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ABSTRACT

Context. We report the relationship between the Gaia–VLBI position differences and the magnitudes of source structure effects in
VLBI observations.
Aims. Because the Gaia–VLBI position differences are statistically significant for a considerable number of common sources, we
discuss and attempt to explain these position differences based on VLBI observations and available source images at centimeter
wavelengths.
Methods. Based on the derived closure amplitude root mean square (CARMS), which quantifies the magnitudes of source structure
effects in the VLBI observations used for building the third realization of the International Celestial Reference Frame, the arc lengths
and normalized arc lengths of the position differences are examined in detail. The radio-jet directions and the directions of the Gaia–
VLBI position differences are investigated for a small sample of sources.
Results. Both the arc lengths and normalized arc lengths of the Gaia and VLBI positions are found to increase with the CARMS
values. The majority of the sources with statistically significant position differences are associated with the sources having extended
structure. Radio source structure is the one of the major factors of these position differences, and it can be the dominant factor for a
number of sources. The vectors of the Gaia and VLBI position differences are parallel to the radio-jet directions, which is confirmed
via stronger evidence.
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1. Introduction

The International Celestial Reference Frame (ICRF) was
adopted as the Fundamental Celestial Reference Frame for
astronomy in January 1998 by the International Astronomi-
cal Union (IAU) (Ma et al. 1998). The ICRF is realized by
the positions of distant radio sources, mostly active galactic
nuclei (AGNs), based on the astrometric and geodetic very
long baseline interferometry (VLBI) observations coordinated
by the International VLBI Service for Geodesy and Astrom-
etry (IVS; Schuh & Behrend 2012; Nothnagel et al. 2017, see
also the IVS website1), and relies on the VLBI technique
for its maintenance and improvement. As officially adopted
by the IAU in January 2019, the third realization of the
ICRF (ICRF3; Charlot et al. 2020) was established based on
40 years of VLBI observations and, for the first time, inde-
pendently at three different radio frequencies. The radio source
positions in the ICRF3 have accuracies at submilliarcsecond
(sub-mas) levels. The European Space Agency mission Gaia2

(Gaia Collaboration 2016) has released position estimates and
other astrometric parameters for the celestial objects with optical
G magnitudes <21 mag based on the observations during the 22
months since July 2014 (DR2; Gaia Collaboration 2018a). The

1 https://ivscc.gsfc.nasa.gov/index.html
2 https://sci.esa.int/web/gaia

color-dependent calibration is possible based on the Gaia DR2,
and leads to improvements in the astrometric solution thereafter
(Lindegren et al. 2021). The Gaia Early Data Release 3 (EDR3;
Gaia Collaboration 2021) has made the data available based on
the first 34 months of its observations.

A good overall agreement between radio and optical posi-
tions was achieved for the cross-matched common objects
(Mignard et al. 2016; Gaia Collaboration 2018b); the median
arc length between the source positions from Gaia and VLBI
is ∼0.5 mas based on the Gaia DR2 and the ICRF3. How-
ever, the distribution of the arc lengths between radio and
optical positions normalized by their uncertainties (hereafter
normalized arc length) deviates from the expected Rayleigh
distribution with σ = 1. The most obvious deviations in that
distribution are the long tail spreading to very large nor-
malized arc lengths and the significant deficit of values in
the bins around the expected peak. In the Gaia DR1, there
were only a small percentage of sources with normalized arc
lengths >3 (Mignard et al. 2016; Petrov & Kovalev 2017a). In
the Gaia DR2, the fraction of these sources increases to more
than 10% (Petrov & Kovalev 2017b; Gaia Collaboration 2018b;
Petrov et al. 2019; Makarov et al. 2019). By deselecting objects
mostly based on the optical properties, Makarov et al. (2019)
still found that 20% of the sources had normalized arc lengths
>3. The factors causing these position differences between
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optical and radio are still uncertain, even though there are a
variety of possible astrophysical explanations (Makarov et al.
2019; Plavin et al. 2019a; Kovalev et al. 2020). For instance,
Kovalev et al. (2017) and Petrov et al. (2019) suggested that the
main cause of the position differences is optical structure, the
optical jets at milliarcsecond scales. Understanding these posi-
tion differences is very important because (1) it will lead to a
better selection of the common sources for aligning the optical
frame to the radio frame; (2) the number of sources with statisti-
cally significant position differences can continue to increase in
future Gaia data releases, which would allow more small posi-
tion differences to be detected at the 3σ confidence level; and (3)
the position differences may tell us something important about
the astrophysics of AGNs.

We examine the position differences between Gaia and
VLBI from the radio side. As demonstrated in the imaging sur-
vey of radio sources (Charlot 1990a; Fey & Charlot 1997), the
celestial reference frame (CRF) sources commonly have angular
structure on milliarcsecond scales at centimeter wavelengths3.
Source structure is time and frequency dependent, and it is not
modeled in the data analysis of building the ICRF3. The posi-
tion estimates and their uncertainties in the ICRF3 are based on
global least-squares fitting (LSQ), and are thus not able to char-
acterize the impacts of the systematical position variations over
the 40 years due to source structure. For example, the position
uncertainties from LSQ are likely underestimated in the pres-
ence of systematic errors. Our previous study used the same
VLBI observations as for the creation of the ICRF3 to quantify
the magnitude of effects of source structure on VLBI observ-
ables for each individual source (Xu et al. 2019). In this paper
we apply the results to investigate the relationship between the
Gaia–VLBI position differences and source structure at centime-
ter wavelengths. We then attempt to explain and discuss these
position differences based on the radio images from the Moni-
toring Of Jets in Active galactic nuclei with VLBA Experiments
(MOJAVE; Lister et al. 2018).

The paper is structured as follows. We introduce in Sect. 2
how the arc lengths of position differences, the normalized
arc lengths, and the quantitative values of measuring structure
effects are derived. We describe in Sect. 3 the results from the
examination of arc lengths, normalized arc lengths, optical G
magnitudes, and redshifts with respect to source structure. In
Sect. 4.1 we discuss the effects of source structure and its quan-
tification, in Sect. 4.2 the frequency-dependent shift of the VLBI
core position, in Sect. 4.3 the large position differences that are
statistically significant, in Sect. 4.4 the magnitudes of the posi-
tion differences, and in Sect. 4.5 the directions of the position
differences. We present our conclusion in Sect. 5.

2. Data

2.1. Source positions from Gaia and VLBI

We used the right ascension and declination estimates, their
uncertainties, and the correlations between these two coordinates
in the ICRF34, which contains 4536 sources observed by astro-
metric and geodetic VLBI at S/X band. The median uncertain-
ties of right ascension and declination reported in the ICRF3 are
0.155 mas and 0.217 mas, respectively. We used the Gaia DR2

3 Images of CRF sources can be found at http://www.physics.
purdue.edu/astro/MOJAVE/
4 http://hpiers.obspm.fr/icrs-pc/newwww/icrf/icrf3sx.
txt

and EDR35 to obtain the five astrometric parameters (source
position, proper motion, and parallax), their uncertainties, the
correlations between them, and the optical magnitude.

Even though the cross-match between radio and optical cat-
alogs basically relies on the position coincidence, other criteria
are needed to reduce the risk of false matches. Lindegren et al.
(2018) applied constraints on the other three astrometric param-
eters and the number of observations, and masked out the region
near the Galactic plane, as shown in Eq. (13) of the publica-
tion. Petrov & Kovalev (2017a) used the concept of probability
of false association as a function of Gaia source density on a reg-
ular grid and the possible area defined by the positions and the
uncertainties at radio and optical wavelengths for each potential
match. We combined these two methods to identify the common
objects between the ICRF3 and the Gaia DR2, which gives 2970
sources (Lunz et al. 2019, please refer to the poster6). Based
on the Gaia EDR3 and the ICRF3, we identified 3142 com-
mon sources, the same number of matched sources as found by
the Gaia team in the ongoing analysis (François Mignard, priv.
comm.).

For each common source we calculated the arc length
between the Gaia and VLBI positions ρ by

ρ =

√
(∆α cos δ)2 + ∆2

δ, (1)

where ∆α and ∆δ are the differences of right ascension and decli-
nation in the Gaia data and the ICRF3, respectively, and δ is the
declination. The normalized arc length Xρ is defined and calcu-
lated by

Xρ = ρ/σρ, (2)

where σρ is the uncertainty of ρ based on the full 2×2 covariance
matrix, as described in Eqs. (4) and (5) of Mignard et al. (2016).

To characterize the position uncertainty with a single value,
the semi-major axis of the error ellipse σpos,max was computed
for both Gaia and VLBI by

σ2
pos,max =

1
2

[
(σα cos δ)2 + σ2

δ

+

√(
(σα cos δ)2 − σ2

δ

)2
+ (2Cαδσα cos δσδ)2

]
, (3)

where σα and σδ are the uncertainties of right ascension and
declination, respectively, and Cαδ is the correlation coefficient of
the two coordinates.

Based on the Gaia DR2 and the ICRF3, there are 732 sources
with Xρ > 3.0; based on the Gaia EDR3, 804 sources have Xρ >
3.0.

2.2. Closure amplitude root mean square (CARMS)

We adopted the log closure amplitude root mean square
(CARMS) values from Table 2 in Xu et al. (2019) to quantify the
magnitude of source structure effects for each individual source7.

Due to the missing data for calibration and the insensitiv-
ity of the parameters of geodetic concern, visibility amplitudes
from interferometry were not used for most of the geodetic

5 https://gea.esac.esa.int/archive/
6 http://www.oan.es/evga2019/EVGA2019_PDF/P310_
EVGA2019_Lunz.pdf
7 The complete table is available through the CANFAR data DOI at:
https://www.canfar.net/citation/landing?doi=20.0010
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Table 1. Arc lengths ρ and normalized arc lengths Xρ with respect to CARMS.

CARMS Nsrc ρ [mas] Xρ σρ [mas]

Mean Median Mean Median Mean Median

<0.10 207 0.717 0.459 1.825 1.492 0.382 0.304
[0.10–0.20) 724 0.710 0.448 2.135 1.600 0.350 0.269
[0.20–0.30) 617 0.772 0.418 2.845 1.751 0.297 0.229
[0.30–0.40) 334 1.080 0.411 3.665 1.876 0.287 0.218
[0.40–0.50) 220 1.347 0.452 5.425 2.543 0.258 0.189
[0.50–0.60) 128 1.238 0.483 5.286 2.396 0.268 0.215
[0.60–0.70) 87 1.634 0.845 6.273 3.747 0.324 0.252
[0.70–0.80) 59 1.536 0.769 7.918 3.842 0.268 0.173
[0.80–0.90) 35 3.516 1.081 12.247 5.686 0.327 0.245
≥0.90 49 3.660 1.334 14.502 6.894 0.276 0.204
All 2460 1.012 0.459 3.628 1.843 0.314 0.240

VLBI observations. However, they carry valuable information
about source angular structure, which causes structure effects
in group delays up to hundreds of picoseconds (Charlot 1990b;
Xu et al. 2016). By forming quadrangles with four baselines, we
obtain a ratio of the four amplitude observables to cancel out
exactly the station-based errors, which is called closure ampli-
tude and provides information about the intrinsic source struc-
ture. For an ideal point-like source, all the baselines will observe
the same amplitude within the thermal noise, giving closure
amplitudes close to unity; for an extended source the closure
amplitudes deviate from unity. The CARMS value of a source
is defined to be the root mean square (rms) of log closure ampli-
tudes at the X band, based on the basic weighting scheme (see
Eqs. (2)–(4) and (6)–(8) in Xu et al. 2019). In addition to the
study in Xu et al. (2019), supporting material is also available8,
where the closure phase and closure amplitude plots are available
for tens of sources to demonstrate the source structure effects and
compare with their CARMS values.

The CARMS values are available for 3417 radio sources in
the ICRF3, and were derived from the astrometric and geodetic
VLBI observations from 1979 to 2018, the same dataset estab-
lishing the ICRF3. They are in the range 0.03–1.63, and the mean
and median values are 0.31 and 0.24, respectively. The CARMS
values generally classify the CRF sources into three categories:
1. CARMS< 0.2 indicates minimum structure;
2. CARMS> 0.3 indicates significant structure;
3. CARMS> 0.4 indicates very extended structure.

The CARMS values were validated by the different source cat-
egories in the ICRF catalogs. For instance, the 39 special han-
dling sources in the second realization of the ICRF (Fey et al.
2015), which have variations in the time series of VLBI position
estimates at mas or sub-mas levels, have the median CARMS
of 0.60, while the median value for the ICRF3 defining sources,
used to define the axis directions of the ICRF3, is 0.25. Recently,
these CARMS values were used to select radio sources with min-
imum structure to assess the quality of group delays in the broad-
band VLBI system (Xu et al. 2021a).

For the 3142 common sources from the Gaia EDR3, the
CARMS values are available for 2460 sources, or 78%; the mean
and median CARMS values are 0.30 and 0.24, respectively,
which are at the same level as those of the 3417 sources. We
examined the source position estimates based on both the Gaia

8 https://www.canfar.net/citation/landing?doi=19.0007

DR2 and EDR3, but we focus on the results from the EDR3 in
our study.

2.3. Redshift

We used the Optical Characteristics of Astrometric Radio
Sources (OCARS; Malkin 2018) catalog to search for the red-
shifts. The OCARS catalog conveniently provides the redshifts
for radio sources by collecting them in the literature. Among
the 2460 sources, we obtained the redshifts for 2198 sources, or
∼89%. They are in the range 0.01–5.06 with mean and median
values of 1.28 and 1.18, respectively.

3. Results

3.1. Arc length ρ

We examined the arc lengths ρ between the VLBI and Gaia
source position estimates with respect to the CARMS values.
Table 1 shows the mean and median values of ρ and σρ for
different ranges of CARMS values. The median ρ steadily
increases from ∼0.4 mas to ∼1.3 mas when the CARMS val-
ues increase from 0.4. The mean ρ increases more significantly
from ∼0.7 mas to ∼3.7 mas. The median ρ begins to arise when
CARMS' 0.6; the mean ρ arises significantly, above 1.0 mas,
when CARMS' 0.3. We note that in general a smaller CARMS
value of a source indicates that it causes less significant structure
effects.

When CARMS< 0.3, the arc lengths ρ have mean values of
∼0.7 mas and median values of ∼0.4 mas, and their uncertain-
ties have mean values of ∼0.4 and median values of ∼0.3. It is
reasonable to expect that these arc lengths will decrease with
better uncertainties from Gaia in the near future, as happened
from the DR2 to the EDR3. However, when CARMS> 0.6, the
arc lengths are larger and statistically significant, and they have
even better uncertainties than the sources with CARMS< 0.3. It
is obvious that the sources with extended structure have larger
position differences between VLBI and Gaia, which are sta-
tistically very significant, whereas the sources with minimum
structure tend to have smaller position differences, which are
statistically insignificant.

The mean ρ is always larger than the median due to a small
fraction of sources having considerably larger ρ than the rest of
sources in each group. The differences between the mean and
median ρ increase with the CARMS values.
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Fig. 1. Histogram of Xρ for the 2490 sources (top), the sources
with CARMS< 0.10 (middle), and the sources with CARMS> 0.40
(bottom). The sources with Xρ > 10 are accounted for in the last bin.
The blue curves show the Rayleigh distributions with unit standard devi-
ation. The total number of sources in each of the three samples is shown
in black in each panel (top right), and the number of the sources with
Xρ > 3.0 is in red. The straight red lines correspond to Xρ = 3. The
remarkable differences in the distributions of Xρ between these three
groups of sources are the numbers of sources in the last bins, Xρ > 9.8.

3.2. Normalized arc length Xρ

We examined the normalized arc lengths Xρ with respect to the
CARMS values. The statistics of Xρ are shown in Table 1. A
dependence of Xρ on the CARMS values is revealed. Figure 1
shows the three distributions of Xρ for the 2460 common sources
(top), the sources with CARMS< 0.10 (middle), and the sources
with CARMS> 0.40 (bottom). About 26% of the 2460 sources
have Xρ > 3. For the 207 radio sources with little structure,
the distribution of Xρ shown in the middle panel is close to
the expected Rayleigh distribution; however, for the 556 radio

Fig. 2. Histogram of the CARMS values for the 2460 radio sources
(filled gray bars) and for the 147 radio sources with Xρ > 10.0 (open red
bars). About 3/5 of these 147 sources have the CARMS values larger
than 0.40, while less than 1/4 of the 2460 sources have the CARMS
values larger than 0.40.

sources with CARMS> 0.40, the distribution of Xρ clearly devi-
ates from the Rayleigh distribution (one-half of the sources
have Xρ > 3, and one-sixth even have Xρ > 10). The proba-
bility of having statistically significant position differences is
doubled for the radio sources with extended source structure
(CARMS> 0.4).

Figure 2 shows the distributions of the CARMS values for all
2460 sources (gray filled bins) and the 147 sources with Xρ > 10
(red open bins). The mean and median CARMS values for all
2460 sources are 0.30 and 0.24, respectively; for the 147 sources
with Xρ > 10 these values are 0.52 and 0.48. About 60% of the
sources with Xρ > 10 have CARMS> 0.40. Given that only 23%
of the 2460 sources have CARMS> 0.40, the high correlation is
also identified between the sources with statistically significant
position differences and the sources with extended structure.

The differences in the CARMS values for the sources with
various ranges of ρ and Xρ are shown in Table 2. For different
magnitudes of ρ the mean and median CARMS values for the
sources with Xρ > 4 are all the largest among the three cate-
gories based on Xρ; these values for the sources with Xρ in the
range of 3–4 are larger than for the sources with Xρ < 3. On aver-
age, the difference in the CARMS values is ∼0.2 between the
sources with and without statistically significant position differ-
ences. There is only a slight increase in the mean and median
CARMS values as ρ increases for Xρ > 4. We recommend cau-
tion when interpreting the results in Table 2, because the values
will change with better uncertainties of source positions in the
future Gaia data releases. With the significant improvement in
position uncertainties expected from the Gaia observations, the
sources with current Xρ ≤ 3 can have Xρ > 3, as happened for
the Gaia DR2 compared to the Gaia DR1 and for Gaia EDR3
compared to the Gaia DR2. Meanwhile, the arc lengths ρ for the
1813 sources with Xρ ≤ 3 will generally decrease, which can
be demonstrated by the Gaia DR2 and EDR3. The arc lengths
of these 1813 sources are all smaller than 4.0 mas; the num-
ber of the sources with ρ ≥ 4.0 mas should not be changed dra-
matically, unless a few new common sources between Gaia and
the ICRF3 can be identified from the future Gaia data releases.
Since the ICRF3 sources were systematically included in the
Gaia quasar list, those missing sources in the Gaia EDR3 are
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Table 2. CARMS values with respect to ρ and Xρ.

ρ [mas] if (Xρ > 4) if (4≥ Xρ > 3) if (Xρ ≤ 3)

Nsrc Mean Median Nsrc Mean Median Nsrc Mean Median

<0.4 34 0.43 0.44 33 0.35 0.30 1011 0.26 0.23
[0.4–0.7) 56 0.43 0.36 62 0.33 0.28 425 0.25 0.21
[0.7–1.0) 55 0.47 0.45 48 0.25 0.21 179 0.27 0.21
[1.0–2.0) 114 0.50 0.43 52 0.30 0.19 164 0.25 0.20
[2.0–4.0) 98 0.40 0.35 16 0.50 0.43 34 0.26 0.20
[4.0–7.0) 44 0.46 0.44 4 0.36 0.33 0 . . . . . .
≥7.0 31 0.51 0.47 0 . . . . . . 0 . . . . . .

All 432 0.46 0.42 215 0.32 0.27 1813 0.26 0.22

Table 3. Optical G magnitude and redshift z.

CARMS Optical G magnitude [mag] Redshift z

Nsrc Mean Median Nz Mean Median

<0.1 207 19.283 19.486 181 1.270 1.062
[0.1–0.2) 724 18.965 19.112 624 1.188 1.072
[0.2–0.3) 617 18.665 18.759 553 1.214 1.139
[0.3–0.4) 334 18.712 18.841 305 1.355 1.292
[0.4–0.5) 220 18.460 18.498 204 1.350 1.256
[0.5–0.6) 128 18.489 18.581 116 1.413 1.312
[0.6–0.7) 87 18.381 18.474 78 1.268 1.203
[0.7–0.8) 59 18.442 18.446 53 1.622 1.400
[0.8–0.9) 35 18.678 18.740 33 1.506 1.460
≥0.9 49 18.359 18.597 47 1.434 1.351
All 2460 18.763 18.910 2198 1.275 1.182

probably too faint in the optical, and finding significantly more
matches from Gaia is unlikely. As shown in Table 1, the uncer-
tainties of ρ have mean and median values of about 0.3 mas and
0.2 mas, which allow the large ρ (e.g., > 4.7 mas) to be confi-
dently detected but are not able to fully identify the sources with
ρ< 1.0 mas. Therefore, when the final Gaia data release is avail-
able to identify more sources with small ρ and large Xρ, the mean
and median CARMS values will thus decrease for the sources
with ρ< 1.0 mas and Xρ > 4. We expect to see the CARMS val-
ues steadily increasing with respect to ρ in the future Gaia data
releases, as we see that ρ increases with CARMS in Table 1. In
the following investigation we set the limit of Xρ = 4.0, at the
99.994 % confidence level, to identify the sources with statisti-
cally significant position differences.

3.3. Optical G magnitude and redshift

We examined optical G magnitude and redshift z with respect to
the CARMS values to investigate whether there is any potential
correlation between the CARMS values and the optical prop-
erties. Table 3 shows the statistics of G and z. The mean and
median magnitudes both generally decrease with respect to the
CARMS values; the difference in G between the sources with
CARMS< 0.1 and with CARMS> 0.9 is about 0.9 mag. Based
on the high correlation between the radio luminosity and the
optical luminosity shown in Arshakian et al. (2010), the sources
with higher luminosity at optical wavelengths will have higher
radio flux densities. We can also expect a correlation between
radio luminosity and extended structure which is driven by jet

power: higher power means higher radio luminosity and more
extended structure in linear scale due to the jet being able to
drill its path. Radio sources with higher flux densities tend to
have more extended structure and consequently larger CARMS
values, as shown for the 30 most frequently observed sources
in geodetic VLBI by Xu et al. (2019). Since the CRF sources
are flux-limited, at high redshifts the sources must have high
luminosity, and consequently their powers and extents are larger
than at low redshift. This should partly explain the correlation
between z and CARMS in the table. The correlation between
CARMS and both G and z seems to be significant.

We examined G and z in more detail. This investigation can
be biased because the uncertainties of Gaia positions depend on
G, as shown in Gaia Collaboration (2018b). The statistics of arc
lengths and normalized arc lengths with respect to G can be dra-
matically changed when new position estimates with improved
uncertainties are available from Gaia in the near future. We nev-
ertheless attempt to address it based on the Gaia EDR3.

Table 4 shows the statistics of arc lengths, the major axes
of the error ellipses of the Gaia positions and the VLBI posi-
tions, the CARMS values, and z with respect to different optical
G magnitudes for the 2028 sources with Xρ ≤ 4. As we expect,
the values of G and z are positively correlated for these sources:
when an object is farther away it appears dimmer. The differ-
ences of the mean CARMS values at various ranges of G are
no larger than 0.06, and those of the median values are no
larger than 0.08. There is a small decrease in the CARMS val-
ues when G increases, which demonstrates that when a source
locates farther away the scale of its structure may decrease. The
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Table 4. Statistics of the 2028 sources with Xρ ≤ 4.

G [mag] Nsrc ρ [mas] σpos,max [mas] CARMS z

Mean Median Gaia VLBI Mean Median Nz Mean Median

<15.0 7 0.304 0.256 0.020 0.218 0.25 0.21 7 0.304 0.200
[15.0–16.0) 35 0.258 0.175 0.030 0.175 0.30 0.27 35 0.459 0.310
[16.0–16.5) 29 0.316 0.244 0.043 0.199 0.29 0.26 29 0.711 0.557
[16.5–17.0) 62 0.283 0.218 0.051 0.177 0.28 0.24 59 1.014 1.003
[17.0–17.5) 125 0.337 0.271 0.072 0.199 0.29 0.25 120 1.029 0.954
[17.5–18.0) 176 0.312 0.215 0.094 0.186 0.29 0.25 172 1.211 1.093
[18.0–18.5) 265 0.347 0.288 0.126 0.210 0.28 0.24 251 1.261 1.200
[18.5–19.0) 312 0.392 0.331 0.179 0.207 0.27 0.23 292 1.452 1.384
[19.0–19.5) 331 0.492 0.399 0.247 0.230 0.25 0.21 301 1.423 1.375
[19.5–20.0) 315 0.611 0.491 0.370 0.223 0.24 0.19 259 1.428 1.300
[20.0–20.5) 275 0.917 0.790 0.623 0.228 0.24 0.19 202 1.502 1.375
≥20.5 96 1.687 1.434 1.079 0.272 0.27 0.20 64 1.274 0.980
All 2028 0.633 0.454 0.293 0.216 0.26 0.22 1791 1.314 1.219

Notes. The values in the fifth and sixth columns are the mean σpos,max for Gaia and VLBI position estimates, respectively.

Table 5. Statistics of the 432 sources with Xρ > 4.

G [mag] Nsrc ρ [mas] σpos,max [mas] CARMS z

Mean Median Gaia VLBI Mean Median Nz Mean Median

<15.0 9 0.369 0.269 0.016 0.053 0.42 0.30 9 0.228 0.160
[15.0–16.0) 17 0.978 0.521 0.032 0.074 0.59 0.63 17 0.394 0.302
[16.0–16.5) 19 1.083 0.839 0.040 0.121 0.56 0.60 18 1.182 1.258
[16.5–17.0) 34 3.820 0.867 0.062 0.155 0.47 0.43 34 1.332 1.140
[17.0–17.5) 43 1.810 0.868 0.088 0.125 0.48 0.43 43 1.093 0.994
[17.5–18.0) 59 1.581 0.951 0.098 0.157 0.47 0.44 57 1.283 1.285
[18.0–18.5) 68 2.483 1.505 0.146 0.167 0.44 0.39 68 1.228 1.208
[18.5–19.0) 52 4.258 1.535 0.184 0.229 0.44 0.41 48 1.065 0.949
[19.0–19.5) 53 4.777 2.289 0.250 0.222 0.46 0.41 44 1.061 0.726
[19.5–20.0) 35 4.953 2.987 0.405 0.241 0.44 0.35 31 1.054 0.667
[20.0–20.5) 28 5.344 3.623 0.622 0.255 0.31 0.30 26 0.940 0.770
≥ 20.5 15 4.176 3.151 0.805 0.292 0.49 0.46 12 1.254 1.037
All 432 3.173 1.510 0.207 0.183 0.46 0.42 407 1.103 0.901

Notes. The values in the fifth and sixth columns are the mean σpos,max for Gaia and VLBI position estimates, respectively.

magnitudes of ρ gradually increase with respect to G; however,
the position uncertainties of both Gaia and VLBI also vastly
increase. Since the ratio of the arc lengths to its uncertainties
is always at the same level for different ranges of G, it is not
possible from the result to conclude that there is dependence of
ρ on G.

Table 5 shows the statistics of the same quantities as Table 4
but for the 432 sources with Xρ > 4. The arc lengths increase by
a factor of ∼10 from G < 15 mag to G ≥ 20 mag. This apparent
dependence of ρ on G, however, is mainly due to the high corre-
lation between the Gaia position uncertainties and G, as shown
in the table. Because the Gaia position uncertainties get dramat-
ically worse as G becomes higher, a uniformed threshold of Xρ,
which is 4 in the study, forces only the sources with large enough
arc lengths to be selected at the higher optical magnitudes. As
discussed before, these statistics will change when new position
estimates are available from the future Gaia data releases.

By comparing the results in Tables 4 and 5, the major differ-
ences of these two groups of sources are found to be CARMS
and z. The CARMS values of the sources with Xρ > 4 are larger

(by ∼0.2) than those of the sources with Xρ ≤ 4; the mean and
median z values are smaller (by 0.21 and 0.32, respectively). The
relationship between G and z for these two groups of sources are
shown in Fig. 3. The sources with Xρ ≤ 4 have z steadily increas-
ing over G, while the sources with Xρ > 4 even show a small
decrease in z when G > 16.5 mag.

We argue that the statistically significant position differences
may also be associated with, for instance, some weak but nearby
(small z) optical objects.

4. Discussion

4.1. Radio source structure

The CRF sources have radio emission with angular scales at
milliarcsecond levels over the sky, called source structure. It
causes structure delays of up to hundreds of picoseconds, as
shown in modeling by Charlot (1990b) and in actual observa-
tions by Xu et al. (2016). Based on the CONT14 observations9,

9 https://ivscc.gsfc.nasa.gov/program/cont14/
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Fig. 3. Mean redshift values with respect to the optical G magnitudes
for the 2198 sources with available redshifts. The blue curve is for the
sources with Xρ ≤ 4, and the red curve is for the sources with Xρ > 4.
The error bars show the estimated uncertainties of the mean values. The
bin windows of G are shown in the first column in Table 4. The sources
with Xρ > 4 have substantially lower Z at G > 18.5 mag, but higher z at
G ' 16.5 mag than the sources with Xρ ≤ 4. The statistics are shown in
Tables 4 and 5.

Anderson & Xu (2018) suggested that source structure is the
major contributor to errors in the astrometric and geodetic VLBI.
Since these effects in VLBI group delays have not been mod-
eled in the VLBI data analysis, based on which the ICRFs were
built and maintained, the source positions from VLBI change
over time due to both the different observing geometry between
antennas and sources and the varying structure. For a large frac-
tion of CRF sources, the structure effects can change their posi-
tions at the level of 0.5 mas, as shown in the position time series
of 39 well-observed sources (Ma et al. 2009, see the plots in the
IERS Technical Note 3510). The number of sources affected by
the structure effects dramatically increases when we consider the
position differences between Gaia and VLBI down to the level
of ∼0.3 mas. Based on the CARMS values, 40% of CRF sources
have significant structure.

CARMS tells the structure effects in amplitude observables.
For a source with CARMS = 0.1, the ratios of the amplitude
observables to the various combinations of quadrangle have an
rms of 1.1. Those ratios have an rms of 1.5 for CARMS = 0.4,
and 1.8 for CARMS = 0.6. It is straightforward to understand
that sources with a small CARMS value are close to point-like,
and those with a large CARMS value have extended structure.

In Fig. 4, we show the images from MOJAVE for four
sources, 0048−097, 0059+581, 1803+784, and 1928+738. Since
the VLBI observations for deriving the images are at differ-
ent frequencies by different antenna arrays during different time
periods compared to the observations for the ICRF3 and the
CARMS values, we cannot expect an exact proportional rela-
tion between the CARMS values and the scales of the MOJAVE
images. However, they are already of great help to demon-
strate the differences between the CARMS values smaller and
larger than 0.3. The two sources 0048−097 (CARMS = 0.11)
and 0059+581 (CARMS = 0.27) only have compact cores,
whereas the other two sources, 1803+784 (CARMS = 0.35) and

10 https://www.iers.org/SharedDocs/Publikationen/EN/
IERS/Publications/tn/TechnNote35/tn35_017.pdf?__blob=
publicationFile&v=1

1928+738 (CARMS = 0.88), have significant emissions from the
jets on milliarcsecond scales. The relative positions between
Gaia and VLBI are also shown in the plots. It is obvious in the
plots that the Gaia-VLBI position differences are typically par-
allel to the jet directions, which has already been reported by
Kovalev et al. (2017) and Petrov et al. (2019) and will be dis-
cussed in Sect. 4.5.

There are four remarks concerning CARMS. First, it was cal-
culated based on actual VLBI observations rather than the maps
of radio sources. Once the CARMS is large, the source should
have extended structure; however, if the source has extended
structure, it does not necessarily have a large CARMS value
due to insufficient observations in terms of (u, v) coverage to
capture the structure. However, the great advantage of using
actual VLBI observations is that it quantifies the magnitude of
structure effects over the whole time period of 40 years. Sec-
ond, CARMS is based on (log) closure amplitudes, which are
not sensitive to the absolute source position. Therefore, only
the relative structure (i.e., the relative positions and the relative
fluxes between the multiple components) is defined by CARMS;
if a source with compact structure changes its position on the
sky, the CARMS value cannot predict that change. Third, since
there was no attempt to do proper weighting for different sizes
of quadrangle and select an independent set of closure ampli-
tudes for each individual source in deriving CARMS values, it
becomes difficult to determine a source with a medium CARMS
value, 0.25–0.30, as having structure and to what extent. Fourth,
CARMS was derived from the X-band observations only, while
the ICRFs are based on the ionosphere-free delays through the
linear combination of the group delays at the S/X band. The
structure effects in the S-band observations thus are ignored in
this study. Even though the contribution of the structure effects
at the S band is scaled down by a factor of ∼13.8 in that lin-
ear combination process, it can be significant for some radio
sources. This should partly explain why there are sources with
CARMS< 0.10 but with Xρ > 3.0, as shown in the middle panel
of Fig. 1.

Modeling structure effects is still missing in astrometric
and geodetic VLBI data analysis, even after several decades
of discussion. The practical problems are to continuously make
images for hundreds of sources and for each source many times
if the structure changes. The main challenge is that the images
for modeling structure effects have to be registered over time
for each source in order to maintain a stable CRF at high
accuracy. The next generation of geodetic VLBI, known as
the VLBI Global Observing System (VGOS) (Niell et al. 2007;
Petrachenko et al. 2009), requires the images of each source at
the four different bands to be registered in the range of 3.0–
14.0 GHz (Xu et al. 2021b). Otherwise, only the relative struc-
ture effects can be reduced, and the misalignment of the images
at different epochs or at different frequency bands due to core
shift, discussed in the next section, inevitably leads to source
position variations. Due to the limitation in imaging resolutions,
identifying the reference points in structure and images is diffi-
cult for accuracy levels better than 0.1 mas. Therefore, aligning
the images and investigating core shift are crucial in order to
mitigate these systematic effects.

4.2. Core shift

Source structure is frequency-dependent due to two factors: (1)
the steep spectrum of the extended jet causing the sources to
have larger scales at lower frequencies; and (2) synchrotron
self-absorption causing changes in the optical depth along the
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Fig. 4. MOJAVE images of four sources, 0048−097 (CARMS = 0.11, upper left), 0059+581 (CARMS = 0.27, upper right), 1803+784
(CARMS = 0.35, bottom left), and 1928+738 (CARMS = 0.88, bottom right). These images were made based on VLBA observations at 15.35 GHz
by the MOJAVE project. The peaks of flux are selected as the origins. The VLBI positions are formally assumed to be at the origins, as shown
by the red dots. Since the MOJAVE images and the ICRF3 are derived from observations at different frequencies, this assumption may introduce
systematic errors. Based on their position differences between the Gaia EDR3 and the ICRF3, the Gaia positions are thus located at the blue dots.
The error bars are the 3σ uncertainties of right ascension and declination from Gaia and VLBI. It is also conspicuous that when Xρ > 4 the VLBI
to Gaia position vectors favor the directions along and opposite to the jets, as shown by Kovalev et al. (2017), Petrov et al. (2019). The ρ and Xρ

values are shown in the upper left corner of each plot. These four plots demonstrate how the scales of the structure appear in terms of different
CARMS values. Nevertheless, we should mention that the CARMS values and the ICRF3 are based on VLBI observations at the frequency band
around 8.4 GHz over 40 years, while these images were made from observations at 15.35 GHz during the short periods shown at the top of each
plot. The jet components always become more prominent at the lower frequency bands. The images were convolved with a circular beam of
0.3 mas as indicated by the black circle in the bottom left corner, about 40% of the typical MOJAVE beam size. Overlay contours are shown at ten
levels of peak percentage specified in the bottom of plots.

jet. The latter factor leads to changes in the position of the
core, where the optical depth is unity, depending on the observ-
ing frequency. This effect, called core shift, was predicted
by Blandford & Königl (1979). When the observing frequency
increases, it causes the position of the core to move towards the
jet base.

Core shift was first measured for the source 1038+528A with
a magnitude of ∼0.7 mas at 2.3 GHz and 8.4 GHz by referring
to its nearby source 1038+528B (Marcaide et al. 1985). Since
then it has been measured for 29 sources with a median value

of 0.44 mas between 2.3 GHz and 8.4 GHz by Kovalev et al.
(2008), for 20 sources with a median value of 1.21 mas between
1.4 .GHz and 15.4 GHz and 0.24 mas between 5.0 GHz and
15.4 GHz by Sokolovsky et al. (2011), for 163 sources with
a median value of 0.128 mas between 8.4 GHz and 15 GHz
by Pushkarev et al. (2012), and for 40 sources with a typical
value of 0.5 mas between 2.3 GHz and 8.4 GHz by Plavin et al.
(2019b). The frequency-dependency of the core position can be
parameterized by kν−β, where k is a source-dependence core
shift parameter (it can be variable over time according to the
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study of Plavin et al. 2019b), ν is the observing frequency, and β
is an astrophysical parameter. So far, β has been measured to
be close to 1 (Lobanov 1998; Sokolovsky et al. 2011), which
agrees with the prediction under the condition of the equipar-
tition between jet particle and magnetic field energy densities
(Blandford & Königl 1979).

The impact of core shift on astrometric positions measured
by VLBI was discussed by Porcas (2009) using a simple model
of a point-source core. Based on the median core shift between
2.3 GHz and 8.4 GHz of 0.44 mas (Kovalev et al. 2008), the core
position is shifted by 0.166 mas at a frequency of 8.4 GHz, and
varies by 0.014 mas over the frequency band of 8.2–8.9 GHz
used in most of geodetic VLBI observations. The position shift
of 0.166 mas can cause visibility phase variations of several
degrees over the band, which are canceled out exactly by the
additional phase variations due to the position shifts of 0.014 mas
over the band. It was shown that given β = 1, group delays of
observations on a point-like source refer to a fixed point at the
jet base at any frequency and at any time, whether k varies or
not over time. It is therefore believed that core shift will not con-
tribute to the position differences between Gaia and VLBI, given
that β ' 1.

Our special concern about core shift is not only the robust
validation of β ' 1 for the CRF sources, but also the simple
source model used in Porcas (2009). Core shift has two effects
on source structure: (1) moving the absolute position of the
core towards the jet base when the frequency increases; and (2)
changing the relative positions between the core and the jet com-
ponents in structure. Apparently, the discussion of Porcas (2009)
investigated the first effect only. The truth is again that almost all
the CRF sources have structure on milliarcsecond scales, which
changes over time. In the previous discussion, the relative posi-
tions between the core and the jets will also be changed by
0.014 mas over the band to the opposite direction of the abso-
lute position shift of the core. The cancellation of the across-
band phase variations in the point-source case breaks down for
extended sources. Therefore, core shift can influence the position
estimates determined from VLBI group delays. In this context,
even though there may be no real connection between the magni-
tude of core shift and the scales of source structure, the impact of
core shift will correlate with structure effects; extended sources
with large source structure effects tend to have larger core shift
effect in the position differences between radio and optical than
the sources with minimum structure. Further studies are needed
to verify this assumption.

4.3. Sources with ρ > 4.0 mas and Xρ > 4

There are 75 sources with ρ > 4.0 mas and Xρ > 4. Among
them, 53 sources have CARMS> 0.3 and 41 sources have
CARMS> 0.4. Of the 22 sources with CARMS values ≤0.3, 20
sources have available z values, and 15 sources have z < 0.7. The
median z of these 20 sources is 0.25, which is only one-fifth of
the median z of the 2198 sources with known z. A small fraction
of these sources seem to be weak but nearby optical objects. It is
important to investigate this further.

4.4. Magnitudes of the position differences

With an improvement in Gaia position estimates in the near
future, the number of the sources with Xρ > 4 may continue
to increase. However, there should be no significant increase
in the number of sources with extremely large differences (e.g.,
ρ > 4.0 mas); currently, there are 79 sources, less than 4%.

As shown in Tables 4 and 5, there are 615 sources with G <
18 mag, and the mean semi-major axis of the error ellipses of
the Gaia positions for these 615 sources is already smaller than
0.1 mas. In this sample of 615 sources, 181 sources have Xρ > 4,
or 40%. About 74% of these 181 sources have ρ < 1.5 mas;
the median ρ is ∼0.8 mas. Therefore, the magnitude of ρ for
the majority of the sources with Xρ > 4 is expected to be at
the same level as source structure effects and core shift. For the
434 sources with Xρ ≤ 4, the median ρ is ∼0.24 mas, which is
at the same level as their uncertainties dominated by VLBI. This
may provide insights into the final agreement of source positions
between Gaia and VLBI for the whole ensemble of common
sources.

If we assume that the median uncertainty of the Gaia source
positions at higher optical magnitudes is ∼0.1 mas, which is bet-
ter than the predicted end-of-mission accuracies but still possi-
ble (Perryman et al. 2001; de Bruijne et al. 2014), the Gaia and
VLBI positions will agree with each other within their uncer-
tainties for the 3/5 sources, and the median ρ for these sources
will be at the level of 0.24 mas. There will be 2/5 sources having
statistically significant position differences with a median ρ of
0.8 mas.

Based on about 2000 evenly distributed sources over the sky
with position differences of ∼0.24 mas, the orientation stability
of the Gaia frame with respect to the ICRF3 may be achieved at
the level of ten microarcseconds (µas); it is sufficient to detect
systematic position differences between Gaia and VLBI at the
level of hundreds of µas. Several hundreds of sources with well-
detected position differences at such levels will provide invalu-
able information to investigate the physical properties of radio
sources.

4.5. Directions of the position differences

Source structure and core shift are expected to cause the derived
source positions from VLBI to shift towards the jets. If the
VLBI-to-Gaia position vectors are opposite to the directions of
the radio jets, as shown for the source 1928+738 in the bottom
right panel of Fig. 4, the position differences can be explained
by source structure effects or core shift. However, it is difficult
to explain these position vectors along the jets, as shown for
the source 1803+784 in the bottom left panel, as the effects of
radio source structure and core shift. Recent studies have demon-
strated that the VLBI-to-Gaia position vectors favor the direc-
tions both along and opposite to the jets (Kovalev et al. 2017;
Petrov et al. 2019), and more sources have these position vectors
along the jets than opposite to the jets. The presence of parsec-
scale optical jet structure in the directions of the radio jets is one
proposed explanation of the phenomenon in these studies.

We compared the directions of the VLBI-to-Gaia position
vectors and of the radio jets based on the MOJAVE data.
The jet directions were calculated as the median values of
the jet position angles for the multiple jets of each individ-
ual source in the MOJAVE project. These jet position angles
were robustly determined from multiple-epoch measurements by
MOJAVE (Lister et al. 2018). Figure 5 shows the 208 sources
with the uncertainties of both the jet position angles and the
VLBI-to-Gaia position directions smaller than 30 degrees as
gray dots and the 81 sources with those uncertainties smaller
than 12 degrees as red dots. About 88% of these 81 sources
have the VLBI-to-Gaia position vectors parallel to the jet
directions within 25 degrees and 96% within 45 degrees. It
enhances the already known results from Kovalev et al. (2017)
and Petrov et al. (2019) with stronger evidence. The majority
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Fig. 5. Angles of the VLBI-to-Gaia position vectors with respect to
the jet directions as a function of the jet position angles based on the
MOJAVE data. The error bars shown are the combined uncertainties
from the formal errors of the two directions. There are 327 sources
with robust multi-epoch and multi-jet position angles, cross-matched
from the 3142 sources. Of these, 208 sources have both the uncertain-
ties of the VLBI-to-Gaia position directions and the median jet direc-
tions smaller than 30 degrees, and are shown as gray dots. There are 81
sources with those uncertainties smaller than 12 degrees, shown as red
dots. For these 81 sources, the median ρ is 0.93 mas, and the Xρ values
are larger than 3.3. Among them, 54 sources have the directions of the
position differences along the jet directions within 25 degrees and their
ρ are in the range 0.2–28.0 mas; 17 sources have the directions of the
position differences opposite to the jet directions, and their ρ values are
in the range 0.2–39.1 mas.

of the sources have the directions of the position vectors along
the jets and a significant fraction of sources have those vectors
opposite to the jets, also confirmed by this small sample of well-
determined jet position angles.

However, we address several cases where the jet position
angles can be determined in the opposite direction. Figure 6
shows the images of source 0743−006, one of the ICRF3 defin-
ing sources but with the CARMS value of 0.64, at two different
epochs. It has two compact components separated by ∼1 mas and
a fuzzy emission region extending to the northeast. The peak of
flux changed between the two components from 2010 to 2020.
According to its jet motions from model fitting, which are rel-
atively small and weak for this particular source, the core was
suggested by MOJAVE to be the peak of flux in the image from
2010, and consequently it has two-sided jets. It seems that the
southwest component can be the core, which means that the
source actually has a one-sided jet. In this case, the jet posi-
tion angle can be determined with an offset of 180 degrees. The
source has ρ=1.1 mas and Xρ=16.5. If the southwest component
is the core, the difference between its Gaia and VLBI positions
can be explained by its radio source structure. As we can see,
in the right-hand plot, if we move the VLBI position to the next
component to the upper left, then the Gaia position fits the core
very well.

We further discuss two cases, sources 0923+392 and
0429+415, of extremely large and statistically significant posi-
tion differences between VLBI and Gaia, which can be
explained by their radio structure. Their MOJAVE images are
shown in Fig. 7 with their relative positions between VLBI and
Gaia illustrated. The figure demonstrates that the source posi-
tions from geodetic VLBI are dominated by the positions of

the peak fluxes, whereas the optical positions from Gaia are
located close to the cores. The separations between the cores
and the jets for the CRF sources are typically at the milliarc-
second level, as shown in Figs. 4 and 6, and up to tens of mil-
liarcseconds, as shown in Fig. 7. It should be noted that for
a significant number of sources the VLBI position seems to
be that of a jet component rather than the core. Without abso-
lute position information in the MOJAVE images, however, we
have no knowledge of where the VLBI position really is. Since
the VLBI position to the core in the MOJAVE images is so
large for these cases, if it locates at different jet components,
phase referencing observations can determine the positions of
the jet components with sufficient accuracy, which will allow us
to locate the VLBI position within the image. This will even-
tually help us to understand where the Gaia position locates.
Figure 7 shows that since the cores of these two sources are
not the brightest components, without spectral index images
it will be difficult to identify them from radio images, which
can lead to a shift of 180 degrees in determining jet position
angles.

To conclude, our study suggests that radio source structure
is one of the major factors causing the position differences and
that the optical jet structure, if it is responsible for the sources
with the VLBI-to-Gaia vectors along the radio-jet directions,
also tends to be strong for the sources with extended structure
at centimeter wavelengths.

5. Conclusion

We draw the following conclusion based on the position differ-
ences between the Gaia EDR3 and the ICRF3:
1. The arc lengths ρ of the Gaia and VLBI position differences

increase with increasing CARMS values.
2. The majority of the sources with statistically significant arc

lengths, Xρ > 4, are associated with extended sources. For
instance, the median CARMS of the 432 sources with Xρ >
4 is 0.42, while that of the remaining 2028 sources is only
0.22.

3. For the sources with ρ > 4.0 mas and Xρ > 4, the majority
(70%) have extended structure. Source 0429+415 was used
as an example to demonstrate how source structure can cause
such large position differences, based on the MOJAVE image
shown in Fig. 7.

4. Distinct relations between the optical magnitudes and the
redshifts are found for the sources with and without sta-
tistically significant position differences. The sources with
Xρ > 4 have substantially smaller redshift values (∼0.3). Our
study suggests that a small fraction of these sources may be
associated with the weak but nearby (at small redshifts) opti-
cal objects.

5. We argue that core shift can contribute to the position differ-
ences if the source has extended structure.

6. The Gaia and VLBI position differences can be clearly
explained through the radio images for several sources as
examples. The vectors of the Gaia and VLBI position dif-
ferences are parallel to the radio-jet directions, which is con-
firmed with stronger evidence.

In order to construct a more reliable and stable CRF at radio
wavelengths, it is necessary and important to mitigate the effects
of source structure in astrometric and geodetic VLBI observa-
tions. This would then allow us to better detect the true astro-
physical differences in the locations of the radio and optical
emissions.
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Fig. 6. MOJAVE images of source 0743−006 (CARMS = 0.64) at 15 Oct. 2010 (left) and at 13 Jun. 2020 (right). See the caption of Fig. 4 for the
plot design. The peak of flux changed between the two components from 2010 to 2020, as indicated by the red dots. Based on its jet motions from
model fitting, it was suggested in the MOJAVE project that the source has two-sided jets and the core is located close to the component marked as
the red dot in the left plot. It seems possible that the southwest component is the core, meaning that the source has a one-sided jet.

Fig. 7. Explanation of the large Gaia-VLBI position differences for two sources, 0923+392 with ρ= 2.7 mas (4C39.25, CARMS = 0.80, left) and
0429+415 with ρ= 39.1 mas (CARMS = 0.83, right), based on the MOJAVE images (see the caption of Fig. 4 for the plot design). According to
the spectral index images from the MOJAVE project, the cores are not the brightest components in the images. The core of the source 0923+392
is the weak western component, and the core of the source 0429+415 is the northeastern component. Their Gaia positions are located close to the
cores, given that the VLBI positions are located at the peaks of flux. These two sources strongly demonstrate the effects of source structure on the
position differences between VLBI and Gaia; the source positions from geodetic VLBI are dominated by the positions of the peak fluxes, whereas
the optical positions from Gaia are located close to the cores.
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