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ABSTRACT
We have analysed the differences in positions of 9081 matched sources between the Gaia
Data Release 2 (DR2) and very long baseline interferometry (VLBI) catalogues. The median
position uncertainty of matched sources in the VLBI catalogue is a factor of two larger than
the median position uncertainty in Gaia DR2. There are 9 per cent matched sources with
statistically signi�cant offsets between both catalogues. We found that the reported positional
errors should be rescaled by a factor of 1.3 for VLBI and 1.06 for Gaia and, in addition, the Gaia
errors should be multiplied by the square root of chi squared per degree of freedom in order to
best �t the normalized position differences to the Rayleigh distribution. We have established
that the major contributor to statistically signi�cant position offsets is the presence of optical
jets. Among the sources for which the jet direction was determined, the position offsets are
parallel to the jet directions for 62 per cent of the outliers. Among the matched sources with
signi�cant proper motion, the fraction of objects with proper motion directions parallel to
jets is a factor of three greater than on average. Such sources have systematically higher chi
squared per degree of freedom. We explain these proper motions as a manifestation of the
source position jitter caused by �ares, which we predicted earlier. Therefore, the assumption
that quasars are �xed points, and thus that differential proper motions determined with respect
to quasar photocentres can be regarded as absolute proper motions, should be treated with
great caution.
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1 INTRODUCTION

Since the 1980s very long baseline interferometry (VLBI) has been
the most accurate absolute astrometry technique. The accuracy of
VLBI absolute positions can reach the 0.1 mas level. With few
exceptions, VLBI is able to provide absolute positions of only active
galactic nuclei (AGNs). In 2016, the Gaia Data Release 1 (DR1)
(Lindegren et al. 2016) led to the emergence of a technique that
rivals VLBI in accuracy. A quick analysis by Mignard et al. (2016)
found that, in general, the differences between common AGNs in
the VLBI and Gaia DR1 catalogues are close to their uncertainties,
except for 6 per cent of common objects. Mignard et al. (2016) claim
that �individual examination of a number of these cases shows that
a likely explanation for the offset can often be found, for example
in the form of a bright host galaxy or nearby star�. They conclude
(p. 13) that �the overall agreement between the optical and radio
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positions is excellent�. We see it differently. If two independent
observing campaigns produced small (negligible) differences, that
also implies that the contribution of a new campaign is also small
(negligible) with respect to what has been known before. Science
does not emerge from agreements. It emerges from disagreements.
Therefore, we focused our analysis on the differences between the
VLBI and Gaia AGN positions.

Our analysis of Gaia DR1 con�rmed the existence of a popu-
lation of sources with statistically signi�cant VLBI/Gaia offsets
(Petrov & Kovalev 2017a). We found that such factors as failures
in quality control in both VLBI and Gaia, blended nearby stars, or
bright host galaxies can account for at maximum 1/3 of that pop-
ulation. This analysis, as well as recent work by others (Mignard
et al. 2016; Makarov et al. 2017; Frouard et al. 2018; Liu, Zhu &
Liu 2018a; Liu, Malkin & Zhu 2018b; Liu, Zhu & Liu 2018c),
used arc lengths of VLBI/Gaia differences. Including the second
dimension, the position angle of the VLBI/Gaia offsets, resulted
in a breakthrough. Though the distribution of the position angles
counted from the declination axis turned out to be close to uniform,
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Figure 8. The distribution of normalized VLBI/Gaia arc lengths over 2313
matched sources. The sample includes all the sources with known jet direc-
tions and excludes the sources with 	 � [�0.5, �0.5] and 	 � [� � 0.5,
� + 0.5] rad. Scaling factors 1.05 and 1.30

�
�2/ndf were applied to Gaia

and VLBI. The smooth blue curve shows the Rayleigh distribution with
� = 1.

by the
�

�2/ndf makes the normalized arc lengths of galaxies
indistinguishable from the rest of the sample.

(iii) Lensed quasars. There are 10 known gravitational lenses in
the sample of VLBI/Gaia matches. Since gravitational lenses were
extensively hunted using radio surveys (e.g. Browne et al. 2003), it
is unlikely that the RFC has more than several missed gravitational
lenses.

(iv) Double quasars. Makarov et al. (2017) presented a list of 28
sources with VLBI/Gaia DR1 signi�cant offsets that have a close
component on PanSTARRS images. Of them, 24 were found in
Gaia DR2 and passed our test of the probability of false association
less than 2 x 10�4. Of them, 11 have signi�cant VLBI/Gaia DR2
offsets. The second component may be either a star or a merging
galaxy. During galaxy mergers, the nuclei may be dislodged with
respect to the centre of mass of each individual galaxy. A study
of such systems may help to constrain theories of galaxy mergers.
However, the number of such systems is small (11 out of 2293
identi�ed in Makarov et al. (2017), i.e. 0.5 per cent).

5 SUMMARY AND CONCLUSIONS

Here we summarize the main results of our comparison of AGN
positions and proper motions from Gaia DR2 against the most
complete catalogue of VLBI positions to date, the RFC.

(i) The Gaia DR2 AGN position uncertainties of VLBI matched
sources are a factor of two smaller than the VLBI position uncer-
tainties. Gaia position catalogues are becoming the most precise
astrometry catalogues at present.

(ii) We predicted in Petrov & Kovalev (2017b) that the improve-
ment in accuracy of VLBI and/or Gaia will not reconcile the VLBI
and Gaia positions, but will make these differences more signi�cant.
This prediction has come true. The fraction of outliers grew from 6
to 9 per cent, and the distribution of the position offset directions as
a function of 	 became sharper.

(iii) We demonstrated that the main reason for the statistically
signi�cant VLBI/Gaia position offset is the presence of optical
structure. Among the matched sources with normalized arc lengths
exceeding 4 that have measured jet directions, 52�62 per cent, i.e.
the majority, have position offsets parallel to the jet direction. There-
fore, we conclude that the optical jet is the cause. Although this frac-
tion may be somewhat lower for the entire population of matched

AGNs, we have obtained its �rm lower limit: 27 per cent. Other rea-
sons mentioned by Mignard et al. (2018) can explain only a small
fraction of outliers.

The presence of emission from a host galaxy within the Gaia
point spread function may shift the centroid with respect to the
nucleus if the galaxy central region structure is asymmetric or the
AGN is dislodged with respect to the galaxy centre of mass; we
assume that such a shift is independent on jet direction angle in the
absence of evidence of such a dependence. Table 1 provides the
upper limit of the fraction of outliers whose position offsets do not
depend on 	 : 33 per cent. It does not seem likely that all of these
offsets are caused by the contribution of host galaxies, because the
fraction of AGNs with discernible host galaxies is much smaller.

(iv) We found that scaling the Gaia position uncertainties by�
�2/ndf eliminated the dependence of the fraction of outliers

on �2/ndf. Examining the subset of matches with dominating
VLBI or Gaia errors allowed us to evaluate the scaling factors for
the VLBI uncertainties, 1.30, and the Gaia position uncertainties:
1.06

�
�2/ndf. Eliminating the observations within 0.5 rad of 	 =

0 and 	 = � and using rescaled uncertainties made the distribution
of normalized VLBI/Gaia arc lengths much closer to the Rayleigh
distribution: compare Figs 2 and 8.

(v) The contribution of VLBI and/or Gaia systematic errors on
estimates of the orientation angles of the Gaia DR2 catalogue with
respect to the VLBI catalogue does not exceed 0.02 mas.

(vi) We predicted in Petrov & Kovalev (2017b) that �ares in
AGNs would cause a jitter in their positions because an increase of
�ux in one of the components of an extended source will change the
centroid position. The analysis of Gaia proper motions provided us
with an indirect con�rmation of this prediction: the sources with
excessive Gaia residuals, i.e. large �2/ndf, have proper motion di-
rections predominately parallel to the jet directions. The median
magnitude of statistically signi�cant proper motions is larger than
1 mas yr-1 over a 1.16 yr interval, which is signi�cantly higher than
the <0.05 mas yr-1 over �ve years anticipated before the Gaia launch
(Perryman, Spergel & Lindegren 2014). Although AGN proper mo-
tions should not be interpreted as a bulk tangential motion, at the
same time, these proper motions are not always artefacts of Gaia
data analysis. The photocentres of at least some quasars are not
�xed points and the possibility of quasar proper motion should be
taken into account in interpreting results of differential astrometry.

(vii) We found that VLBI proper motions have a preferable di-
rection along with the jet. Median VLBI proper motions of AGNs
are a factor of 50 smaller than Gaia proper motions.

We do not claim that we have solved the problem of establishing
the nature of all outliers. The distribution in Fig. 8 still deviates
from Rayleigh and we still have not uncovered the nature of the
1/3 statistically signi�cant offsets, but we made quite substantial
progress. We anticipate that a study of VLBI/Gaia position offsets
will become a powerful tool for probing the properties of the accre-
tion disc and the relativistic jet in AGNs, in line with the work of
Plavin et al. (2018).
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Table 2. The fraction of matches with normalized residuals> 4 for a num-
ber of subsamples in pro cents (column r). The last two rows show the
subsamples of matches with known jet directions. The second and fourth
rows use a subsample of matches with VLBI semi-major error ellipse less
than the median among all matches and the matches with known jet di-
rections, respectively. The ‘off-peak’ column excludes the sources with	
� [Š0.5, Š0.5] and	 � [� Š 0.5, � + 0.5] rad. The ‘on-peak’ column
includes the sources with	 in these ranges and excludes everything else.

all off-peak on-peak
r #src r #src r #src

all 9.0 9033 6.6 7288 19.4 1702
� v � 0.963 mas 10.0 4496 5.9 3169 19.7 1323

all with known	 11.2 4017 5.4 2313 22.1 1702
� v � 0.455 mas 11.4 1997 4.3 1109 20.3 888

Rayleigh distribution� = 1 (See Fig.8). The scaling factors are
1.06 forGaia and 1.30 for VLBI. Applying scaling parameters to
uncertainties to account for the contribution of systematic errors is
a common technique. For instance, a scaling factor of 1.5 was used
to in�ate source position uncertainties in the ICRF1 catalogue (Ma
et al.1998).

Since, as we have established, theGaiasystematic errors in AGN
positions caused by optical structure have a strong concentration
towards	 = 0 and	 = � , we expected that the removal of the
matches with	 � [Š0.5,Š0.5] and	 � [� Š 0.5,� + 0.5] rad and
keeping only ‘off-peak’ matches should affect the statistics of the
number of outliers. We computed the fraction of matches with nor-
malized residuals> 4 for for several subsamples. Since we applied
error rescaling, the number of outliers has reduced with respect to
our initial estimate mentioned above. The �rst row of Table2 shows
that excluding the sources within the peaks of the distribution of	
angle reduces the number of outliers by a factor of 1.36. In contrast,
considering only the sources within 0.5 rad of the peaks doubles
the number of outliers. Since the jet directions were determined for
only 45 per cent of the matches, these statistics underestimate the
impact of the presence of optical jets onGaia positions. If only
the sources with known jet directions are counted, excluding the
sources within the peaks reduces the number of outliers by a fac-
tor of 2.07. The second and fourth rows of Table2 also show the
statistics for the subsamples of the low 50 per cent percentile of
VLBI rescaled errors. The reduction of the number of outliers is
1.77 for the 50 per cent percentile of the overall sample of matched
sources and 2.65 for the subsample of the sources with known jet
directions. The reduction of the number of outliers is greater for
the lower 50 per cent percentile because the sources with smaller
position uncertainties have smaller errors in determining the	 an-
gle, making discrimination of the ‘on-peak’ and ‘off-peak’ sources
more reliable.

The results in Table2 show that the presence of optical struc-
ture parallel to the jet explains 62 per cent of VLBI/Gaia position
offsets signi�cant at the 4� level for a subsample of 23 per cent of
VLBI/ Gaiamatches that have known jet directions and VLBI posi-
tion errors lower than the median. In order to generalize this result to
the entire population of radio-loud AGNs, we need to assume that
the signi�cance of VLBI/Gaia offsets does not depend on VLBI
position error and does not depend on the measurability of the ra-
dio jet directions. The VLBI position errors above the 0.2–0.3 mas
level are limited by thermal noise, and thus the �rst assumption is
valid. The validity of the second assumption is questionable. The
detectability of parsec-scale radio jets depends on the jet brightness

Table 3. Estimates of rotation angles around axes 1, 2, 3 of theGaia
positions of matches with respect to VLBI positions of four subsamples.
Units are milliarcseconds.

#Obs Axis 1 Axis 2 Axis 3

all 9033 Š0.030± 0.004 0.090± 0.004 Š 0.030 ± 0.005
with jets 4016 Š0.010± 0.005 0.092± 0.005 Š 0.010 ± 0.006
off-peak 2647 Š0.013± 0.006 0.095± 0.006 0.008± 0.007
on-peak 1369 Š0.005± 0.008 0.091± 0.007 Š 0.037 ± 0.009

and the dynamic range of observations that in turn depends on the
source �ux density. Since the correlation between radio and optical
�uxes is low, missing a jet just because a source was weak does
not create a selection bias. However, if a jet direction for a given
source was not detected because its radio jet is intrinsically weaker,
missing such a source may create a selection bias, because a weak
radio jet may imply a weak optical jet. A subsample of sources
with determined jet direction may have a selection bias towards jets
brighter in radio and optical with respect to the overall population.

2.3 The impact of systematic errors on determination of the
orientation of the Gaiacatalogue with respect to the VLBI
catalogue

Any source catalogue can be rotated at an arbitrary angle, and the
observables, e.g. group delays, remain the same. The orientation of
a catalogue can be described by three angles. These three angles
cannot be determined from observations in principle and aresetby
imposing certain conditions. The orientation of the RFC catalogue
is set to require that the net rotation with respect to the 212 so-
called ‘de�ning’ sources in the ICRF1 catalogue (Ma et al.1998)
be zero. The orientation of theGaiaDR2 catalogue was established
to have zero rotation with respect to 2843 counterparts in the ICRF3-
prototype catalogue using the frame rotator technique described in
detail in Lindegren et al. (2012).

The systematic differences caused by the optical structure affect
the procedure for establishing the catalogue orientation. To provide
a quantitative measure of sensitivity of the orientation angles to
systematic errors, we computed the three angles ofGaia DR2 ori-
entation with respect to the RFC VLBI catalogue (see Table3). We
see that selecting different samples, including those most affected
(on-peak) and least affected (off-peak) by systematic errors, resulted
in differences in orientation angles around 0.02 mas. A large value
of the orientation angle around axis 2 is somewhat unexpected, but
since the ICRF3-prototype catalogue used for alignment of Gaia
DR2 is not publicly available, the origin of this relatively large
value cannot be established.

3 ANALYSIS OF Gaia AND VLBI PROPER
MOTIONS

Gaia DR2 provides proper motions and parallaxes for 78 per cent
sources. Among 9081 matches, proper motion estimates are avail-
able for 7774 sources. Since the AGNs are located at cosmological
distances, their proper motions considered as bulk tangential dis-
placements are supposed to be well below theGaiadetection limit.
A �are at the accretion disc or jet will change the position of the
centroid. It will cause a shift in the position of the centroid, and
therefore will result in a non-zero estimate of proper motion. Such
a proper motion may be statistically signi�cant even at theGaia

MNRAS 482,3023–3031 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/482/3/3023/5187384 by N
A

S
A

 G
oddard S

pace F
light C

tr user on 08 M
ay 2019


