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Abstract The latest astrometric celestial reference
frame (CRF) solutions at S/X-band and K-band have
1,014 sources in common, of which 36 are outliers
with significant differences between the X- and K-band
coordinates. We investigate possible astrophysical rea-
sons for the large differences seen for the 36 outlier
sources. These large differences may indicate signifi-
cant structural differences between S/X and K-band.
In order to study the astrophysical differences, we
conducted multi-epoch, quasi-simultaneous S/X and
K-band astrometric and imaging observations using
the Very Long Baseline Array (VLBA). These images
allow us to directly compare the source structure at
X- and K-band, and to compare the direction of the
extended emission from our imaging to the astrometric
offset direction obtained from our CRF solutions.
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1 Introduction

Comparing the latest S/X (2022 Mar 05) and K-band
(2022 Feb 07) astrometric celestial reference frame
(CRF) solutions (using data back to 1980 for S/X and
2002 for K-band) produced by the United States Naval
Observatory (USNO) shows 1,014 sources in common
[1], of which 36 are outliers with at least one coordi-
nate where the difference between S/X and K-band is
> 5σ . Of the 36 outliers, there are three sources where
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the difference in δ are > 5 mas. We believe that these
large differences may indicate significant structural dif-
ferences between X- and K-band.

VLBI images show that Active Galactic Nuclei
(AGN) tend to be more core-dominated at higher ra-
dio frequencies (e.g., [2]), as the extended structure in
the jet tends to fade away with increasing frequency.
The main reason why the apparent source structure
is a function of frequency in AGN is rooted in their
frequency dependent opacity, in particular from syn-
chrotron self-absorption. Typically the core (or base)
of an AGN jet is optically thick and has a flat or in-
verted radio spectra, while the jet is optically thin and
has a normal or steep radio spectra. Frequency depen-
dent opacity effects in AGN can also contribute to the
frequency dependent shift of the VLBI core position
(“core-shift”), with the core or base of the jet mov-
ing closer to the central black hole as the frequency
increases, e.g., [3]. On the other hand, going to lower
frequencies reduces the resolution available to detect
structure, thereby desensitizing the baseline to struc-
ture. Thus, for some sources, we may only start to re-
solve individual components at higher radio frequen-
cies.

We investigated possible astrophysical reasons for
the large differences seen between the X- and K-band
coordinates. We believe that these large differences
may indicate significant structural differences between
X- and K-band. For this reason we conducted special
multi-epoch, quasi-simultaneous S/X and K-band as-
trometric and imaging observations between Septem-
ber 2020 and June 2021, using the Very Long Baseline
Array (VLBA). From these observations we produced
high-resolution images from which we derive source
structure measures such as the radial extent and struc-
ture index, allowing us to directly compare the struc-
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Table 1 Details of the S/X and K-band VLBA Observations.
Band Date (2021) Ref. Freq. Data Rate Bandwidth Polarization θVLBA

(GHz) (Gbps) (mas)

S/X-band 16 Apr, 24 May, 13 Jun 2.316 2 4 × 32 MHz RCP 3.12
– 8.668 – 12 × 32 MHz – 0.82

K-band 18 Apr, 23 May, 12 Jun 23.568 4 4 × 128 MHz RCP/LCP 0.30

ture at X- and K-band. In addition, we compare the di-
rection of the extended emission obtained from model
fitting to the astrometric offset direction obtained from
the α cosδ and δ components. In this paper we present
preliminary results from our investigation for 16 of the
36 outlier sources from the sessions that have been im-
aged so far.

2 Observations, Imaging and Model
Fitting

In order to investigate the frequency dependent differ-
ences in source structure we conducted a series of ten
quasi-simultaneous, multi-epoch S/X and K-band as-
trometric and imaging observations between Septem-
ber 2020 and June 2021 using the VLBA [4]. The ob-
servations were each 24 hours in duration and the data
were correlated with the DiFX [5] software correlator
at the Array Operations Center in Socorro, New Mex-
ico. The S/X sessions were recorded in right circular
polarization with a total data rate of 2 Gbps, and the K-
band sessions in dual polarization with a total data rate
of 4 Gbps. Data reduction and imaging have been com-
pleted thus far for the three S/X and K-band sessions
observed between April and June 2021. The details of
the observing dates, reference frequencies, observing
modes, and angular resolution are given in Table 1.

The data were calibrated in the standard manner
with the NRAO’s Astronomical Imaging Processing
System (AIPS) [6], using a semi-automated approach.
An automated pipeline was used for self-calibration,
deconvolution (using the standard CLEAN algorithm
[7]), and imaging using the Caltech Difference Map-
ping software (DIFMAP) [8]. Images were produced for
a total of 453 sources at X-band and 448 sources at
K-band, with some sources having images at multiple
epochs.

In addition to the imaging, we also fit a simple two-
component, circular Gaussian model to the calibrated
visibilities for each source using the MODELFIT task in

DIFMAP to get an estimate of the offset and direction of
the second brightest component. Estimates of the prin-
cipal angle of extension of the total emission region
(“jet direction”) were obtained by fitting a line, going
through (0,0), to the CLEAN component locations us-
ing a PYTHON script. This method was used to perform
both an unweighted and flux-density-weighted fit. De-
tails of our model fitting methods are described in [9].

3 Analysis

3.1 Astrometric Results

Comparing the latest CRF astrometric solutions pro-
duced by the USNO at S/X (sx-usno-220305) and K
(k-usno-220305) shows 1,014 sources in common with
at least two observations and σ < 50 nrad (∼ 10 mas).
Comparing the differences in the X- and K-band co-
ordinates from these two catalogs shows 36 outliers
with at least one coordinate where the difference is
> 5σ . Note that there is a residual ∆δ versus δ slope
=−1.3±0.1 µas/deg that was not removed before tak-
ing the differences. Removing the 36 outliers leaves
978 sources in common with median inflated position
errors of 46 µas in α cosδ and 60 µas in δ for X-band
and 48 µas in α cosδ and 84 µas in δ for K-band.

From the 36 outliers there are three sources where
the difference in the X−K coordinates in δ are
> 5 mas. The radial X−K offsets of the 36 outliers
range between 0.3 and 35 mas. Images have been pro-
duced for 16 of the 36 outliers from the observations
listed in Table 1, and the radial X−K offsets for this
subset of 16 outlier sources range between 0.3 and
2.73 mas.

3.2 Structure Metrics

We evaluate and compare the structure for each source
at X- and K-band using various image-based source
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structure metrics calculated from the image CLEAN

component models (cf. [9]). The flux-density weighted
radial extent (R) provides a measure of the source com-
pactness by considering the extent of the source struc-
ture weighted by flux density. The median value of R
over all sources is 1.82 mas for X and 0.86 mas for K-
band, and over the 16 outliers the median values are
5.94 mas for X-band and 3.20 mas for K-band. The
structure index (SI) is derived from the median value
of the structural delay for each CLEAN component and
each intermediate frequency (IF) channel for all pos-
sible projected VLBI baselines that could be observed
on Earth [10, 11]. The SI indicates the magnitude of
the structure of the source: the smaller the SI value,
the lower the effect of the source structure, with values
of SI > 3 indicating significant source structure. The
median value of SI over all sources is 2.36 for X and
1.96 for K-band, and over the 16 outliers the median
values are 4.01 for X-band and 3.18 for K-band. These
results show that, on average, K-band relative to X is
more compact, with the outliers having more extended
structure.

3.3 Astrometric Offsets versus Jet
Directions

We compare the X-K astrometric offset angle to the an-
gle of the extended emission in the X- and K-band im-
ages for all 16 of the outlier sources. We assume that
the K-band astrometric position is located at the peak
of the K-band image and that the K-band core (ver-
sus X-band) would be closer to the central black hole.
Thus, we measure the astrometric offset position and
angle from the K-band phase center. Table 2 lists for
each of the 16 outliers the X-K astrometric offset an-
gle (AOA), the angle of the second brightest X- and
K-band component obtained from the model fitting in
DIFMAP (DMF), and the principal angle of extension
of the X- and K-band total emission region from the
flux-density-weighted fit to the CLEAN component lo-
cations (wCCF).

We find four sources where all three angles (i.e., the
astrometric angle and the angle of the extended emis-
sion in the X- and K-band images) agree reasonably
well, and five sources where the astrometric offset an-
gle agrees with the angle of the extended emission from
the K-band image, but the angle of the extended emis-

Table 2 X-band versus K-band Offsets (all angles in degrees).

X-K X X K K
Source AOA DMF wCCF DMF wCCF

0112−017 114.9 130.3 130.0 132.2 132.6
CTA21 −9.9 – – – –
3C84 −169.2 −173.0 −176.6 162.2 173.5
0723−008 −55.6 −8.8 −23.9 152.1 152.3
0729−222 −82.8 −94.2 −93.7 80.8 −109.1
0850+581 133.0 143.9 149.4 152.6 151.6
1156−094 124.3 −87.8 −88.0 – −90.1
1214+588 115.5 118.9 118.4 −59.1 −58.4
3C286 −142.8 48.0 – 51.3 50.1
OQ208 50.0 23.9 30.1 – 118.3
3C309.1 −29.3 169.3 169.2 168.3 166.2
1600+335 −168.1 15.3 16.7 −3.8 −1.1
1710-269 131.9 78.0 −101.2 −87.2 −90.2
2037−253 −102.6 −69.4 −62.1 129.3 −19.4
2128−123 −150.4 −151.9 −149.3 −151.0 −150.9
3C454.3 −118.0 −106.4 −107.9 −72.5 −79.2

sion in the X-image is different. There are three sources
where the angle of the extended emission in the X- and
K-band images agree, but the astrometric offset angle is
different. Where the angles don’t agree, we find that in
most instances the directions are anti-parallel to each
other. There are also three sources where none of the
angles agree, but in this case the images are all of poor
quality and thus our jet direction is poorly determined.

Figures 1 and 2 show two examples of sources for
which all three of the angles agree reasonably well.
The source 0112−017 (Figure 1) shows the astromet-
ric offset position almost coinciding with the position
of the second brightest component identified from the
DIFMAP model fitting. Assuming that the astrometric
position at X-band is located at the peak of the X-band
image, this would imply that the X-band peak coin-
cides with the weaker K-band jet component, with the
peak emission at X-band being further down the jet.
The source 2128−123 (Figure 2) is another example
where all three angles agree reasonably well. For this
source, the astrometric offset position (shown in the
K-band image) is actually hidden behind the model-fit
component.

Figure 3 shows the source 1214+588 as an exam-
ple where the astrometric offset angle agrees with the
angle of extended emission in the K-band image, but
the angle of extended emission in the X-band image
is different. However, we see that the angle of ex-
tended emission in the X-band image is in a direction
anti-parallel to the K-band direction, with the angles
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within a few degrees of 180◦ separation. For the source
1214+588 (and others where the X-band angle is in an
anti-parallel direction) the X-band core appears to be
the weaker X-band emission, and we suspect that we
are mis-identifying the X-band core by assuming that
the strong component is the core.

The source 3C309.1 (Figure 4) and 1156−094 are
examples where the angle of extended emission from X
and K images agree, but the astrometric offset angle is
different, although we find that it is in a direction anti-
parallel to the extended emission. Both sources appear
to have very little extended emission, also seen from
other epoch images at K-band [9].

4 Conclusions

Comparison of our most recent CRF astrometric cata-
logs shows 36 of 1,014 sources have statistically sig-
nificant detections of astrometric offset. Sixteen of the
36 outliers have images at both X- and K-band, from
multi-epoch, quasi-simultaneous S/X and K-band as-
trometric and imaging observations using the VLBA.
Structure metrics derived from the image CLEAN com-
ponent models show that the outliers tend to be the
sources with more extended structures. The compari-
son of both imaging and astrometric results shows that
large astrometric offsets have a strong tendency to be
aligned along the jet direction of the source. Where the
angles do not line up because they are anti-parallel, we
suspect that the core may not be the strongest compo-
nent in one of the images.

Future work: The next step will be to complete
the imaging of the remaining seven quasi-simultaneous
S/X and K-band VLBA observing sessions enabling
the comparison of source structure and astrometric off-
set positions for the remaining 20 outlier sources.
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Fig. 1 Contour maps (in grey) and images of 0112−017 (J0115−0127) at K-band (left) and X-band (right).

Fig. 2 Contour maps (in grey) and images of 2128−123 (J2131−1207) at K-band (left) and X-band (right).

Fig. 3 Contour maps (in grey) and images of 1214+588 (J1217+5835) at K-band (left) and X-band (right).

Fig. 4 Contour maps (in grey) and images of 3C309.1 (J1459+7140) at K-band (left) and X-band (right). Contour maps are overlaid
with the line of best fit from the unweighted (CCF, blue line) and flux-density-weighted (wCCF, red line) linear fits through the loca-
tions of the image CLEAN components. The image CLEAN components (ccomp) are indicated with green crosses and the component
with maximum distance from the phase center is indicated by a red cross. The position and size of the DIFMAP model-fit components
(DMF) are indicated with magenta circles. The position of the astrometric offset angle (AOA) is indicated with a yellow ellipse with
the minor and major axis representing the error in the α cosδ and δ differences. Position angles are given in the plot legend.
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