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ABSTRACT

Aims. The VLBI Global Observing System (VGOS), which is the next generation of geodetic very long baseline interferometry
(VLBI), observes simultaneously in four frequency bands in the range 3.0-10.7 GHz (expected to be extended to 14 GHz). Because
source structure changes with frequency, we aim to study the source position estimates from the observations of this new VLBI system.
Methods. Based on an ideal point source model, simulations are run to determine the relation between the source positions as deter-
mined by VGOS observations and the locations of the radio emission in the four bands.

Results. We obtained the source positions as determined by VGOS observations as a function of the source positions in the four
frequency bands for both group and phase delays. The results reveal that if the location of the radio emission in one band is offset with
respect to that in the other bands, the VGOS position estimates can be shifted by a larger amount (up to more than three times that
offset), possibly in the opposite direction.

Conclusions. The VGOS source positions will be highly variable with time and imprecise as to the locations of the radio emission
in the four bands if the effects of source structure are not modeled. The image alignment over frequency is essential for modeling
these effects, which is the only way to mitigate the impact of such frequency-dependent radio emission on the resulting VGOS source

positions.
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1. Introduction

In fundamental astronomy, two cardinal improvements in the
precision of astrometric measurements of positions of celestial
objects have been achieved by very long baseline interferometry
(VLBI) at radio wavelengths and by the European Space Agency
mission Gaia' (Gaia Collaboration 2016) at optical wave-
lengths. A detailed comparison between the third realization
of the International Celestial Reference Frame (ICRF) (ICRF3;
Charlot et al. 2020) and Gaia Early Data Release 3 (EDR3;
Gaia Collaboration 2021) shows that the median difference of
radio and optical source positions for more than 2000 common
sources is about 0.5 milliarcsecond (mas), and for the sources
with optical G magnitudes <18.0 mag the median difference is
on the order of 0.3 mas (Xu et al. 2021b). On the other hand,
for the sources that have radio to optical position differences
larger than 30, which is ~24% of the common sources, it has
become more and more convincing that the position differences
are parallel to the directions of the radio jets (Kovalev et al. 2017;
Petrov & Kovalev 2017; Plavin et al. 2019a; Xu et al. 2021b). Our
recent work has shown that these sources are more likely to have
extended structure at radio wavelengths (Xu et al. 2021b). Gaia

! https://sci.esa.int/web/gaia

and VLBI already have the potential to detect astrophysical prop-
erties of the radio and optical emission at mas scales for these
objects (Plavin et al. 2019a; Petrov et al. 2019), which are mostly
active galactic nuclei (AGNs).

In the last several decades, celestial reference frame (CRF)
sources have predominantly been observed in the S and X bands
by geodetic VLBI to derive their positions for building the
ICRFs (Ma et al. 1998; Fey et al. 2015; Charlot et al. 2020).
The geodetic VLBI observations have been coordinated by the
International VLBI Service for Geodesy and Astrometry (IVS?;
Schuh & Behrend 2012; Nothnagel et al. 2017) since 1999. In
order to achieve 1 mm station position accuracy and 0.1 mm yr~!
velocity stability on global scales, the IVS is developing a
next-generation, broadband geodetic VLBI system, known as
the VLBI Global Observing System (VGOS; Niell et al. 2007,
Petrachenko et al. 2009). While the primary goals are to greatly
increase the precision of Earth orientation parameters and the
International Terrestrial Reference Frame (ITRF; Altamimi et al.
2016) using VGOS, the CRF, as an integral part of geodetic
VLBI, is also expected to be improved in the VGOS era. At the
same time, because the source positions in the ICRF3 have a

2 https://ivscc.gsfc.nasa.gov/index.html
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median formal error of 0.1 mas in right ascension and 0.2 mas in
declination, they need to be improved by one order of magnitude
to an accuracy of about 1/30 of the interferometer beamwidth
in order to achieve the ambitious goals of VGOS. A consider-
able effort is thus required to mitigate the systematic errors in
source positions due, for instance, to source structure. Based on
21 actual VGOS sessions, it was demonstrated that the measure-
ment noise in VGOS group delay observables is at the level of
~2ps (Xu et al. 2021a). A network of nine VGOS stations car-
ried out biweekly, 24-hour observing sessions in 2019 and 2020
and will start to observe on a weekly basis in the near future; this
network is expanding globally, as planned (Behrend et al. 2020),
with another eleven stations built and nine stations in the plan-
ning stage as of January 2021. Now VGOS observations are used
to build the latest realization of the ITRF>.

Currently, the VGOS system observes simultaneously in four
512 MHz wide bands centered at 3.3, 5.5, 6.6, and 10.5 GHz,
which are labeled as bands A, B, C, and D, respectively, with 32
recording channels (see Niell et al. 2018 and Table C.1 for the
channel frequencies used in the current VGOS observations),
while the legacy VLBI system observes in the S (~2.2 GHz)
and X (~8.6 GHz) bands. There is a substantial difference in the
observing frequencies and thus in the received radio signals from
AGNSs between the legacy system and the VGOS system. Typi-
cally, the celestial sources in geodetic VLBI observations have
extended structure with a core-jet morphology at mas scales,
where the jet is the highly collimated outflow of magnetized
plasma and the core is a compact, bright, and flat spectrum fea-
ture in the upstream part of the flow. These celestial sources have
different structures in different bands, and the structure changes
over time at sub-mas angular scales; therefore, we cannot assume
that the locations of the radio emission of a source in different
frequency bands are at the same position or have stable relative
positions between the four bands at angular scales of ~0.1 mas to
1.0 mas. The fact that source positions change with frequency is
one of the reasons why the ICRF3 has three separate catalogs in
the three frequency bands (Charlot et al. 2020). The fundamental
question regards the position of a source determined by VGOS
observations with respect to the locations of the radio emission
in the four bands. We aim to address this question here.

On the other hand, because the impact of source structure on
VGOS group delay observables is about one order of magnitude
larger than the random noise level, as shown in Xu et al. (2021a),
the I'VS is making an effort to derive source-structure corrections
for geodetic solutions by collecting information of antenna sys-
tem temperatures and gain curves and producing images from
VGOS observations. For now, before VGOS source-structure
corrections are generated, it is necessary that the images in the
four bands be aligned with respect to one another. The impact of
the potential errors in that alignment needs to be studied. This is
equivalent to the previous question that we aim to discuss.

The purposes of this study are thus twofold: (1) to investigate
the potential impacts of source structure on the source positions
as determined by VGOS observations if these effects are not
modeled and (2) to demonstrate the importance of image align-
ment over frequency when one wants to correct for these effects.
The paper is structured as follows. We introduce in Sect. 2 the
changes of source positions with respect to frequency based on
the ICRF3 and images obtained based on actual VGOS data. In
Sect. 3 we first describe how the variations in the channel phases
affect the VGOS observables and then derive the formula of the
position estimate from VGOS observations as a function of the

3 https://itrf.ign.fr/en/solutions/ITRF2020
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locations of the radio emission in the four bands. We present a
discussion in Sect. 4 and our conclusion in Sect. 5.

2. Changes in source positions over frequency

Based on globally absolute astrometric observations by VLBI
in the S/X, K, and X/Ka bands, the ICRF3 was established
independently at these three frequencies (Charlot et al. 2020).
The two catalogs in the K and X/Ka bands were aligned to the
S /X catalog by applying no-net-rotation constraints, leading to
insignificant spin rotations between them. However, the glide
deformation between the S /X and K catalogs is 10-30 microarc-
seconds (pas), and that between the S /X and X/Ka catalogs is as
large as ~300 pas. These deformations were believed to be due
mainly to the different observing networks of the three bands
— for example, the X/Ka observations were made from a net-
work of four stations — instead of the intrinsic source position
differences. After applying transformations, including both the
first-degree and the second-degree deformation parameters fit-
ted from the position differences between these three catalogs
(16 parameters in total), the median angular separation of the K-
band positions relative to the S/X-band positions is ~0.2 mas,
the same level as that for the X/Ka-band positions; about 6% of
the common sources in the K and S /X catalogs have position dif-
ferences significant at the 30 confidence level, and 11% for the
common sources in the X/Ka and S/X catalogs (Charlot et al.
2020).

Figure 1 shows the radio positions in the three catalogs of
the ICRF3 and the Gaia EDR3 position for source 1157-215
overlaid on its radio images at 8.7 GHz from the Astrogeo image
database* and at 15.3 GHz from the Monitoring Of Jets in Active
galactic nuclei with VLBA Experiments (MOJAVE) program
(Lister et al. 2018). As shown in the images, the ratio of the flux
densities between the southeastern component and the north-
western component largely increases, from 15.3 to 8.7 GHz; this
shifts the radio positions toward the southeast direction when fre-
quency decreases. The northwestern component has an inverted
spectrum and is more likely to be the core than the brightest com-
ponent in these images. For source 1157215, there are angular
separations of the positions in the K, X/Ka, and Gaia catalogs
relative to that in the S/X catalog that are all significant at the
30 confidence level (see Tables 14—16 in Charlot et al. 2020).
Figure 1 demonstrates that source structure and source positions
change significantly with frequency and that for this source the
radio positions move in the direction of the optical position when
the radio frequency increases. As the jet components are opti-
cally thin (i.e., dimmer at higher frequencies), the identity of
the peak component can even change between the core and the
jet components as the frequency band changes, which may hap-
pen to some radio sources in VGOS observations (e.g., 3C418,
0642+449, 1030+415, and 2000+472). This leads to large posi-
tion offsets between different frequencies, as the source position
referred to in VLBI observations is typically dominated by the
position of the peak.

In general, the radio sources targeted by VGOS are chosen
to be as compact as possible. These sources, however, are not
without structure. They are often marginally resolved and exhibit
“invisible” structure. This structure has an extent on the order of
that of the interferometer beam or smaller. While such a structure
can be almost invisible in the images, its group delay and phase
observables correspond closely to that of a point source located

4 The fits data are available from http://astrogeo.org/vlbi_
images/
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Fig. 1. Radio positions from the ICRF3 in the S/X, K, and X/Ka bands and the Gaia position for source 1157-215, on its radio images at 8.7 GHz
from Astrogeo (left) and at 15.3 GHz from MOJAVE (right). Overlay contours are shown at levels of peak percentage, specified at the bottom of
the plot. Since these radio images do not have information regarding the absolute positions, the peaks are formally assumed to be located in the
S /X-band positions. Error bars are the uncertainties from the four catalogs. The K- and X/Ka-band positions are the ones after the full deformation
transformations (Charlot et al. 2020). The angular separations of the K- and X/Ka-band positions and the Gaia position relative to the S /X-band
position for this source are 2.29 + 0.31 mas, 3.54 + 0.32 mas, and 3.97 + 0.13 mas, respectively.

at the position of the brightness centroid, which can change
with frequency. Moreover, the interferometer beam of geode-
tic VLBI that has antennas on Earth typically has a diameter
on the order of 0.5-1.5mas in the VGOS frequency bands, and
the source position accuracies required by VGOS are about 30
times smaller than this (i.e., 0.02 mas). Therefore, the invisible
structure is as important as the visible structure in VGOS obser-
vations. To investigate the general cases of compact sources, we
used source models constructed from actual VGOS observations
by: (1) deriving closure images using the method in Xu et al.
(2021d); (2) calibrating VGOS observations based on the closure
images; and (3) performing model fitting using difinap to model
the structure with a small number of two-dimensional Gaussian
components.

Figure 2 plots such reconstructed models for source
0016+731 in the four frequency bands based on VGOS obser-
vations VO0051, and the Gaussian parameters are listed in
Table 1. At the highest three frequencies, the structure of source
0016+731 can be consistently modeled with three components:
(1) a compact core (C), which is the northwestern component,
(2) the first jet component located at the center (J1), and (3) a
weaker jet component (J2), which is the southeastern compo-
nent. However, only two components are needed to represent the
structure in the lowest frequency band due to its significantly
lower angular resolution. By comparing the Gaussian compo-
nents in the four bands, it is very likely that components C and J1
are combined into a single component at 3.3 GHz. Even though
the structure at 3.3 GHz is different from that at 5.5 GHz — due
to the different spectral indices of the core and the jets chang-
ing the relative flux densities and the core shift changing the
relative positions — we can assume that its structure at 3.3 and
5.5GHz is the same when illustrating the potential impact. In
this case, since at 5.5 GHz the angular separation between C and
J1 is 0.42 mas with a flux density ratio of 0.89, the position of
the modeled core at 3.3 GHz would be shifted toward the east
by about 0.20 mas — that is, 0.42 mas x (0.89/(1.0+0.89)) — due

to the contribution of J1, which is only visible in the highest
three frequency bands. As shown by this example, jet compo-
nents may significantly affect the position of the modeled core at
the lower frequencies due to lower resolution and cause misalign-
ments between the bands despite source structure being taken
into account. Furthermore, if the effects of source structure are
not modeled, the source position shifts due to the contribution
of the jet components will happen in all the frequency bands,
therefore further increasing the image misalignment between the
bands.

Changes in source positions with frequency are mainly due to
two factors: extended source structure and the frequency depen-
dence of the core position, the so-called core shift (Blandford &
Konigl 1979). This is supported by the ICRF3 multi-frequency
catalogs and the optical positions from Gaia. It has been shown
that the differences between the radio positions and the opti-
cal positions are typically parallel to the jet directions (see, e.g.,
Lambert et al. 2021; Liu et al. 2021). These two effects in gen-
eral are larger in the lower frequency bands (S /X and the VGOS
frequency bands) than in the higher frequency bands (K and
X/Ka bands). It is expected, however, that the impact of the
effects in the S band on the previous ICRF realizations is signifi-
cantly reduced. According to the linear combination of the delay
observables in the S and X bands, which is done in geodetic data
analysis after the fringe fitting process to remove the ionospheric
effects, the source position determined from VLBI observations
in these two bands, denoted by kg, is given approximately by

ksx = 1.07kyx — 0.07ks, (1)

where ky and kg are the group-delay source positions in the two
bands (see, e.g., Porcas 2009). When a source is point-like in the
S and X bands, these two positions coincide with the jet base
(Porcas 2009); in general cases (i.e., extended sources), they are,
however, pointing in different directions. As shown in Eq. (1),
the contribution of the S-band positions, including potential vari-
ations, to the S/X band positions are reduced by a factor of 14.
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Fig. 2. Images of source 0016+731 from VGOS session VO0051 (February 20, 2020) at 3.3 GHz (upper left), 5.5 GHz (upper right), 6.6 GHz
(bottom left), and 10.5 GHz (bottom right). The ellipses indicate the Gaussian components, the parameters of which are reported in Table 1.
Overlay positive contours are shown at nine levels of peak percentage, starting from 0.2% and increasing by a factor of 2, while the negative
contour, indicated as dash lines, has a peak percentage of —0.2%. These images are constructed from the VGOS observations, which are calibrated
based on the images derived from closure phases and closure amplitudes (Xu et al. 2021d). Therefore, the pixel flux densities have arbitrary units.
The beam size is shown as a filled ellipse in the bottom-left corner of each plot.

A83, page 4 of 11



M. H. Xu et al.: Source positions determined by VGOS observations

Table 1. Gaussian components for source 0016+731 in the four frequency bands.

Comp. Flux density RA Dec Maj. Min. PA

[pas] [nas] [pas] [pas] [degree]

3 3GHz C+J1 13.32 0.0 0.0 829.5 3845 -60.2
’ 12 2.67 3899 -5470 590.7 520.2 -79.5
C 735 0.0 0.0 3478 1572 —60.1

5.5GHz J1 6.54 402.6 -105.6 5347 242.1 -36.3
]2 2.00 4014 5475 6102 5272 -66.5

C 9.33 0.0 0.0 3279 159.0 -70.0

6.6 GHz J1 450 4135 -—117.5 4075 1942 -30.8
12 2.05 4049 -542.5 540.5 434.6 84.7

C 8.99 0.0 0.0 198.7 88.5 -68.6

10.5 GHz J1 476 395.1 -64.0 3501 1554 -46.2
12 2.23 488.5 —470.7 505.7 379.6 89.0

We should note that the effects of source structure in the S band
are scaled down by the same factor. In the legacy VLBI sys-
tem, the source positions in the higher band thus dominate over
that in the lower band. In the VGOS system, however, observa-
tions are made in four frequency bands instead of two bands,
and the ionospheric effects are fitted in the fringe fitting process,
through which group delay observables are determined. As a
consequence, the contribution of the four individual bands to the
VGOS source positions needs to be studied thoroughly, which is
the purpose of the next section.

3. Simulation for VGOS source positions

3.1. Changes in broadband observables due to phase
variations

We recall the model of using 32 channel phases to determine
the broadband observables as done in the VGOS post processing
using fourfi’. Following Cappallo (2016), the visibility phase #,,
at the channel with frequency v; can be expressed as

k STEC
&y, = TI(Vi — o) + o — — 2

i

where 78, ¢, and 6TEC are the broadband group delay, the
broadband phase at the reference frequency vy, which is 6.0 GHz
in the current data processing, and the differential total electron
content (TEC) along the ray paths of the radio emission from a
source to the two stations of a baseline, respectively; these three
quantities are the broadband observables simultaneously fitted
in fourfit. The constant k is equal to 1.3445 when phases are in
units of turns of a cycle, delays in units of nanoseconds (ns),
frequencies in units of GHz, and 6TEC in units of TECU®. We
can derive the phase delay via 7° = (¢ + N)/vy, where N is the
integer number of phase turns and 7P is in units of ns.
We denote the observational equation as follows,

l=Ax+ o0, 3)

where [ is the vector of the visibility phases observed in each
of the 32 channels, A is the design matrix, x is the vector of
the three unknowns (i.e., 77, ¢y, and 6TEC), and o is the noise
vector. In the present study, the vector / consists of the simulated

5 https://www.haystack.mit.edu/wp-content/uploads/
2020/07/docs_hops_000_vgos-data-processing.pdf
6 1 TECU = 106 electrons per square meter.

channel phases based on delay offsets or source position offsets.
The design matrix A, with a dimension of 32 X 3, consists of the
partial derivatives of the visibility phase with respect to the three
unknowns, which can be derived based on Eq. (2). By assuming
that the visibility amplitudes over 32 channels are flat (i.e., the
phases ¢,, are given equal weights), the normal matrix can be
derived as ATA. Via least squares fitting (LSF), the changes in
the broadband observables due to changes in the channel phases
can be determined.

The results shown in Table 2 were obtained from LSF for
seven possible combinations of bands with a 1 ps delay offset
applied to the channel phases in these bands based on the chan-
nel frequencies listed in Table C.1. The four scenarios labeled
as “Case 17 correspond to the cases where only one of the
four bands has a delay offset that causes variations in the eight
channel phases. The normal matrix in the LSF process of esti-
mating the broadband observables is independent of channel
phases, and the estimates of the broadband observables are lin-
early dependent on them. Therefore, there are two features in this
broadband fitting process. First, the coefficients of propagating
the delay offsets in individual bands to the broadband observ-
ables are independent of the magnitudes of those delay offsets:
they are invariable for a given set of channel frequencies. Sec-
ond, the results of all other possible combinations of bands with
delay offsets can also be derived from the four basic scenarios in
Case 1 through a linear combination. For instance, the first sce-
nario in Case 2 is the summation of the results of the first two
scenarios in Case 1, and Case 3 is the summation of that of the
four scenarios in Case 1.

For general scenarios, where the delay offsets in the four
bands are Ata, Atg, Atc, and Atp, respectively, the change in
the broadband group delay, denoted by A2, can be obtained
from the results in Table 2 as

AT® = +0.505A75 — 1.448A7p — 1.458A7c + 3.401A7p, 4
and the change in the phase delay, denoted by A7P, as
AT? = —0.883A7A + 1.729A7p + 2.044A7c — 1.889A7p. 5)

This development is similar to what was done for the investi-
gation of the impact of constant instrumental delays between dif-
ferent bands on VGOS broadband delays by Corey & Himwich
(2018). Equation (4) can be used to recover the results of the 15
possible scenarios in Fig. 1 and Table 2 of their VGOS memo’.

7 https://www.haystack.mit.edu/wp-content/uploads/
2020/07 /memo_VGOS_050.pdf
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Table 2. Changes in the broadband observables due to delay offsets of 1 ps in bands of various combinations.

Delay offsets in band Changes in
A B C D T8 7P O0TEC
[ps]  [psl  [ps]  [ps] [ps] [ps]  [TECU]
1.0 0.0 0.0 0.0 0.505 —0.883 —-0.0237
Case 1 0.0 1.0 0.0 0.0 —1.448 1.729 0.0337
0.0 0.0 1.0 0.0 —1.458 2.044 0.0401
0.0 0.0 0.0 1.0 3.401 —-1.889 —-0.0501
Case 2 1.0 1.0 0.0 0.0 —-0.943 0.846 0.0100
0.0 0.0 1.0 1.0 1.943 0.154  -0.0100
Case 3 1.0 1.0 1.0 1.0 1.0 1.0 0.0

3.2. Source positions determined by VGOS observations

The delay offset in an individual band can change with time and
be baseline- and source-dependent due to some physical causes,
for instance a source position offset. We denote the (phase-delay)
source position in band A by k4 = ko + Aky, where ky is a ref-
erence direction and Ak, is a position offset with respect to the
reference direction, and kg = ko + Akg, kc = ko + Akc, and
kp = ko + Akp for the other three bands, respectively. These
source positions are defined at the center frequencies of the indi-
vidual bands because source structure and core shift evolve with
frequency even within a band.

The (phase) delay offset in band A due to the source position
offset Ak, is computed as

B - Ak
ATAZ— A,
c

(6)

where B is the baseline vector and c is the speed of light. In
this calculation, there is no need for spherical trigonometry when
the position offset is small. This is always possible because we
would expect the differences in the locations of the radio emis-
sion of the CRF sources between the four bands to be at the mas
level or even smaller. By applying this common delay—position
relation to the four delay terms in Eq. (4), the VGOS group delay
position with respect to the reference direction, denoted by Ak®,
is jointly determined by the locations of the radio emission in the
four bands as follows:

Ak® = +0.505Aks — 1.448Akp — 1.458Akc + 3.401Akp.  (7)

Similarly, the VGOS phase-delay position with respect to the
reference direction, denoted by AKP, is given by

AP = —0.883Aka + 1.729Akg + 2.044Akc — 1.889Akp.  (8)

The summation of the four coefficients on the right-hand side
of Eq. (7) is equal to unity, which is also the case for Eq. (8)
(the round-off error of the displayed coefficients notwithstand-
ing). Taking it one step further, the VGOS group delay absolute
position k& = ko + Ak® and phase-delay absolute position kP =
ko + AkP can be obtained from

k® = ko + 0.505Akx — 1.448Akg — 1.458Akc + 3.401Akp

= +0.505ks — 1.448kp — 1.458kc + 3.401kp ©)

and

kP = ko — 0.883Aka + 1.729Akg + 2.044Akc — 1.889Akp,

= —0.883k, + 1.729kp + 2.044kc — 1.88%%p, (19)
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respectively. As we can see from these equations, they are
independent of the reference direction k.

A simulation based on the VGOS session VO0051 (February
20, 2020) was run to demonstrate the results for group delays.
Figure 3 shows two cases, where we assume that the position of
source 0016+731 in band B is offset by 0.2 mas in declination
with respect to that in the other three bands (in the same position
and formally selected as k) and in band D by 0.1 mas in declina-
tion. By referring to ko, the position-offset-induced phases at the
32 channels of each individual observation were calculated, from
which the broadband observables were fitted using Eq. (2). The
calculation was done for all the observations of source 0016+731
in the session one by one. The source positions determined by
these simulated broadband group delays for the 1308 observa-
tions of the source in the session are (0.000, —0.289) mas and
(0.000, 0.340) mas for the two cases, respectively. These agree
with the predictions from Eq. (7): in the first case the shift is
about 1.45 times that for band B and in the opposite direction,
while in the second case it is about 3.4 times the shift for band
D in the same direction. This can also be seen from the relative
magnitude and sign of the blue curves in Fig. 3. In the simula-
tion, the position offset of 0.2 mas causes delays on a 9000 km
baseline with a magnitude of ~30 ps, which is smaller than the
phase-delay ambiguity spacings at the four bands and thus does
not cause an issue of 27 ambiguities in channel phases when
doing LSF. This issue could arise in the actual observations if
position offsets are larger.

We note that source structure and core shift evolve continu-
ously with frequency, thus leading to additional phase variations
within individual bands. These intraband phase variations have
much narrower frequency ranges compared to the phase varia-
tions from band to band; they cause a second-order impact on
broadband VGOS observables and are not accounted for in this
study.

Two other kinds of simulations were performed, the results
of which are shown in Appendices A and B. It is possible in
the future that channel frequencies in VGOS observations will
be changed to a wider bandwidth and a broader frequency range
than the current settings. The results for two other possible sets
of channel frequencies are given in Appendix A. The main con-
clusion from this simulation is that, with a broader frequency
range, the coefficients in Eq. (7) will be reduced significantly.
This also means that if the VGOS observing frequencies are
changed — for instance if the upper limit of frequency is extended
to 14 GHz, if frequency setups are adjusted in realtime to avoid
radio frequency interference at individual stations, or if one band
at a station is missing because of radio frequency interference or
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Fig. 3. Simulation of broadband group delays of the baseline GGAO12M-ISHIOKA by assuming the position of source 0016+731 in band B to be
offset by +0.2 mas in declination (/eft) and the position in band D to be offset by +0.1 mas in declination (right). In these two cases, the reference
position is selected to be the positions in the other three bands. The red dots, corresponding to the 47 observations for the source on the baseline in
session VOO0O051, show the delay offsets induced by the applied position shifts, in band B for the left panel and in band D for the right panel. The
blue dots are the broadband group delays based on the simulation for the 47 observations. The models based on these position estimates are shown

as blue curves.

hardware problems — the source position estimates may change
substantially. This may have a significant impact on the creation
and use of the VGOS CREF. The results from the simulation with
different reference frequency values for the broadband phase,
vo in Eq. (2), are discussed in Appendix B. The magnitudes
of the four coefficients can be significantly reduced for VGOS
phase-delay positions by increasing the reference frequency for
the phase observables in the VGOS data processing. On the
other hand, the coefficients for the other two observables do not
change.

4. Discussion
4.1. Variations in VGOS source positions

The source positions determined by the VGOS observables are
linearly dependent on the locations of the four-band radio emis-
sion, as shown in Eq. (7) for group delays and in Eq. (8) for
phase delays. The summations of the four linear coefficients are
unity for both cases of group delay and phase-delay source posi-
tions; however, three of them have absolute values larger than
1, and two have negative values. A major consequence is that
if there are position variations due to structure evolution in the
three highest bands, they would cause variations in the estimates
of the VGOS source positions that are larger than the actual
position variations in individual bands. Figure 4 shows a one-
dimensional diagram of the VGOS group delay positions in the
four scenarios of position offsets between various bands. In three
of these four simplest scenarios, the VGOS group delay positions
are located far away from the area of the actual radio emission —
ko to kapicip- This will add complexities to the understanding of
the radio and optical position differences in the future.

Based on the routine geodetic data analysis of session
VOO0051 using vSolve®, 25 of the 63 sources with more than three
observables available have position adjustments with respect to
their S/X positions with magnitudes larger than three times the
respective uncertainties estimated from the solution. The median
angular separation of the positions from VGOS and S/X obser-
vations for these 25 sources is 0.387 mas with an uncertainty of

8 https://sourceforge.net/projects/nusolve/

VGOS . VGOS
kg kq KaBlcip kp
fo.zkvccos 0 kvAGos 0.2 0.4

Source position [mas]

Fig. 4. One-dimensional diagram of the relation between the VGOS
group delay positions (blue dots) and the locations of the radio emis-
sion in individual bands (red rhombuses). Four scenarios are shown:
the location of the radio emission in band A, B, C, or D as marked by
kapicip is offset by 0.1 mas with respect to the locations in the other
three bands, which are located at the origin marked by ky. The VGOS
group delay positions are shown as blue dots: for example, kXGOS is
where the VGOS group delay position is located when the location of
the radio emission in band D is offset by 0.1 mas with respect to the
other three bands.

0.056 mas. Since a VGOS CREF is not yet available, it is a com-
mon strategy when analyzing VGOS observations to estimate
source positions, which is usually unnecessary for the analysis of
routine legacy S'/X observations (Sergei Bolotin, priv. comm.).

As shown by Fomalont et al. (2011) and based on multi-
frequency observations for four close CRF sources, the ICRF
position of a source can be dominated by a jet component dis-
placed from the radio core by ~0.5 mas and moving with a
velocity of 0.2 mas yr~'. This offset and the change will be sig-
nificantly amplified in VGOS position estimates, leading to much
larger position variations in a VGOS CREF than in the previous
ICREF realizations. However, it should be noted that this study is
for four ICRF sources only. Larger statistics would be necessary
to further assess this point.

4.2. Aligning the images in the four bands

The simulation so far does not explicitly model the effects of
relative source structure — the apparent two-dimensional dis-
tribution of emission on the sky as a function of frequency,
as opposed to an ideal point source per frequency. Relative
source structure affects the phases of individual frequency chan-
nels in a frequency-, baseline-length-, and baseline-orientation-
dependent manner, and these phases in turn affect the broadband
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group delay and phase. Given a model of the relative source
structure, such as images of a source in the four VGOS bands,
the frequency channel phases can be corrected to mimic the
phases of a point source. However, as images derived using self-
calibration (e.g., Wilkinson et al. 1977; Cornwell & Wilkinson
1981; Pearson & Readhead 1984; Thompson et al. 2017) and
closure-based imaging (Chael et al. 2016, 2018) techniques
lose absolute source position information, it is necessary to
properly align the images in the four bands in order to gener-
ate coherent source-structure phase corrections across all four
bands. Otherwise, a misalignment of the images in the four
bands will introduce a change in the position estimate from the
VGOS observables with these corrections applied. This has been
demonstrated by Xu et al. (2021d). The exact formulas of the
impact of the misalignment are given above as Eq. (7) for group
delays and Eq. (8) for phase delays. These results are important
for deriving VGOS source-structure corrections.

Because the core of source 0016+731 at 3.3 GHz as mod-
eled by difmap is shifted toward the east by about 0.20 mas, the
corresponding impact on the VGOS source position can thus be
calculated according to Egs. (7) and (8); it is about 0.10 mas
toward the east for group delays and about 0.18 mas toward the
west for phase delays. Such effects are five to ten times larger
than the accuracy of 0.02 mas required to achieve the VGOS goal
of 1 mm station position accuracy, and we must emphasize that
the discussion here assumes that the effects of source structure
are already corrected based on the aligned images through the
modeled cores in the four bands. The impact will be even more
complex and larger if they are not corrected.

The third type of VGOS broadband observables, 6 TEC, may
help determine the differences in source positions in the four
bands or align the images over frequency because these observ-
ables are affected by source position offsets as well. Its change
due to position offsets among the four bands, denoted by ATEC,
is given by

ATEC = —B - (-118.7Aka + 168.3Akg +200.7Akc — 250.3Akp)/c,
(1D

where ATEC is in units of TECU given that the baseline vector
is in units of km, the speed of light is in units of kms~!, and the
position offsets are in units of mas. This equation is derived in
the same way as those for broadband group and phase delays in
Sect. 3, but with a scaling factor applied to the coefficients for
ATEC in Table 2 to be in accordance with the units stated here.
The summation of the four coefficients on the right-hand side
is zero; therefore, ATEC is independent of the reference source
position selected, which is canceled out if introduced explicitly
in Eq. (11) by replacing Aka by ka — ko, Akg by kg — ko, and so
forth. In the case where the position offsets are a function of the
frequency to the power of —1, as discussed in Sect. 4.3, ATEC
is equal to zero. With external information about the ionospheric
effects for VGOS observations available, this quantity may help
validate the image alignment in the presence of core shift.

If there is a position offset in only one of the four bands
with a magnitude of 0.1 mas, ATEC for the observations of a
6000 km baseline will have a pattern of a sinusoidal wave over
24 hours of Greenwich mean sidereal time with a magnitude in
the range 0.2-0.5 TECU based on Eq. (11), depending on which
band the position offset occurs in. Through the comparison of
STECs from VGOS observations and global TEC maps® derived

9 See, for instance, http://ftp.aiub.unibe.ch/ionex/draft/
ionex1l.pdf
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from global navigation satellite system observations, the preci-
sion of 6TEC from global TEC maps is probably on the order
of 1-2TECU (Zubko et al., in prep.). Therefore, position off-
sets among the four bands larger than 0.4 mas may be detectable
by comparing 6TEC estimates from VGOS and global TEC
maps.

4.3. Differences in VGOS group delay and phase-delay
source positions

Here we consider the scenario where the position change of a
source over frequency v is a power-law function AX/v, where
AX is a constant position shift, following Marcaide & Shapiro
(1984) and Lobanov (1998). This change corresponds to the core
shift effect with a frequency power law of —1. In the band with a
center frequency Veeneer, Which can be calculated from Table C.1,
the source position offset then is AX/Veenter- Applying the posi-
tion offsets in this scenario to Egs. (7) and (8) gives Ak® = 0 and
AkP = AX/6.0. The results show that if core shift is a function
of the frequency to the power of —1, group delays refer to the
position of the AGN jet base, which is the position at the infinite
frequency, but the phase delays refer to the position of the actual
radio emission at the reference frequency. This result was origi-
nally derived by Porcas (2009). We can see that Egs. (7) and (8)
describe the differences in the estimated positions between group
delays and phase delays for general scenarios. This generaliza-
tion is necessary because astronomical results such as those from
Fromm et al. (2013) and Plavin et al. (2019b) demonstrate that
the position dependence on frequency is often not to the power of
—1, and in fact the power index can be variable in time. Instead of
considering core shift as a function of frequency, we can describe
it directly as position offsets in individual bands.

As shown in Egs. (7) and (8), the position offset in one
band leads to position changes in the opposite directions for
the broadband group delays and phase delays. These two kinds
of broadband observables thus actually refer to different direc-
tions, with possibly a large separation on the sky. If the phase
observables from VGOS can be used in geodetic solutions, as
was recently done for very short baselines (see, e.g., Varenius
et al. 2021; Niell et al. 2021; Xu et al. 2021c¢), the source position
differences need to be addressed. Based on Egs. (7) and (8), the
difference in source positions between VGOS group delays and
phase delays, denoted by Ak®P, is given by

AKkEP = +1.388Aks — 3.177Akg — 3.501Akc + 5.290Akp. (12)

Since the sum of the four coefficients is zero, Ak®P is a quan-
tity independent of the reference position. The difference in
source positions between VGOS group delays and phase delays
measures an absolute-scalar product as a combination of the
four-band position offsets, including core shift. The measure-
ment noise levels of both types of VGOS observables are 1-2 ps
or even smaller, which allows this position product to be detected
at the few pas level (Xu et al., in prep.).

5. Conclusion

We have derived the formulas of the source position estimates
from VGOS broadband group delays and phase delays as a
function of the locations of the radio emission in the VGOS
frequency bands. The resolution across the source is very dif-
ferent in different VGOS bands (a factor of three within the
current frequency range and nearly a factor of five between 3
and 14 GHz for the future range), and parts of the jet components
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may contribute to the flux density and position of the modeled
core at the lower frequencies, in which case this will move the
“core” position down the jet at these frequencies, especially if
such jet components have steeper spectra. Source position off-
sets between various VGOS bands are expected to be common.
The variations in the VGOS source positions will be significantly
larger than the actual changes in the emission locations due to
structure evolution if they happen in one of the three highest
frequency bands. We should expect VGOS sources to wander
around parallel to the jet directions as a function of time with
much larger magnitudes than the S /X positions because of vari-
ations in source structure and core shift being amplified for the
broadband observables, as demonstrated by Eqs. (1) and (9).
The only way to mitigate these frequency-dependent impacts
on VGOS source positions is to measure source structure and
core shift (see, e.g., Kovalev et al. 2008; Fomalont et al. 2011;
Sokolovsky et al. 2011) and then correct for these effects. This
is critical in order to make full use of the high quality data from
VGOS, which show a random noise level of ~2 ps.

If we want to derive source-structure corrections for VGOS
observations, aligning the images in the four bands is essential: a
misalignment can translate to a larger offset in the position esti-
mate from the VGOS observations with these corrections applied
than the magnitude of the misalignment itself. The difference
between source position estimates from VGOS group delays and
phase delays is also discussed; it depends on the effect of core
shift and, if the corrections for source structure are applied to the
observables, the image alignment over frequency.
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Appendix A: Simulations with different settings of
channel frequencies

The IVS proposes observing with 1 GHz wide bands and even-
tually extending to higher frequencies, as originally planned
(Petrachenko et al. 2009).

We first performed the simulation for the frequency range
3.0-11.2 GHz but with 992 MHz wide bands, as listed in Table
C.2 (Bill Petrachenko, private communication). The equations
equivalent to Eqgs. 7 and 8 for this wider bandwidth are given by

AKS

Soo1 = +0.399AkA — 1.382Akp — 1.359Akc + 3.342Akp (A1)

and

Ay, | = —0.796Akx + 1.733Akg + 2.018Akc — 1.955Akp.
(A2)

We then performed the simulation for the frequency range
3.0-14.0 GHz, as listed in Table C.3 (Bill Petrachenko, private
communication). The results are given as follows:

Ak§92’14 = +0.248Aks — 1.008Akg — 0.995Akc + 2.755Akp (A.3)
and
Akg92 14 = —0.633Akp + 1.663Aky + 2.078Akc — 2.108Akp.

(A4)

Only a marginal improvement in terms of reducing the mag-
nitudes of the coefficients is gained by using a wider 992 MHz
bandwidth for the current VGOS frequency range. However, sig-
nificant improvement is achieved by moving the upper frequency
band to 14 GHz for group delay positions; the magnitudes of the
four coefficients decrease by 20% to 50% compared to those of
the current frequency setting in Table C.1. This means that the
impact of any position offset in a single band has less influence
on the VGOS group delay position in this case.

For completeness, the equations for the 6TEC in these two
scenarios (equivalent to Eq. 11) are given by

By increasing vy from 6.0 GHz to 8.5 GHz, 7P, which is
inversely proportional to vy, simply decreases by 30%. Addition-
ally, the magnitudes of the four coefficients are actually reduced
by 16%, 24%, 30%, and 52%, respectively. However, changing
the reference frequency from the central frequency 6.0 GHz will
introduce the errors from group delay estimates into the phase
delay estimates. The optimum reference frequency for phases
will have to be a compromise between these two factors.

Appendix C: Frequency settings for VGOS
observations

The frequencies of the 32 channels in the current VGOS obser-
vations are shown in Table C.I. Two other possible sets of
observing frequencies, which are being tested and may be used
by VGOS in the future, are listed in Tables C.2 and C.3.

ATECggy11 = =B - (=112.7Aka +169.0Akg +199.3Akc —255.6Akp)/c

(AS5)

and

ATECyg; 14 = =B - (=96.1Aka +150.4Akp + 195.7Akc —250.0Akp)/c.

(A.6)

Appendix B: Comparison with different values of v,

A simulation was performed to compare the results when vary-
ing the reference frequency v in Eq. 2 rather than keeping the
nominal value of 6.0 GHz. The relation for group delay posi-
tions, given by Eqgs. 4 and 7, does not change when v is varied,
nor does the relation for the ionospheric observables. However,
the coefficients related to the VGOS phase-delay position (Egs.
8 and 10) are found to decrease when v, increases. When set-
ting, for example, vyp=8.5 GHz, the VGOS phase-delay position
is given by

AKP

P s Gy = ~0AT5AkA+0.794Akg + 1.014Akc — 0.333Akp.

(B.1)
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Table C.1. Channel frequencies in the range 3.0-10.7 GHz with 480 MHz wide bands currently used in VGOS observations (units: MHz).

1 2 3 4 5 6 7 8
Band A 30324 30644  3096.4 32244 33204 33844 34484 34804
Band B 52724 53044 53364 54644  5560.4 56244 56884  5720.4
BandC 63924 64244 64564 65844 66804 67444 68084  6840.4
Band D 102324 10264.4 10296.4 10424.4 10520.4 10584.4 10648.4 10680.4

Notes. The individual channels are 32 GHz wide, and the values reported are the upper edge of frequencies.

Table C.2. Channel frequencies in the range 3.0-11.2 GHz with 992 MHz wide bands (units: MHz).

1 2 3 4 5 6 7 8
Band A 30004  3032.4 3128.4 3288.4 3576.4 3768.4  3896.4  3960.4
Band B 5240.4 52724 53684  5528.4 58164  6008.4 6136.4 62004
Band C 6360.4 63924 64884 66484 69364 71284 72564  7320.4
Band D 10200.4 10232.4 10328.4 10488.4 10776.4 10968.4 11096.4 11160.4

Table C.3. Channel frequencies in the range 3.0-14.0 GHz with 992 MHz wide bands (units: MHz).

1 2 3 4 5 6 7 8
Band A 3000.4 30324 31284 3288.4 3576.4 3768.4 38964 39604
Band B 5688.4 57204  5816.4 59764 62644 64564 65844  6648.4
BandC 78324 7864.4  7960.4 8120.4 8408.4  8600.4 87284 87924
Band D 130164 13048.4 131444 133044 135924 137844 139124 13976.4
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