskiy, R.; Kudryashova, A.;
Stolyarov, V.; Semenova, T. High-Redshift Quasars at z > 3: Radio Variability and MPS/GPS Candidates. Galaxies 2024,
12, 25. [CrossRef]

Lister, M.L.; Aller, M.E,; Aller, H.D.; Homan, D.C.; Kellermann, K.I.; Kovalev, Y.Y.; Pushkarev, A.B.; Richards, J.L.; Ros, E.;
Savolainen, T. MOJAVE: XIII. Parsec-scale AGN Jet Kinematics Analysis Based on 19 years of VLBA Observations at 15 GHz.
Astron. . 2016, 152, 12. [CrossRef]

Lister, M.L.; Aller, M.E,; Aller, H.D.; Hodge, M.A.; Homan, D.C.; Kovalev, Y.Y.; Pushkarev, A.B.; Savolainen, T. MOJAVE. XV.
VLBA 15 GHz Total Intensity and Polarization Maps of 437 Parsec-scale AGN Jets from 1996 to 2017. Astrophys. ]. Suppl. Ser. 2018,
234,12. [CrossRef]

Lister, M.L.; Homan, D.C.; Kellermann, K.I.; Kovalev, Y.Y.; Pushkarev, A.B.; Ros, E.; Savolainen, T. Monitoring Of Jets in
Active Galactic Nuclei with VLBA Experiments. XVIIL. Kinematics and Inner Jet Evolution of Bright Radio-loud Active Galaxies.
Astrophys. J. 2021, 923, 30. [CrossRef]

Frey, S.; Fogasy, J.O.; Paragi, Z.; Gurvits, L.I. On the Doppler boosting in the compact radio jet of the distant blazar ]J1026+2542 at
z =5.3. Mon. Not. R. Astron. Soc. 2013, 431, 1314-1319. [CrossRef]

Frey, S.; Paragi, Z.; Fogasy, ].O.; Gurvits, L.I. The first estimate of radio jet proper motion at z > 5. Mon. Not. R. Astron. Soc. 2015,
446, 2921-2928. [CrossRef]

An, T.; Wang, A.; Zhang, Y.; Aditya, ].N.H.S.; Hong, X.; Cui, L. A compact symmetric radio source born at one-tenth the current
age of the Universe. Mon. Not. R. Astron. Soc. 2022, 511, 4572-4581. [CrossRef]

Guo, S.; An, T,; Liu, Y,; Sotnikova, Y.; Volvach, A.; Mufakharov, T.; Chen, L.; Cui, L.; Wang, A ; Xu, Z.; et al. Magnetically driven
relativistic jet in the high-redshift blazar OH 471. Astron. Astrophys. 2024, 685, L11. [CrossRef]

Shepherd, M.C. Difmap: An Interactive Program for Synthesis Imaging. In Proceedings of the Astronomical Data Analysis
Software and Systems VI, San Francisco, CA, USA, 1997; Hunt, G., Payne, H., Eds.; Astronomical Society of the Pacific Conference
Series; 1997; Volume 125, p. 77. Available online: https://www.cv.nrao.edu/adass/adassVI/shepherdm.html (accessed on 23
December 2024).

Frey, S.; Gurvits, L.I; Paragi, Z.; E. Gabanyi, K. High-resolution double morphology of the most distant known radio quasar at
z = 6.12. Astron. Astrophys. 2008, 484, L39-L42. [CrossRef]

Zhang, Y.; An, T,; Frey, S.; Gabanyi, K.E.; Sotnikova, Y. Radio Jet Proper-motion Analysis of Nine Distant Quasars above Redshift
3.5. Astrophys. J. 2022, 937, 19. [CrossRef]

Kovalev, Y.Y.; Nizhelsky, N.A.; Kovalev, Y.A.; Berlin, A.B.; Zhekanis, G.V.; Mingaliev, M.G.; Bogdantsov, A.V. Survey of
instantaneous 1-22 GHz spectra of 550 compact extragalactic objects with declinations from —30%8 to +43%8. Astron. Astrophys.
Suppl. Ser. 1999, 139, 545-554. [CrossRef]

Pushkarev, A.B.; Kovalev, Y.Y. Single-Epoch VLBI imaging study of bright active galactic nuclei at 2 GHz and 8 GHz. Astron.
Astrophys. 2012, 544, A34. [CrossRef]

Paragi, Z.; Godfrey, L.; Reynolds, C.; Rioja, M.].; Deller, A.; Zhang, B.; Gurvits, L.; Bietenholz, M.; Szomoru, A.; Bignall, H.E.; et al.
Very Long Baseline Interferometry with the SKA. In Proceedings of the Advancing Astrophysics with the Square Kilometre Array
(AASKA14), Giardini Naxos, Italy, 8-13 June 2014; p. 143. [CrossRef]

An, T,; Jaiswal, S.; Mohan, P.; Zhao, Z.; Lao, B. A Cosmic Microscope to Probe the Universe from Present to Cosmic Dawn:Dual-
element Low-frequency Space VLBI Observatory. Chin. J. Space Sci. 2019, 39, 242. [CrossRef]

An, T.; Hong, X.; Zheng, W.; Ye, S.; Qian, Z.; Fu, L.; Guo, Q.; Jaiswal, S.; Kong, D.; Lao, B.; et al. Space very long baseline
interferometry in China. Adv. Space Res. 2020, 65, 850-855. [CrossRef]

Frey, S.; Paragi, Z.; Gurvits, L.1; Gabanyi, K.E.; Cseh, D. Into the central 10 pc of the most distant known radio quasar. VLBI
imaging observations of ]1429+5447 at z = 6.21. Astron. Astrophys. 2011, 531, L5. [CrossRef]


http://dx.doi.org/10.1088/0004-637X/760/1/77
http://dx.doi.org/10.1007/s00159-016-0094-x
http://dx.doi.org/10.1007/s00159-018-0109-x
http://dx.doi.org/10.1093/mnras/stab2114
http://dx.doi.org/10.1111/j.1365-2966.2008.13089.x
http://dx.doi.org/10.3390/galaxies12030025
http://dx.doi.org/10.3847/0004-6256/152/1/12
http://dx.doi.org/10.3847/1538-4365/aa9c44
http://dx.doi.org/10.3847/1538-4357/ac230f
http://dx.doi.org/10.1093/mnras/stt249
http://dx.doi.org/10.1093/mnras/stu2294
http://dx.doi.org/10.1093/mnras/stac205
http://dx.doi.org/10.1051/0004-6361/202449934
https://www.cv.nrao.edu/adass/adassVI/shepherdm.html
http://dx.doi.org/10.1051/0004-6361:200810040
http://dx.doi.org/10.3847/1538-4357/ac87f8
http://dx.doi.org/10.1051/aas:1999406
http://dx.doi.org/10.1051/0004-6361/201219352
http://dx.doi.org/10.22323/1.215.0143
http://dx.doi.org/10.11728/cjss2019.02.242
http://dx.doi.org/10.1016/j.asr.2019.03.030
http://dx.doi.org/10.1051/0004-6361/201117341

Universe 2025, 11, 91 26 of 28

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Scott, W.K.; Fomalont, E.B.; Horiuchi, S.; Lovell, J.E.J.; Moellenbrock, G.A.; Dodson, R.G.; Edwards, P.G.; Coldwell, G.V.; Fodor, S.;
Frey, S.; et al. The VSOP 5 GHz Active Galactic Nucleus Survey. III. Imaging Results for the First 102 Sources. Astrophys. J. Suppl.
Ser. 2004, 155, 33-72. [CrossRef]

Krezinger, M.; Frey, S.; Perger, K.; Gabényi, KE.; An, T; Zhang, Y.; Gurvits, L.I; Titov, O.; Melnikov, A.; Paragi, Z. Proper motion
of the radio jets in two blazars at redshift above 3. Mon. Not. R. Astron. Soc. 2024, 530, 4614-4625. [CrossRef]

Pasetto, A.; Carrasco-Gonzélez, C.; O’'Sullivan, S.; Basu, A.; Bruni, G.; Kraus, A.; Curiel, S.; Mack, K.H. Broadband radio
spectro-polarimetric observations of high-Faraday-rotation-measure AGN. Astron. Astrophys. 2018, 613, A74. [CrossRef]
Pushkarev, A.; Kovalev, Y.; Lister, M.; Savolainen, T. VizieR Online Data Catalog: MOJAVE XIV. AGN jet shapes & opening angles
(Pushkarev+, 2017). VizieR Online Data Cat. 2017, 746, ]-MINRAS.

Gurvits, L.I; Kellermann, K.I; Frey, S. The “angular size - redshift” relation for compact radio structures in quasars and radio
galaxies. Astron. Astrophys. 1999, 342, 378-388.

Homan, D.C.; Cohen, M.H.; Hovatta, T.; Kellermann, K.I.; Kovalev, Y.Y.; Lister, M.L.; Popkov, A.V.; Pushkarev, A.B.; Ros, E.;
Savolainen, T. VizieR Online Data Catalog: MOJAVE. XIX. Brightness temperatures of jets (Homan+, 2021). VizieR Online Data
Cat. 2023, 192, J-Ap].

Mukherjee, D.; Bodo, G.; Mignone, A.; Rossi, P.; Vaidya, B. Simulating the dynamics and non-thermal emission of relativistic
magnetized jets I. Dynamics. Mon. Not. R. Astron. Soc. 2020, 499, 681-701. [CrossRef]

Carilli, C.L.; Walter, F. Cool Gas in High-Redshift Galaxies. Annu. Rev. Astron. Astrophys. 2013, 51, 105-161. [CrossRef]
Volonteri, M. Formation of supermassive black holes. Astron. Astrophys. Rev. 2010, 18, 279-315. [CrossRef]

Marscher, A.P.; Gear, W.K. Models for high-frequency radio outbursts in extragalactic sources, with application to the early 1983
millimeter-to-infrared flare of 3C 273. Astrophys. ]. 1985, 298, 114-127. [CrossRef]

Liodakis, I.; Romani, R.W.; Filippenko, A.V.; Kiehlmann, S.; Max-Moerbeck, W.; Readhead, A.C.S.; Zheng, W. Multiwavelength
cross-correlations and flaring activity in bright blazars. Mon. Not. R. Astron. Soc. 2018, 480, 5517-5528. [CrossRef]

Volonteri, M.; Stark, D.P. Assessing the redshift evolution of massive black holes and their hosts. Mon. Not. R. Astron. Soc. 2011,
417, 2085-2093. [CrossRef]

Hardcastle, M.J.; Krause, M.G.H. Numerical modelling of the lobes of radio galaxies in cluster environments. Mon. Not. R. Astron.
Soc. 2013, 430, 174-196. [CrossRef]

Ghisellini, G.; Celotti, A.; Tavecchio, F.; Haardt, F; Sbarrato, T. Radio-loud active galactic nuclei at high redshifts and the cosmic
microwave background. Mon. Not. R. Astron. Soc. 2014, 438, 2694-2700. [CrossRef]

Ghisellini, G.; Sbarrato, T. Dark bubbles around high-redshift radio-loud active galactic nucleus. Mon. Not. R. Astron. Soc. 2016,
461, 1L.21-1.25. [CrossRef]

Fabian, A.C.; Walker, S.A.; Celotti, A.; Ghisellini, G.; Mocz, P,; Blundell, KM.; McMahon, R.G. Do high-redshift quasars have
powerful jets? Mon. Not. R. Astron. Soc. 2014, 442, 1.81-L.84. [CrossRef]

Padovani, P.,; Alexander, D.M.; Assef, R.].; De Marco, B.; Giommi, P.; Hickox, R.C.; Richards, G.T.; Smol¢i¢, V.; Hatziminaoglou, E.;
Mainieri, V.; et al. Active galactic nuclei: What’s in a name? Astron. Astrophys. Rev. 2017, 25, 2. [CrossRef]

Shabala, S.S.; Ash, S.; Alexander, P; Riley, ].M. The duty cycle of local radio galaxies. Mon. Not. R. Astron. Soc. 2008, 388, 625-637.
[CrossRef]

Mezcua, M.; Dominguez Sanchez, H. MaNGA AGN dwarf galaxies (MAD) - I. A new sample of AGNs in dwarf galaxies with
spatially-resolved spectroscopy. Mon. Not. R. Astron. Soc. 2024, 528, 5252-5268. [CrossRef]

Kapinska, A.D.; Hardcastle, M.; Jackson, C.; An, T.; Baan, W.; Jarvis, M. Unravelling lifecycles and physics of radio-loud AGN in
the SKA Era. In Proceedings of the Advancing Astrophysics with the Square Kilometre Array (AASKA14), Giardini Naxos, Italy,
8-13 June 2014; p. 173. [CrossRef]

Bafiados, E.; Venemans, B.P.; Mazzucchelli, C.; Farina, E.P.; Walter, F; Wang, F.; Decarli, R.; Stern, D.; Fan, X.; Davies, F.B,;
et al. An 800-million-solar-mass black hole in a significantly neutral Universe at a redshift of 7.5. Nature 2018, 553,
473-476. [CrossRef] [PubMed]

Jiang, P,; Chen, R.; Gan, H.; Sun, J.; Zhu, B.; Li, H.; Zhu, W.; Wu, J.; Chen, X.; Zhang, H.; et al. The FAST Core Array. Astron. Tech.
Instruments 2024, 1, 84-94. [CrossRef]

An, T.; Wu, X;; Lao, B.; Guo, S.; Xu, Z.; Lv, W.; Zhang, Y.; Zhang, Z. Status and progress of China SKA Regional Centre prototype.
Sci. China Phys. Mech. Astron. 2022, 65, 129501. [CrossRef]

Cornwell, T.; Fomalont, E.B. Self-Calibration. In Synthesis Imaging in Radio Astronomy II; Taylor, G.B., Carilli, C.L., Perley, R.A.,
Eds.; Astronomical Society of the Pacific Conference Series; 1999; Volume 180, p. 187. Available online: https:/ /www.aspbooks.
org/a/volumes/table_of_contents/?book_id=292 (accessed on 23 December 2024).

Readhead, A.C.S.; Wilkinson, PN. The mapping of compact radio sources from VLBI data. Astrophys. ]. 1978, 223, 25-36.
[CrossRef]


http://dx.doi.org/10.1086/424819
http://dx.doi.org/10.1093/mnras/stae533
http://dx.doi.org/10.1051/0004-6361/201731804
http://dx.doi.org/10.1093/mnras/staa2934
http://dx.doi.org/10.1146/annurev-astro-082812-140953
http://dx.doi.org/10.1007/s00159-010-0029-x
http://dx.doi.org/10.1086/163592
http://dx.doi.org/10.1093/mnras/sty2264
http://dx.doi.org/10.1111/j.1365-2966.2011.19391.x
http://dx.doi.org/10.1093/mnras/sts564
http://dx.doi.org/10.1093/mnras/stt2394
http://dx.doi.org/10.1093/mnrasl/slw089
http://dx.doi.org/10.1093/mnrasl/slu065
http://dx.doi.org/10.1007/s00159-017-0102-9
http://dx.doi.org/10.1111/j.1365-2966.2008.13459.x
http://dx.doi.org/10.1093/mnras/stae292
http://dx.doi.org/10.22323/1.215.0173
http://dx.doi.org/10.1038/nature25180
http://www.ncbi.nlm.nih.gov/pubmed/29211709
http://dx.doi.org/10.61977/ati2024012
http://dx.doi.org/10.1007/s11433-022-1981-8
https://www.aspbooks.org/a/volumes/table_of_contents/?book_id=292
https://www.aspbooks.org/a/volumes/table_of_contents/?book_id=292
http://dx.doi.org/10.1086/156232

Universe 2025, 11, 91 27 of 28

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Pearson, T.J. Non-Imaging Data Analysis. In Synthesis Imaging in Radio Astronomy II ; Taylor, G.B., Carilli, C.L., Perley, R.A.,
Eds.; Astronomical Society of the Pacific Conference Series; Astronomical Society of the Pacific: San Francisco, CA, USA, 1999;
Volume 180, p. 335. Available online: https://www.aspbooks.org/a/volumes/table_of_contents/?book_id=292 (accessed on 23
December 2024).

Lister, M.L.; Cohen, M.H.; Homan, D.C.; Kadler, M.; Kellermann, K.I.; Kovalev, Y.Y.; Ros, E.; Savolainen, T.; Zensus, ].A. MOJAVE:
Monitoring of Jets in Active Galactic Nuclei with VLBA Experiments. VI. Kinematics Analysis of a Complete Sample of Blazar
Jets. Astron. J. 2009, 138, 1874-1892. [CrossRef]

An, T.; Mohan, P; Zhang, Y.; Frey, S.; Yang, ].; Gabényi, K.E.; Gurvits, L.L; Paragi, Z.; Perger, K.; Zheng, Z. Evolving parsec-scale
radio structure in the most distant blazar known. Nat. Commun. 2020, 11, 143. [CrossRef]

Lister, M.L.; Homan, D.C.; Hovatta, T.; Kellermann, K.I.; Kiehlmann, S.; Kovalev, Y.Y.; Max-Moerbeck, W.; Pushkarev, A.B.;
Readhead, A.C.S.; Ros, E.; et al. MOJAVE. XVIL. Jet Kinematics and Parent Population Properties of Relativistically Beamed
Radio-loud Blazars. Astrophys. J. 2019, 874, 43. [CrossRef]

An, T.; Wu, E; Yang, ]J.; Taylor, G.B.; Hong, X.; Baan, W.A,; Liu, X.; Wang, M.; Zhang, H.; Wang, W.; et al. VLBI Observa-
tions of 10 Compact Symmetric Object Candidates: Expansion Velocities of Hot Spots. Astrophys. ]J. Suppl. Ser. 2012,
198, 5. [CrossRef]

Kellermann, K.I.; Owen, EN. Radio galaxies and quasars. In Galactic and Extragalactic Radio Astronomy; Kellermann, K.I.,
Verschuur, G.L., Eds.; Springer: Berlin/Heidelberg, Germany, 1988; pp. 563-602.

Kovalev, Y.Y.; Kellermann, K.I.; Lister, M.L.; Homan, D.C.; Vermeulen, R.C.; Cohen, M.H.; Ros, E.; Kadler, M.; Lobanov, A.P,;
Zensus, ].A.; et al. Sub-Milliarcsecond Imaging of Quasars and Active Galactic Nuclei. IV. Fine-Scale Structure. Astron. . 2005,
130, 2473-2505. [CrossRef]

Lobanov, A.P. Resolution limits in astronomical images. arXiv 2005, arXiv:astro-ph/0503225. [CrossRef]

Kellermann, K.I.; Pauliny-Toth, .1.K. The Spectra of Opaque Radio Sources. Astrophys. J. 1969, 155, L71. [CrossRef]
Kellermann, K.I.; Pauliny-Toth, .I.K. Compact radio sources. Annu. Rev. Astron. Astrophys. 1981, 19, 373—410. [CrossRef]
Readhead, A.C.S. Equipartition Brightness Temperature and the Inverse Compton Catastrophe. Astrophys. J. 1994, 426, 51.
[CrossRef]

Kellermann, K.I.; Kovalev, Y.Y.; Lister, M.L.; Homan, D.C.; Kadler, M.; Cohen, M.H.; Ros, E.; Zensus, J.A.; Vermeulen, R.C.; Aller,
M.F; et al. Doppler boosting, superluminal motion, and the kinematics of AGN jets. Astrophys. Space Sci. 2007, 311, 231-239.
[CrossRef]

Lovell, J.E].; Rickett, B.].; Macquart, J.P; Jauncey, D.L.; Bignall, H.E.; Kedziora-Chudczer, L.; Ojha, R.; Pursimo, T.; Dutka, M.;
Senkbeil, C.; et al. The Micro-Arcsecond Scintillation-Induced Variability (MASIV) Survey. II. The First Four Epochs. Astrophys. J.
2008, 689, 108-126. [CrossRef]

Singal, A.K. Maximum Brightness Temperature of an Incoherent Synchrotron Source: Inverse Compton Limit—A Misnomer.
Astrophys. J. 2009, 703, L109-L112. [CrossRef]

Kovalev, Y.Y.; Kardashev, N.S.; Kellermann, K.I.; Lobanov, A.P; Johnson, M.D.; Gurvits, L.I.; Voitsik, P.A.; Zensus, J.A.; Anderson,
J.M.; Bach, U.; et al. RadioAstron Observations of the Quasar 3C273: A Challenge to the Brightness Temperature Limit. Astrophys.
J. Lett. 2016, 820, L9. [CrossRef]

Cheng, X.P; An, T,; Frey, S.; Hong, X.Y.; He, X.; Kellermann, K.I; Lister, M.L.; Lao, B.Q.; Li, X.F.; Mohan, P; et al. Compact Bright
Radio-loud AGNSs. III. A Large VLBA Survey at 43 GHz. Astrophys. J. Suppl. Ser. 2020, 247, 57. [CrossRef]

Jorstad, S.G.; Marscher, A.P; Lister, M.L.; Stirling, A.M.; Cawthorne, T.V.; Gear, WK.; Gémez, ]J.L.; Stevens, ]J.A.; Smith, P.S.;
Forster, ].R.; et al. Polarimetric Observations of 15 Active Galactic Nuclei at High Frequencies: Jet Kinematics from Bimonthly
Monitoring with the Very Long Baseline Array. Astron. J. 2005, 130, 1418-1465. [CrossRef]

Hovatta, T.; Valtaoja, E.; Tornikoski, M.; Lahteenmaéki, A. Doppler factors, Lorentz factors and viewing angles for quasars, BL
Lacertae objects and radio galaxies. Astron. Astrophys. 2009, 494, 527-537. [CrossRef]

Gurvits, L.I; Frey, S.; Paragi, Z. Jets in AGN at extremely high redshifts. In Proceedings of the Extragalactic Jets from Every Angle;
Massaro, F., Cheung, C.C., Lopez, E., Siemiginowska, A., Eds.; IAU Symposium; Cambridge University Press: Cambridge, UK,
2015; Volume 313, pp. 327-328. [CrossRef]

Homan, D.C.; Kovalev, Y.Y.; Lister, M.L.; Ros, E.; Kellermann, K.I.; Cohen, M.H.; Vermeulen, R.C.; Zensus, ]J.A.; Kadler, M.
Intrinsic Brightness Temperatures of AGN Jets. Astrophys. J. 2006, 642, L115-L118. [CrossRef]

Liodakis, I.; Hovatta, T.; Huppenkothen, D.; Kiehlmann, S.; Max-Moerbeck, W.; Readhead, A.C.S. Constraining the Limiting
Brightness Temperature and Doppler Factors for the Largest Sample of Radio-bright Blazars. Astrophys. ]. 2018, 866, 137.
[CrossRef]


https://www.aspbooks.org/a/volumes/table_of_contents/?book_id=292
http://dx.doi.org/10.1088/0004-6256/138/6/1874
http://dx.doi.org/10.1038/s41467-019-14093-2
http://dx.doi.org/10.3847/1538-4357/ab08ee
http://dx.doi.org/10.1088/0067-0049/198/1/5
http://dx.doi.org/10.1086/497430
http://dx.doi.org/10.48550/arXiv.astro-ph/0503225
http://dx.doi.org/10.1086/180305
http://dx.doi.org/10.1146/annurev.aa.19.090181.002105
http://dx.doi.org/10.1086/174038
http://dx.doi.org/10.1007/s10509-007-9622-5
http://dx.doi.org/10.1086/592485
http://dx.doi.org/10.1088/0004-637X/703/2/L109
http://dx.doi.org/10.3847/2041-8205/820/1/L9
http://dx.doi.org/10.3847/1538-4365/ab791f
http://dx.doi.org/10.1086/444593
http://dx.doi.org/10.1051/0004-6361:200811150
http://dx.doi.org/10.1017/S1743921315002434
http://dx.doi.org/10.1086/504715
http://dx.doi.org/10.3847/1538-4357/aae2b7

Universe 2025, 11, 91 28 of 28

92. Kellermann, K.I.; Lister, M.L.; Homan, D.C.; Vermeulen, R.C.; Cohen, M.H.; Ros, E.; Kadler, M.; Zensus, J.A.; Kovalev, Y.Y.
Sub-Milliarcsecond Imaging of Quasars and Active Galactic Nuclei. III. Kinematics of Parsec-scale Radio Jets. Astrophys. J. 2004,
609, 539-563. [CrossRef]

93. Lister, M.L.; Aller, M.E,; Aller, H.D.; Homan, D.C.; Kellermann, K.I.; Kovalev, Y.Y.; Pushkarev, A.B.; Richards, J.L.; Ros, E.;
Savolainen, T. MOJAVE. X. Parsec-scale Jet Orientation Variations and Superluminal Motion in Active Galactic Nuclei. Astron. J.
2013, 146, 120. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1086/421289
http://dx.doi.org/10.1088/0004-6256/146/5/120

	Introduction
	Sample
	Sources with VLBI Data
	VLBI Data

	Methods
	Results
	Source Compactness
	Morphology
	Jet Proper Motion

	Discussion
	Conclusions
	Appendix A
	Appendix B
	Appendix B.1
	Appendix B.2
	Appendix B.3
	Appendix B.4
	Appendix B.5
	Appendix B.6

	References

