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Abstract

Published analyses of very long baseline interferometry data for the sources included in the third International
Celestial Reference Frame catalog have revealed object-specific, excess astrometric variability and quasi-coherent
trajectories as functions of time. A fraction of these sources show markedly elongated distributions of positions on
the sky measured with diurnal observations. Here we apply a novel statistical and data-processing method to the
diurnal position measurements stretching over 40 yr to quantify the degree of elongation and its position angle, for
each source with more than 200 data points. We find that 49% of the examined sources have distribution
elongations in excess of 1.3. Robust uncertainties of the directions of maximal astrometric dispersion are computed
by the bootstrapping method, and the results are compared with a larger catalog of radio jet directions by
A. V. Plavin et al. (2022). Nearly one-half of the sources with smaller position angle uncertainties are found to
have astrometric position excursions from their mean positions aligned with the radio jet structures within ±30°.

Unified Astronomy Thesaurus concepts: Very long baseline interferometry (1769); Astrometry (80); Radio loud
quasars (1349); Radio jets (1347); Position angle (1286); Radio astrometry (1337)

Materials only available in the online version of record: machine-readable table

1. Introduction

Astrometric accuracy of Very Long Baseline Interferometry
(VLBI) measurements and intrinsic positional stability of radio-
loud quasars are of paramount importance for the temporal
consistency and rigidity of the International Celestial Reference
Frame (ICRF; C. Ma et al. 1998), which is currently adopted by
the International Astronomical Union as the realization of the
International Celestial Reference System (ICRS; e.g.,
E. F. Arias et al. 1995) at radio wavelengths. The latest
version, ICRF3 (P. Charlot et al. 2020), adopted as the
fundamental realization of the ICRS in 2019,4 is defined not
only in the previously utilized S/X bands (2.3/8.4 GHz,
respectively), but also in the K and X/Ka bands (24 GHz and
8.4/32 GHz, respectively). The S/X catalog remains the largest
and the most observed component, including over 5000 radio
sources.5 These distant extragalactic objects (radio-loud active
galactic nuclei) have been assumed to be extremely compact
and astrometrically stable sources of light. Evidence has been
recently presented, however, that this is not true for some of
these sources (O. Titov & S. Frey 2020; O. Titov et al. 2023).
In a broader statistical study of more than 5500 radio sources
(including 4536 ICRF3 objects), P. Cigan et al. (2024) found
that practically all quasars with more than 200 single-epoch
precision measurements show excessive dispersion around
their long-term mean positions on the sky, which is not

adequately represented by the available formal covariance. The
position residuals do not follow the expected bivariate normal
distribution. The sample distribution has powerful tails
stretching well beyond the formal confidence limits. Further-
more, when the sequence of single-epoch positions is viewed as
a time series, some of the well-observed sources show quasi-
coherent trajectories upon suitable smoothing of the residuals.
The apparent astrometric instability of ICRF radio sources is

probably related to the misalignment of individual positions as a
function of wavelength, which becomes apparent when the VLBI-
based astrometry is compared with the optical mean positions
measured by the ESA Gaia mission (Gaia Collaboration et al.
2016). At the level of precision achieved so far on both sides, at
least one-third of common radio-optical sources show statistically
significant offsets outside the acceptable confidence levels
(Y. Y. Kovalev et al. 2017; V. V. Makarov et al. 2017, 2019;
L. Petrov & Y. Y. Kovalev 2017; J. Frouard et al. 2018; L. Petrov
et al. 2019; N. Liu et al. 2020). Multiple, object-specific factors
can contribute to this positional discrepancy on both the optical
and radio sides. A significant fraction of the large radio-optical
offsets was found to correlate with the directions of detected
linear, jet-like radio features (Y. Y. Kovalev et al. 2017; L. Petrov
et al. 2019; A. V. Plavin et al. 2019a), as well as with more
generally evaluated radio source structures (M. H. Xu et al. 2021).
The synchrotron opacity of the compact radio core can change
on timescales from days to decades resulting in a so-called
“core shift” variability (e.g., A. V. Plavin et al. 2019b) at the
0.1−1mas level (K. V. Sokolovsky et al. 2011; A. B. Pushkarev
et al. 2012).
In this Letter, we look at the problem of frequency-

dependent and time-variable astrometric positions of ICRF3
sources from a different angle, employing the available single-
epoch precision VLBI data to determine the position angles of
the intrinsic wobbles on the sky. The general idea is related to
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the previous work by C. Gattano & P. Charlot (2021), who
demonstrated that the vectors of position offsets for each source
are often (in more than half of the sample) not uniformly
distributed in position angle. Some of the ICRF objects were
found to present a single “preferred” direction of astrometric
dispersion. However, the majority of these cases were found to
be consistent with enhanced dispersion in the local south–north
direction, i.e., in the decl. coordinate. The relative under-
performance of VLBI astrometry in decl. is a fully expected
consequence of the geometric configuration of the typical
VLBI session networks and the intrinsic atmosphere calibration
uncertainties. The baselines involved in each session are mostly
east–west oriented, creating more favorable conditions to
measure the R.A. coordinate component with higher precision.
This geometric asymmetry should be captured by the formal
covariance of each single-epoch position measurement, reflect-
ing in the error ellipses elongated mostly in the south–north
direction on the sky. Our goal is to find a method that is
impervious to the expected stochastic asymmetry of single-
epoch VLBI astrometry, allowing us to reveal the physical
orientation of apparent position excursions.

2. Data

We use a data set of diurnal VLBI sessions spanning over
40 yr of continued observations with the global International
VLBI Service for Geodesy and Astrometry (IVS) and VLBA
networks. The data are taken from the usn2023a USNO global
solution, which is described in more detail by P. Cigan et al.
(2024). The principles of the VLBI global solutions can be
found in A. de Witt et al. (2022). The standard simultaneous
S/X band setup is utilized, where the S-band (2.3 GHz) is used
for determining the ionosphere contribution to the delay and
improving the final solution defined at 8.4 GHz in the X-band.
The usn2023a solution provides a time sequence of individual
(R.A., decl.) coordinates for each single session of VLBI
measurements, which nominally correspond to 1 day. Each
source has a number of individual position determinations
ranging from a few to a few thousand for the most frequently
observed objects. The mean positions over the entire span of
VLBI observations can be computed and compared with the
mean positions tabulated in the ICRF3 S/X catalog.

The input data for this analysis are the time series from 6581
of these diurnal sessions. Each data point is a tuple of R.A. and
decl. coordinates, which are defined in the ICRF3. The
coordinates have three associated formal covariance parameters,
including the standard errors (uncertainties) in milliarcseconds
and the correlation coefficient. Closely following the procedure
described in P. Cigan et al. (2024), we start by computing the
mean position for each source using the maximum likelihood
(ML) principle and assume that the coordinate measurements are
normally distributed with the specified covariances. The residual
offset vectors are then computed for each session and each
source by subtracting the mean positions computed in the ML
framework. For practical convenience, these offset vectors are
called [ ]x y, T here, denoting the local residuals a dD cos and
Δδ, respectively. The corresponding formal covariance matrix is
designated as Cxy.

Our analysis is further restricted to 265 ICRF3 sources with
at least 200 individual observing sessions each. This filter is
driven by the required number statistics to obtain a reliable
determination of possible asymmetry in the scatter of
individual offsets. Approximately half of the selected objects

are defining ICRF3 sources, which represent the backbone of
this celestial frame because they are internally used to align and
calibrate the global VLBI solutions. The number of measure-
ments is uneven among the 265 sources, with some of them
counting up to a few thousand data points.

3. Method

Our method uses the standardized offset vector

[ ] [ ] ( )º = -u Cu u x y, , , 1x y
T

xy
T

1
2

which is expected to follow a bivariate normal distribution of
unit variance and zero correlation. In reality, these vectors
invariably show excess dispersion for sources with more than
200 measurements, which we have interpreted as evidence for
genuine stochastic trajectories of ICRF quasars (or “cosmic
error”). However, this operation helps to remove most of the
technical distortion in the sample distribution of residuals
related to the predictable covariances of coordinate measure-
ments. An example of such improvement is shown in Figure 1.
The left panel is the scatterplot of the VLBI measured position
offsets {x, y} for the ICRF3 quasar IERS B1334−127, which is
one of the most-observed sources with 3174 single-epoch
determinations in our database. The cloud of points is
conspicuously elongated in the S–N direction, possibly with a
small tilt. This shape is consistent with the formal covariances,
which indicate larger uncertainties in the decl. component due
to the configurations of VLBI baselines. The right plot displays
the distribution of standardized u endpoints according to
Equation (1). This distribution is much more rotation-
symmetric without any obvious direction of enhanced disper-
sion. Thus, in this case, the standardization effectively removes
the technical deformation of position excursions, which is not
related to the physics of the object.
In P. Cigan et al. (2024), the normalized single-epoch

position offset,

[ ] [ ] ( )= =-C u uD x y x y, , , 2xy
T T1

and the related dimensionless score parameter, Q68, which is
the 68th percentile of the D sample, were used to quantify the
magnitude of the excessive dispersion. Here, we compute a
different quantity, which is the position angle ϑ of the long axis
of the possible remaining elongation of the standardized
residuals u, from the local north (y) direction.
The observed distributions of standardized offsets are often

non-Gaussian and show a variety of shapes. One possible
approach would be to fit a common functional form with free
parameters for each source. The bivariate Student T distribution
could be a reasonable choice because it runs the gamut of
heavy-tailed functions from Normal to Cauchy types depending
on the fitted number of degrees of freedom. In this study, we
chose an alternative nonparametric approach, which avoids
possible systematic errors due to a mismatch of the model
distribution. We compute the empirical distribution function of
u for each source using Wolfram Mathematica’s EmpiricalDis-
tribution function.6 The cumulative distribution function (CDF)
is represented by a step function counting the number of

6 https://reference.wolfram.com/language/ref/EmpiricalDistribution.html
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instances below the argument point. This is a sufficiently
accurate (but discretized) representation of the CDF for a large
sample. The emerging CDF can be used to compute the
probability density function, moments (including the mean),
and the 2-by-2 covariance matrix. The latter contains the
information about the confidence areas (ellipses) that we need
for this analysis.

If Cu is the empirical covariance matrix of the sample
distribution of u for a given source, its eigenvectors e1 and e2
and the respective eigenvalues ò1 and ò2 can be directly
computed. An elongated distribution along a certain direction is
evident as ò1/ò2> 1, in which case the position angle of the
vector [ ]ºe e e,x y

T
1 1 1 defines this preferred direction. Thus,

we compute the degree of elongation

( ) e = , 31 2

and the position angle of the major axis of the confidence
ellipse by7

( ) ( )J = e earctan , . 4y x1 1

This furnishes the angle in accordance with the astronomical
convention, where it is rendered from the local north direction
through east. However, due to the axial symmetry of the
confidence ellipse, this direction is modulo-π invariant. The
emerging negative values of ϑ are redefined to the support
interval [0°, 180°] by adding 180°.

While this calculation is relatively straightforward, it is also
important to estimate the associated uncertainties. Here, in the
spirit of robust statistical analysis, we use the bootstrapping
method. For each source, we perform 3000 trial computations
of e1, e2, ε, and ϑ for randomly selected (without repetition)
subsets of data points including half of the entire sample.
Robust estimates of the uncertainties of ε, and ϑ are computed
as the difference of 0.84- and 0.16-quantiles of the boot-
strapped sample distributions divided by 2 2 . The latter
coefficient factors in the expected loss of precision due to the

halving of the available data set. The resulting robust
uncertainties are denominated σε and σϑ.

4. Results

The computed position angles of the greatest dispersion in u
for 265 ICRF quasars are fairly uniform in the interval [0°,
180°] with a moderate enhancement at P; 90°. This enhance-
ment is likely to be the remaining artifact of the VLBI
astrometry technique. The dominant orientation of the VLBI
baselines in the east–west direction on the surface of Earth
results in a considerably better formal precision of the
measured R.A. components. The cosmic error is assumed to
be isotropic, but it shows more clearly in R.A. because of the
smaller formal uncertainties. We are, however, mostly inter-
ested in a subset of the 265 sources, where the angle
uncertainties are small enough and the elongation ε is large
enough for a meaningful comparison with imaging data.
We find that the majority of the initial sample has moderate

elongation estimates ε, with 49% of the sample ò exceeding
1.3, and 29% above 1.5. Reliable estimates can only be
obtained for objects with significant elongations of u-distribu-
tions. The standard errors σϑ, which quantify the robustly
estimated internal precision of ϑ, are smaller than 5° for 25% of
the sample, and smaller than 10° for 53% of the sample. We
note that a large σϑ value does not necessarily signify a stable,
astrometrically fixed source, but rather, the absence of a
specific direction of position walks. Table 1 shows the leading
10 entries of the output table with the derived parameters. The
entire data sample for 265 ICRF sources is available.
The greatest elongation ò= 5.43 is found for IVS B1038

+52A= ICRF J104146.7+523328= SDSS J104146.77
+523328.2. The cloud plots of {x, y} and u offsets similar to
Figure 1 (not displayed here for brevity) both show extremely
elongated configuration, even suggesting a dual source with a
∼1.5 mas separation. The computed orientation ϑ=
16.2± 1.4 determined in this study is consistent with the
position angle of the jet structure clearly visible in high-
resolution hybrid VLBI-maps (M. J. Rioja et al. 1997). The
reported ibid. changes in the separation between the sources A

Figure 1. VLBI-measured position offsets of the ICRF3 source IERS B1334−127 with respect to its maximum-likelihood mean position. Left: offsets in tangential
sky coordinates x (R.A.) and y (decl.) in milliarcseconds. Right: standardized offsets {ux, uy} (Equation (1)) relative to the same mean position.

7 Note that in the adopted Wolfram’s notation, the two-argument ( )x yarctan ,
corresponds to ( )y xarctan , i.e., the arguments are swapped.
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and B, which are unrelated quasars 33″ apart, are undoubtedly
caused by the walks of the A source, because of the aligned
A–B position angle. The time evolution of the single-epoch
positions clearly shows a coherent transition northward along ϑ
over approximately 12 yr, illustrated in Figure 2.

5. Comparison with Radio Jet Directions

We use the results by A. V. Plavin et al. (2022) to compare
the directions of astrometrically detected walks with position
angles of radio jet structures. The input catalog includes 9220
entries, of which 228 match the objects in our working sample.
The formal precision of radio jet position angles ϑjet is mostly
higher (peaking at ∼3°) than our robustly estimated precision
of ϑast. Therefore, we further limit this comparison to 127 ICRF
sources with σϑ< 10° from our analysis. The jet directions are
estimated on the full support interval [−180°, 180°], while our
elongation directions are modulo-π indeterminate. We mirrored
the jet position angles by adding 180° to all negative values.

The histogram of computed ϑast− ϑjet is reproduced in
Figure 3. The expected distribution of differences in position
angles for isotropic, statistically independent samples is
triangular, as shown with the orange line normalized to the
total number of points and the 5° bin. The strongly bell-shaped
histogram peaked around 0 indicates that a considerable
fraction of VLBI sources are well-aligned with the indepen-
dently estimated jet directions. Note that a few sources with
P.A. differences close to ±180° are also the aligned cases
because those were separated in the plot by the modulo-π
adjustment.

Counting all cases in excess of the expected distribution
within the interval [−30°, +30°], we estimate that nearly half
of this selection has aligned directions. A slightly higher rate of
alignments is found when the sample is further limited to
ò> 1.1 cases. On the other end of the range, a number of
sources are obviously present with significant deviations of the
preferred astrometric walks from the radio jet direction. We
find 10 sources, for example, with ϑast− ϑjet in excess of 45°,
which have elongations ò> 1.5 and formal errors σϑ< 10°,
although two of them are cases of the 180° split. The most
confidently detected case of misalignment is the blazar B2229
+695, which shows a distinct quasi-coherent astrometric

trajectory in R.A. The jet direction from A. V. Plavin et al.
(2022) is 43± 5°, while our robust determination is 89.0±
0.9. We note, however, that the estimated core-jet shift is
2.6 mas, which is much greater than the typical astrometric
excursion in R.A. within 1 mas. A small fraction of VLBI
measurements show extreme outliers separated by ∼2 mas and
more from the mean position, whose location is more
consistent with position angle (PA); 45°.
The low-spectral peaked quasar 0607-157 (PKS 0607-15)

exhibits a northeastward extension of the jet (MOJAVE 15GHz
observations suggest a stationary knot around 17mas from the
radio core; M. L. Lister et al. 2018; illustrated here in Figure 4),
while the inner structure within 2 mas from the core indicates
rather eastward ejections. A. V. Plavin et al. (2022) found jet
directions averaging 38± 5° across several bands, with the
lowest frequencies consistent with the 17mas extension. Our

Table 1
Directions of Preferred Astrometric Walks for 265 ICRF3 Quasars

IERS name Mean R.A. Mean decl. ϑ σϑ ε σε
(deg) (deg) (deg) (deg)

(1) (2) (3) (4) (5) (6) (7)

0003-066 1.557887101 −6.393148984 170.5 12.9 1.11 0.044
0008-264 2.755194559 −26.209271393 117.1 20.2 1.282 0.122
0014+813 4.285310567 81.58559331 177.7 1.2 3.448 0.249
0016+731 4.940777101 73.458337975 97.7 1.4 3.051 0.166
0017+200 4.907726976 20.362679197 79.7 32.6 1.109 0.08
0019+058 5.635171635 6.134519947 93. 38.6 1.076 0.075
0048-097 12.672155741 −9.484781904 80.9 15.2 1.089 0.043
0048-427 12.78959093 −42.442581219 146.8 18.2 1.366 0.211
0059+581 15.690676528 58.40309348 119.4 34.3 1.021 0.026
0104-408 16.687948563 −40.572211249 135.2 14.8 1.109 0.052

Note. IERS name in column (1) is obtained by prepending IERS B to the given code. R.A. and decl. coordinates in columns (2) and (3) are the VLBI mean
coordinates. Position angles of preferred astrometric walks ϑ in column (4) are computed per Equation (4), and the elongation parameters ε in column (6) per
Equation (3) (see Section 3).

(This table is available in its entirety in machine-readable form in the online article.)

Figure 2. X-band image of B1038+52A from USNO’s FRIDA database
(https://crf.usno.navy.mil/FRIDA), observed on 2008 January 23. The
hatched ellipse denotes the beam FWHM. The astrometric measurements,
smoothed over a rolling 4 month time window as described in P. Cigan et al.
(2024) to enhance the visibility of coherent trends, are overlaid as scatter points
colored by time.
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determination is 107± 1°. The difference between the two
estimates suggests that our determination is more sensitive to the
regions close to the VLBI centroid—that is, in the case of 0607
−157, the radio core (base of the jet)—while A. V. Plavin et al.
(2022) estimates may be more influenced by the extended
regions. Though the difference can be small for straight jets, it
becomes strongly separation-dependent for curved jets. We also
note the wide range of wavelength-specific determinations of jet
directions and core-jet distances in A. V. Plavin et al. (2022) for
this object ranging from 50° (17.2mas) at 1.4 GHz to −64°
(0.3 mas) at 43 GHz. Their 86° (1.3 mas) determination at 8 GHz
is rather close to our astrometric data in the X-band in both the
PA and linear extent.

We find that the absolute difference in position angle
ϑast− ϑjet appears to be significantly correlated with the
viewing angle on the line of sight, the latter being available
from D. C. Homan et al. (2021) for 110 sources in our sample.
Spearman’s ρ is −0.24 with p= 0.011 for this correlation,
suggesting that, on average, small viewing angles are more
often associated with greater |ϑast− ϑjet| differences. For
instance, 0607−157 has a viewing angle of 0.06°. Jets with
small viewing angles (i.e., well-aligned with the line of sight)
generate statistically smaller astrometric excursions with a
more isotropic distribution around the mean position. Both
effects randomize the estimated position angles ϑast. This
interpretation finds support in the negative correlation between
|ϑast− ϑjet| and ε of −0.26 (p< 0.001), meaning that a small
elongation is associated with worse alignment in PA.

6. Discussion and Future Work

The previous analysis of ICRF sources’ position differences
at three different radio wavelengths and in the optical
(S. Lambert et al. 2021) supported the simple “core-jet” model,
where the respective photocenters are well aligned with the
dominant radio jet structure, but have systematic shifts along
the jet. This study furnishes additional evidence that the
intrinsic positional variability of ICRF sources within the single
X band is often (but not always) correlated with the directions
of the jets. Assuming that the projected jets are isotropic on the
sky, the cosmic error component has a nonuniform impact on
the stability and accuracy of the reference frame depending on
specific applications. For example, the closely related Earth
orientation determination and UT1−UTC monitoring are more
sensitive to the R.A. component of reference sources’ walks.
Specific ICRF3 sources with significant elongations ε and
position angles ϑ closer to 90° should be downweighted in
such solutions. The impact of anisotropic excursions on
geodetic nutation series can also be predicted by means of
more sophisticated modeling (S. B. Lambert et al. 2008).
Our results confirm that the alignment of astrometric walks

with jet structures is not universal. A significant fraction of
investigated objects show a mismatch by more than 30°, which is

Figure 3. Histogram of differences between the position angles of preferred astrometric excursions determined in this Letter (ϑast) and the position angles of radio jets
(ϑjet) from A. V. Plavin et al. (2022), modulo π.

Figure 4. A 15 GHz MOJAVE image of 0607−157 (M. L. Lister et al. 2018),
clearly showing emission in multiple extended regions. The scatter points are the
astrometric time series, colored by time, and are smoothed over a rolling 4 month
time window as described in P. Cigan et al. (2024). The red arrows correspond to
the jet angles and median distances determined by A. V. Plavin et al. (2022) at
various frequencies, and the blue arrow corresponds to the same at 8 GHz. The
yellow arrow denotes the angle of preferred astrometric excursion ϑast.

5

The Astrophysical Journal Letters, 977:L14 (6pp), 2024 December 10 Makarov et al.



significant with respect to the estimated uncertainty.
A. Moór et al. (2011) have detected this partial misalignment
comparing the jet structures with ad hoc “proper motions” of a
relatively small sample. Noting that the notion of quasar proper
motions based on coordinate time series is somewhat dubious,
given the stochastic character of the process, we do find more
evidence here that some of the ICRF quasars are not compliant
with the “core-jet” paradigm. For the example of B2229+695, we
have seen a case of possible hierarchical stricture, where two
different processes may be responsible for the variation of
apparent position, on two angular scales <1mas and �2mas. A
possible explanation could also be found in the inverse correlation
of the radio-optical position offsets with the degree of optical flux
variability (N. J. Secrest 2022; S. Lambert et al. 2024), which is
interpreted as the consequence of the line-of-sight alignment of
relativistic jets in blazars and other highly variable sources. Future
studies can therefore take different paths. On one side, a better
characterization of astrometric radio sources with large elongation
ò is warranted, including high-resolution imaging with VLBI in
different bands, if possible. The other direction of future research
would concern the noncompliant sources. Are they characterized
by lower degrees of optical or radio variability? Do they have
prominent one-sided jets? Can any evidence be found that these
jets, if they are present, rapidly change their direction on the
timescale of decades?
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