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Abstract. When comparing modern fundamental reference frames in the radio (International Celestial Reference
Frame) and optical (Gaia), a couple of bright radio reference sources appear to have very large radio—optical
offsets, from tens up to hundreds of milliarcseconds (mas). The amount of these positional misalignments exceeds
the uncertainty of each individual technique by at least an order of magnitude. In most cases, complex and extended
radio structure and its time variability, and thus the difficulty in pinpointing the true location of the central engine,
is responsible for the large apparent offsets. Sometimes distant parts of the radio structure are not properly detected
due to a lack of shorter interferometer baselines. For our 5-GHz very long baseline interferometry (VLBI) experiment
using antennas of the European VLBI Network and the enhanced Multi Element Radio Linked Interferometer
Network, we selected 10 bright radio-loud active galactic nuclei with extremely large radio—optical offsets. Sensitive
imaging involving a wide range of projected baseline lengths, as well as phase-referencing to nearby sources shed
light on the possible causes of positional inconsistencies. Here we show results for 3 selected sources from this

project.
1. Introduction

The International Celestial Reference Frame (ICRF) is im-
portant for astronomy, space navigation, and numerous as-
trophysical applications (Kopeikin & Makarov|2021)). The
International VLBI Service for Geodesy and Astrometry
(IVS,|Nothnagel et al.[2017) is responsible for running reg-
ular very long baseline interferometry (VLBI) sessions to
produce more observational data around the sky. However,
the ICRF, as any quickly-developing scientific product,
needs regular verification and update to address all mod-
ern challenges. The most recent ICRF realization, known
as ICRF3 (Charlot et al.|2020)), reaches an accuracy of ~
30 pas in both coordinate directions (right ascension and
declination). In the optical, the Gaia (Gaia Collaboration
et al.[2016, [2023]) measurements provide the fundamental
reference frame. These two frames were intensively com-
pared by different groups (e.g. Mignard et al.|[2016; Petrov
& Kovalev|2017; [Kovalev et al.[2017; [Plavin et al.| 2019}
Lambert et al.[2024)). In spite of the fact that the majority
of the common reference sources demonstrate a satisfying
positional alignment, it was found that a fraction of the
reference sources display large (~ 10—500 mas) positional
offsets between the radio and optical coordinates which are
far beyond the formal positional uncertainty (~ 1—5 mas).

Such offsets require comprehensive explanation. In addi-
tion, these large offsets are not necessarily constant over
a time range of 10 — 20 years. Although the majority of
radio reference frame sources demonstrate a moderate as-
trometric instability, about 1 — 2 mas (e.g. |Titov et al.
2011)), we have recently discovered several radio sources
(Titov & Frey||2020; [Frey & Titov|2021; [Titov et al.|2022)
whose apparent position has changed by 20 — 130 mas or
even more on a time scale of 5— 20 years (see also a recent
study of |Cigan et al.[2024). Such unforeseen dramatic po-
sitional changes cause serious problems for geodetic VLBI
data analysts because none of the standard software pack-
ages is designed to handle them. The data for a whole 24-h
experiment may be totally lost if such objects are not han-
dled properly during the data processing.

From astrophysical point of view, there is no universal
mechanism responsible for this type of astrometric insta-
bility. Some radio sources have a typical compact core—jet
structure and the apparent motion could be caused by
sudden brightening of jet components moving with ap-
parent superluminal speed. Another possible mechanism
is the variability of the core flux density within a com-
plex extended radio source. An alternative scenario is a
compact symmetric object (CSO) that presents two sym-
metric lobes (with hotspots) separated on scales of up to
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~ 100 mas beside a weak or often even invisible radio core
(e.g. |An & Baan [2012; |[Kiehlmann et al.|[2024). In this
case, the astrometric instability is likely to be caused by
the variations of flux density in the lobes.

In this conference contribution, we highlight some of
the preliminary results of our VLBI imaging observations
performed with the European VLBI Network (EVN), also
involving the antennas of the enhanced Multi Element
Radio Linked Interferometer Network (e-MERLIN), at
5 GHz frequency in 2022 March (project code: ET048,
PI: O. Titov). We targeted a total of 10 prominent radio-
loud active galactic nuclei (AGN) that show a large radio—
optical positional offset and a hint of significant astromet-
ric instability. The sources were selected from the litera-
ture (Makarov et al.|2017; [Petrov & Kovalev|2017) and
from the Paris Observatory database. Historical VLBI
images are sparsely available for these sources in the
Astrogeo database (astrogeo.org), mostly at S and X
bands, i.e. around 2 and 8 GHz (Petrov & Kovalev|[2024)),
and in the literature, but those are dominantly derived
from short snapshot VLBI observations with limited sen-
sitivity. However, the archival data are essential for com-
parison with the new EVN images, to determine whether
there is any sign of significant structural variation behind
the extreme astrometric instability.

2. Observations and data reduction

The 5-GHz EVN and e-MERLIN observations were done
in 3 segments (experiment ET048A with 7 target sources
starting on 2022 Mar 9, ET048B with 2 target sources
on 2022 Mar 10, and ET048C with a single target on
2022 Mar 14). The data were recorded in four intermediate
frequency channnels, each containing sixty-four 0.5-MHz-
wide spectral channels, in left and right circular polar-
izations. The data were correlated at the Joint Institute
for VLBI ERIC (Dwingeloo, The Netherlands) with 2-s
integration time. About 1.5-h long observing blocks were
scheduled for each target source and its phase-reference
calibrator. The participating radio telescopes that pro-
vided data were Jodrell Bank Mk2 (United Kingdom),
Effelsberg (Germany), Medicina (Italy), Noto (Ttaly; only
in ET048C), Onsala 25-m (Sweden), Tianma (China),
Nanshan (China), Toruii (Poland), Yebes (Spain), Irbene
16-m (Latvia; except for ET048C), Hartebeeshoek (South
Africa), Cambridge, Darnhall, Defford, Knockin, and
Pickmere (e-MERLIN stations in the United Kingdom).
The correlated visibility data were calibrated using the
NRAO Astronomical Image Processing System (AIPS,
Greisen[2003) in a standard way (e.g. Diamond|[1995]). The
calibrated data were then exported to the DIFMAP soft-
ware package (Shepherd et al.||1994) for hybrid mapping.
Both direct fringe fitting (Schwab & Cotton||[1983)) and
phase referencing to nearby (within ~ 2°) bright ICRF
calibrator sources were performed for the targets in AIPS.
The former procedure provides more sensitive images, at
the expense of losing absolute astrometric information, as
it associates the brightness peak with the phase centre. On
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Fig.1. Naturally-weighted 5-GHz EVN image of
PKS 12004045 from 2022 Mar 9 (ET048A). The
crosshairs indicate the Gaia DR3 position which is more
than 40 mas away from the radio peak whose position is
determined with phase referencing to J120240235 (sepa-
rated by 1.65°). The peak brightness is 156 mJy beam*,
the lowest contours are drawn at #1.7 mJybeam™!
(~ 3.70 image noise), the positive contour levels increase
by a factor of 2. The half-power width of the circular
Gaussian restoring beam is 2 mas, as indicated in the
lower-left corner.

the other hand, phase referencing allows us to preserve the
true sky position of the brightness peak, determined with
respect to the nearby calibrator.

3. Results and discussion

We present images of 3 target sources as examples, and
discuss the possible causes of their radio—optical positional
differences.

PKS 12004-045 (J120340414) is a bright peaked-
spectrum radio quasar at redshift z = 1.224. Its radio
structure seen in our 5-GHz EVN image (Fig. is ex-
tended to ~ 60 mas (corresponding to ~ 0.5 kpc projected
linear size). It is consistent with earlier VLBI images from
the literature. That time it was not clear whether its com-
pact radio structure can be classified as a core—jet (Liu
et al.[[2007; |Cui et al./2010) or a CSO (Liu et al.[{2007).
The Gaia optical position marked by a cross in the image
differs significantly from the radio peak position (Makarov
et al.||2017; [Petrov & Kovalev|[2017)), lending strong sup-
port for the CSO classification. It is one of the typical
causes of radio—optical offsets because Gaia basically pin-
points the accretion disk emission from around the central
supermassive black hole, often invisible in the radio, while
the radio emission peak is associated with a bright hotspot
in a lobe (see another example in [Krezinger et al.|2020).

TXS 14504641 (J1451+46357) is a quasar with un-
known redshift. Because of its complex radio structure
dominated by two bright features (Helmboldt et al.[[2007)),
it was once considered but then refuted as a CSO can-
didate (Tremblay et al.|[2016). Indeed, the Gaia optical
position is not in between two main features but close to
the western one (Fig. [2)), although there is a clear offset
from the radio brightness peak. The interpretation of this
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Fig.2. Naturally-weighted 5-GHz EVN image of
TXS 14504641 from 2022 Mar 10 (ET048A). The
crosshairs indicate the Gaia DR3 position. The radio
peak position is determined with phase referencing to
J1441+46318 (separated by 1.28°). The peak brightness
is 24.9 mJybeam~!, the lowest contours are drawn at
+0.4 mJybeam™! (~ 3.50 image noise), the positive
contour levels increase by a factor of 2. The half-power
width of the circular Gaussian restoring beam is 3 mas,
as indicated in the lower-left corner.

apparently peculiar structure which may involve a turn-
ing or bending jet is beyond the scope of this astrometric
study. Note that an earlier VLBI image at the same fre-
quency (5 GHz) shows the easternmost component as the
brightest one (Helmboldt et al||2007)). This reminds us
the fact that VLBI astrometric positions can sometimes
be influenced by dramatic changes in the brightness dis-
tribution of the sources (Titov et al.[2022).

PKS 1328+254 (J133042509, also known as 3C 287)
is a bright steep-spectrum quasar (z = 1.055) extensively
studied from the early years of VLBI (Fanti et al. [1985]
1989, [1990)), until before 2000 (Paragi et al.|(1998). The
extended and complex radio structure seen in the south-
western part of our image (Fig. was originally inter-
preted as a helical jet shaped by precession. This, and
the identification of the radio core inside were later ques-
tioned by several authors (Paragi et al.|[1998; Kellermann
et al.[|1998). Intriguingly, the VLBI astrometric position
of 3C 287 was displaced by ~ 130 mas within a very short
time, between 2014 and 2017 (Titov et al.[2022). It was in-
terpreted as caused by a sudden brightening of a new com-
ponent in the northeastern direction (Titov et al.[[2022).
Unfortunately, modern VLBI imaging data were not avail-
able in the archives for verifying this scenario. In our new
EVN image (Fig. , we do detect this putative component
for the first time, even though its present-day flux den-
sity (~ 20 mJy) is not particularly large. Most notably,
the Gaia optical position in the phase-referenced image is
close the this component which might have gone through a
huge radio outburst in the mid-2010’s. In any case, in the
light of new astrometric and imaging VLBI data, the time
has arrived for revisiting 3C 287 for astrophysical inter-
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Fig. 3. Naturally-weighted 5-GHz EVN image of 3C 287
from 2022 Mar 14 (ET048C). The crosshairs indicate
the Gaia DR3 position. The image is phase-referenced
to J1333+2725 (separated by 2.34°). The peak bright-
ness is 175 mJybeam ™!, the lowest contours are drawn
at 2 mJy beam ™! (~ 40 image noise), the positive con-
tour levels increase by a factor of 2. The half-power width
of the circular Gaussian restoring beam is 5 mas, as indi-
cated in the lower-left corner.

pretation of its radio structure on ~ 10 — 100 mas angular
scale.

4. Summary

Using the EVN and e-MERLIN arrays, we imaged 10
prominent radio-loud AGN occasionally targeted with
geodetic/astrometric VLBI observations, and show radio—
optical positional mismatch one or two orders of magni-
tude larger than expected from uncertainties of accurate
VLBI and Gaia measurements in the radio and optical, re-
spectively. Our new 5-GHz images can be used for compar-
ison with archival VLBI images obtained mostly at the 2-
and 8-GHz bands during the past decades, to help explain
the large, sometimes variable positional offsets. Phase ref-
erencing to nearby ICRF sources provide accurate astro-
metric registration of the radio images.

In this contribution, we presented 3 cases as examples.
The quasar PKS 12004045 is reminiscent of a CSO whose
optical position may be associated with the accreting cen-
tral supermassive black hole, while the radio brightness
peak coincides with a hotspot in one of the lobes. The
quasar TXS 1450+641 has a complex, time-variable core—
jet structure. The optical position is located at one end of
the elongated radio structure. The new VLBI image of the
source PKS 13284254 (3C287) confirms the existence of
a compact mas-scale component recently inferred from an
apparent “jump” of its VLBI astrometric position. This
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component, never seen before in any other VLBI image,
is located ~ 130 mas away from the well-known complex,
bright radio structure. It is remarkably close to the Gaia
optical position, suggesting that it is associated with the
central engine of the quasar.

The complete analysis of the full sample of 10 sources
is being prepared for publication elsewhere.
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