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ABSTRACT

Context. Thanks to the cross-identification between the Gaia EDR3 (E-Data Release 3) catalogue and the quasars’ compiled cata-
logue LQAC-5 (Large Quasar Astrometric Catalogue-5), accurate astrometric parameters as well as photometric measurements were
available for a set of 416 113 quasars.
Aims. After analysing the astrometric and photometric properties of these quasars,we concentrate our study on objects characterized
by significant proper motion, which contradicts the postulate that they are fixed in the celestial sphere.
Methods. We derived statistical properties of the positions, parallaxes, and proper motions of the quasars cross-matched with Gaia
EDR3. We carried out a specific investigation of quasars with a proper motion larger than 10 mas yr−1, and used colour–colour dia-
grams in mid-infrared to discriminate these quasars from stellar contamination. We discuss, in detail, a few cases where the abnormal
proper motion could be caused by misidentifications.
Results. We note that 43% of LQAC-5 quasars were not detected by Gaia EDR3, mainly because of the cut-off magnitude at G = 21.
The comparison between r(G) (Gaia) and r (SDSS) shows a normal distribution. The normalized distributions of parallaxes and
proper motions are identical to that of the Gaia CRF2, as well as the distribution of the GBP − GRP colour index. We have identified
937 LQAC-5 objects (0.27% of the sample) with Gaia EDR3 proper motion which is significant at the 5σ level. We have clearly shown
that below z = 0.35, the integrated magnitude G(r) obtained from SDSS spectra is smaller than G (Gaia), leading to the statement
that the quasars are generally resolved under this threshold, which should lead to a bad determination of proper motion. Moreover,
to discriminate quasars from stellar contamination, we have plotted them in a mid-infrared colour–colour diagram. Finally, we have
made a final selection of 41 objects with µ > 10 mas yr−1, satisfying drastic constraints, which makes them potential candidates for
considering their proper motion as real.
Conclusions. In this paper we carried out a complete analysis of the quasars of the LQAC-5 which were cross-identified with Gaia
EDR3 ; this serves as an alternative and complementary study with respect to Gaia CRF2, involving a different population of quasars.
We selected a set of 41 quasars with a proper motion exceeding 10 mas yr−1, which can be considered as very high for objects which
are a priori fixed in the celestial sphere.
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1. Introduction

Astrometry is the astronomical discipline concerned with the
accurate measurement of the positions of celestial objects as well
as with the study of their changes. As was expected during its
preparation phase, the Gaia mission revolutionized this field in
the optical domain (Prusti et al. 2016; Brown et al. 2016) The
main goal of the mission is to determine with a high level of
accuracy the positions, parallaxes, proper motions of 1.8 billion
objects together with their radial velocities and some astrophys-
ical properties. A fundamental output of the mission consists
of building a celestial reference frame (CRF) at visible wave-
lengths, in accordance with the principles of the International

? Full Table A.1 is only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/660/A16

Celestial Reference System (ICRS; Arias et al. 1995). With that
aim, Mignard et al. (2018) constructed the Gaia-CRF2, which
can be considered as the first optical realization of the non-
rotating CRF at sub-milliarcsecond levels of accuracy. For this
purpose, they used the complete set of astrometric measure-
ments, that bis to say the positions, parallaxes, and proper
motions for a sample of more than 550 000 sources coming
from the second release of the Gaia DR2 catalogue (Brown et al.
2018). Those sources were a priori known to be extragalactic
objects, and mostly (but not always) quasars.

The origin of the selection of these objects is two-fold.
The first selection came from a prototype of the third real-
ization of the International Celestial Reference Frame (ICRF3;
Charlot et al. 2020), adopted at the IAU General Assembly in
Vienna in August of 2018, which contained the positions, at
sub-milliarcsecond accuracy, of 4262 radio-loud extragalactic
objects observed with VLBI at 8.4 GHz. The second selection
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consists of an all-sky sample of 1.4 million active galactic nuclei
(AGNs) identified by Secrest et al. (2015) using data from the
Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010),
AllWISE release. The corresponding catalogue is referred to
as the AllWISE AGN catalogue (e.g., Lindegren et al. 2018).
The identification of AGNs in AllWISE is rather straightfor-
ward, by using a two-colour infrared photometric criterion
(Mateos et al. 2012). About half of the AllWISE sources identi-
fied by Secrest et al. (2015) were detected by Gaia, as mentioned
by Mignard et al. (2018). A total of 566 869 objects were finally
included after an appropriate selection in the Gaia-CRF2. They
are distributed rather homogeneously in the sky, if we exclude
the Galactic plane, where Galactic extinction is an important
obstacle for the detection of extragalactic sources at visual wave-
lengths, and where source confusion limits the number of AGNs
available from WISE.

In the mean time, Souchay et al. (2019) constructed an
updated version of the Large Quasar Astrometric Catalogue
(LQAC; Souchay et al. 2009), LQAC-5, which consists of a
compilation of all the objects duly identified as quasars by the
authors of the catalogues belonging to the compilation, with cri-
teria adapted to the different properties of the surveys involved
and their observational capabilities. Readers should notice that
the LQAC-5 does not consist of a mere compilation of cata-
logues of quasars, but it contains useful additional data such as
the optimized determination of the equatorial coordinates of the
objects not detected by Gaia, mainly through the Large Quasar
Reference Frame LQRF (Andrei et al. 2009). Moreover, LQAC-
5 provides the determination of a multi-band structure index and
absolute magnitudes.

Furthermore, LQAC-5 is quantitatively dominated by the
14th release of the Sloan Digital Sky Survey (DRQ14, Pâris et al.
2017) which represents nearly 90% of the whole catalogue. In
this last survey, an object was selected as a quasar with the con-
dition that its absolute magnitude Mi is smaller than −20.5 in
the frame of conventional cosmology (H0 = 70 km s−1 Mpc−1).
Moreover it must display at least one emission line with a full
width at half maximum larger than 500 km s−1 or present com-
plex absorption features in its spectrum, which characterizes a
quasar without ambiguity thanks to the Lyman-α forest or broad
absorption line (BAL) troughs. Alternative criteria for discrim-
inating a quasar from other similar objects, mainly based on
absolute luminosity, are found for other surveys or catalogues,
as those fixed by Véron-Cetty & Véron (2010) for their compi-
lation. They are discussed in Souchay et al. (2015).

We note that LQAC-5 contains a total of 592 809 objects,
an amount roughly equivalent to the number of quasars selected
in Gaia-CRF2. One of the important improvements of LQAC-
5 with respect to previous LQAC updates (Souchay et al. 2015;
Gattano et al. 2018) concerns the cross-identification of the
objects with the Gaia DR2 catalogue. This cross-identification
was done with a 1′′ tolerance that considerably limits the prob-
ability of contamination with a star. A total of 398 697 Gaia
DR2 counterparts were found, which represents 67.3% of the
whole LQAC-5 sample. For these common objects, Gaia equa-
torial coordinates, parallax, proper motion, as well as photom-
etry at the G, GBP, and GRP wavelengths could be added to
complete data coming from the ground-based surveys. Readers
should notice that Gaia DR2 does not provide the redshift of
the objects, whereas it is delivered for 99% of the sample by the
LQAC-5 catalogue.

Recently, on 3 December 2020, the Gaia Early Data Release
3 (EDR3) was released, which presents a significant improve-
ment with respect to DR2 both in terms of the quality and

quantity of data (Gaia Collaboration 2021a). It contains a full
astrometric solution with five basic parameters (α, δ), paral-
laxes, and bi-dimensional proper motions for around 1.468 bil-
lion sources, with a limiting magnitude of G ≈ 21. Taking
the advantages of this new EDR3 release into account for this
study, we carried out a cross-identification between LQAC-5
and EDR3, which we call LQAC-5+. It contains exactly the
same objects as LQAC-5 but it includes the new values coming
from EDR3 concerning the celestial coordinates, the parallax,
the proper motion components, the G, GBP, and GRP photome-
try, together with their respective uncertainty.

In this paper, we discuss quasars in LQAC-5+ that are sub-
ject to large proper motions in Gaia EDR3. In Sect. 2, we
describe the construction of LQAC-5+, along with its general
properties, such as photometry, astrometry, and redshifts. In
Sect. 3, after giving a general overview of the various astrophysi-
cal origins which can give birth to a proper motion of quasars, we
select quasars in LQAC5+ showing significant proper motion.
Morever we explain how the redshift value enables one to dis-
criminate between extended and point-like objects, and also how
we excluded outliers (stars) from colour–colour diagrams in the
mid-infrared domain. Lastly, in Sect. 4 we select a list of 41
quasars with a proper motion µ > 10 mas yr−1 which satisfy con-
ditions and we consolidate their status of extra-galactic objects.
Finally, we summarize our results in Sect. 5.

2. LQAC-5+ catalogue creation and properties

2.1. Catalogue construction

We matched LQAC-5 to Gaia EDR3 using the CDS Upload X-
Match service in topcat, version 4.8 (Taylor 2005). This pro-
duces a Gaia counterpart for every LQAC entry within the match
tolerance, but the same Gaia counterpart may be matched to
multiple LQAC entries (the match is not symmetric), so a sec-
ond, symmetric match must be carried out for the initial table of
Gaia associations. We chose a match tolerance of 1′′, producing
416 113 unique matches.

2.2. Photometric properties

Figure 1 shows the magnitude distribution of the 416 113 LQAC-
5+ sources with a Gaia EDR3 G magnitude. We find 12 138
quasars with G < 18, 63 802 with G < 19 and 191 129 with
G < 20. For comparison, in the original LQAC-5 catalogue, we
had 398 300 sources owning a Gaia DR2 G magnitude: 12 381
quasars with G < 18, 63 488 with G < 19, and 187 025 with
G < 20.

The new numbers could be compared with the Gaia-CRF2
sample for which Mignard et al. (2018) found 27 000, 150 000,
and 400 000 sources, respectively, for the intervals considered.
As a consequence, the corresponding ratios of our number of
sources with respect to Gaia-CRF2 for each interval are 0.45,
0.43, and 0.47, respectively. This demonstrates that the distri-
bution of sources per magnitude interval is a little different.
When comparing the feature of the distribution in Fig. 1 with the
corresponding one in Mignard et al. (2018), we observed some
significant differences. First the convex bump in the interval
19 < G < 19.5 is replaced in Gaia-CRF2 by a concave outline.
Moreover the number of quasars recorded significantly increases
in the interval 20 < G < 20.8 to reach the maximum of the dis-
tribution for 20.6 < G < 20.8, whereas it considerably decreases
in the same interval for the CRF2 sample. The explanation for
this may be found in the limitation in mid-infrared magnitude
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Fig. 1. Distribution in G-magnitude of the 416 113 quasars in
Gaia EDR3 belonging to LQAC-5 (in blue) and of the 398 300 quasars
in Gaia DR2 belonging to LQAC-5 (in orange).
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Fig. 2. Aitoff projection, HEALPix map (Górski et al. 2005), Galactic
coordinates, of the 416 113 quasars in Gaia EDR3 belonging to LQAC-
5. Each sky pixel shows the mean value of Gaia G, demonstrating the
variation in depth across the sky.

of the CRF2 quasars selected through a cross-match with the
AllWISE-based AGN catalogue of Secrest et al. (2015), in com-
parison with the access of the SDSS survey to fainter objects.
The cumulative distribution, not shown here, indicates that the
number of recorded quasars steadily increases up to G = 21.2,
whereas it becomes flat for the Gaia CRF2 population starting
from G = 20.2, which is one magnitude brighter.

Another important topic is the completeness and the limi-
tation of the detection of quasars by Gaia with respect to their
brightness. This is a strongly varying function of the sky posi-
tion, owing to the peculiar scanning pattern of Gaia (see, for
example, Fig. 1 in Shu et al. 2019). In Fig. 2, we plot the sky dis-
tribution of LQAC-5+, showing a clear variation in mean Gaia G
as a function of the position. This spatial variation can be greatly
reduced, however, by making a cut at G < 20.7 mag, the peak of
the distribution of G for the LQAC-5 sample (Fig. 1).

We note, however, that LQAC-5 is generally deeper than
Gaia, with Sloan r magnitudes and a close-in central wavelength
to G (∼620 nm; Riello et al. 2021), extending to ∼23 mag. Inter-
estingly, there is a population of LQAC-5 quasars with Sloan r
magnitudes considerably brighter than 20.8 that are nonethe-
less not recorded in Gaia (Fig. 3). This behaviour is attributable
to two factors. First, the Sloan r passband is much narrower
than Gaia G, so fainter sources with steep spectral indices may
‘leak’ into and out of the two passbands. Second, the photom-
etry present in the LQAC-5 catalogue was taken at disparate
times, not overlapping with Gaia EDR3, so variability causes
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Fig. 3. Distribution of Sloan r magnitudes for quasars with Gaia G
brighter than the nominal completeness cut for LQAC-5 (in blue); dis-
tribution of Sloan r magnitudes for quasars with G fainter than the com-
pleteness cut, or not cross-identified with Gaia DR3 (in orange).

dispersion between r and G. The percentage of quasars not rec-
ognized by EDR3, in Fig. 3 is 42.94%. This large value is in
agreement with the statement that a large number of quasars
identified by ground-based observations, but not detected by
Gaia EDR3, should nevertheless participate in the future in
the densification of the CRF by the intermediary of differential
astrometry using EDR3 objects as calibrators.

To explore this, we concatenated Sloan r photometry of
the LQAC-5 quasars from the SDSS DR12, Pan-STARRS
DR1 (Chambers et al. 2016), the Dark Energy Survey DR1
(Abbott et al. 2018), and SkyMapper DR1.1 (Wolf et al. 2018).
Where photometry from multiple surveys existed, we calculated
the weighted arithmetic mean magnitude for each object, and
determined the intrinsic dispersion term σ such that the reduced
chi-squared χ2/d.o.f. (where dof stands for degree of freedom)
is equal to unity. On average, this is 0.16 mag for r. We then
fitted r as a function of G for objects with G < 20.7 and red-
shifts greater than z ≥ 0.35, the latter cut removing objects with
truncated Gaia photometry, as we discuss later. We find:

r(G) = 0.970 ·G + 0.621, (1)

with a correlation coefficient of 0.95 and an intrinsic dispersion
of 0.21 mag, similar to the per-object mean dispersion found
above (Fig. 4). There is a small, higher-order variation in the
relationship due to the K correction, but redshifts are not avail-
able for all objects and the variation is generally minor. An
intrinsic dispersion of ∼0.2 mag is in line with expectations for
AGN variability, and is sufficient to account for the scatter seen
in our photometry. We note that the Gaia magnitudes are on the
Vega system, while SDSS magnitudes are ∼ AB1 In performing
this regression, the Vega − AB offset was implicitly subsumed
in the zeroth order term.

Figure 5 shows the distribution of the Gaia colour index
GBP−GRP for the 415 272 EDR3 objects of LQAC-5+ that have a
value for both bands. We also plot the distribution of the 370702
objects of DR2. In accordance with Mignard et al. (2018) for the
Gaia-CRF2 AGNs, the distribution is rather narrow, with 90%
of the sample ranging in the interval 0 < GBP − GRP < 1. We
observed the same peak as these last authors, at GBP−GRP = 0.6.

Lastly, it should be noted that one of the great advantages
of LQAC-5+ to Gaia cross-identification is to provide the value

1 http://www.sdss3.org/dr10/algorithms/magnitudes.php
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Fig. 4. Normalized distribution of the difference r(G) − r. The value
of r is predicted from G minus measured r for LQAC-5 quasars cross-
identified with Gaia EDR3, normalized by the formal error added in
quadrature to an intrinsic dispersion term, which we find to be σintr. =
0.21 mag, consistent with expectations from AGN variability. The solid
black line shows a normal distribution with mean of zero and standard
deviation of unity.
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Fig. 5. Distribution of Gaia GBP −GRP for the quasars in EDR3 belong-
ing to LQAC-5 (black), compared to the DR2 set (blue).

of the redshift for the near totality of common objects (roughly
99%), whereas this redshift is not given in the Gaia DR3 data
itself. When we compare the distribution of the redshift of the
LQAC-5-DR3 common objects with respect to the distribution
of all the 589 364 quasars with a value of redshift in the LQAC-
5, we remark that both distributions are rather equivalent. They
are characterized by the presence of two peaks in the intervals
1.6 < z < 1.7 and 2.2 < z < 2.3, which are particularly due to the
selection process in SDSS (Pâris et al. 2017). Thus we can assert
that the limitation of LQAC-5 objects to the Gaia sub-sample
does not significantly affect the distribution of the redshifts at
all.

2.3. Astrometric properties

In the same way as Mignard et al. (2018), we investigate in this
section the astrometric quality of the sample of 416 113 LQAC-
5 quasars cross-identified with Gaia EDR3. This study is based
on the formal uncertainties of celestial coordinates as well as of
the nominal values and uncertainties of the parallaxes and proper
motions given by the EDR3 catalogue.
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Fig. 6. Distribution of the positional uncertainties for the quasars in
Gaia EDR3 belonging to LQAC-5 (grey), and with Gaia G < 19 mag
(blue).

2.3.1. Positional uncertainties

Our formula to measure the positional uncertainty of the objects
is taken from Lindegren et al. (2016), who take the semi-major
axis of the dispersion ellipse into account, which was computed
from a combination of the standard deviation in α and δ and of a
correlation coefficient, namely ρα,δ. It is given by the following
straightforward relationship:

σ2
pos =

1
2

(
σ2
α? + σ2

δ +

√
(σ2

α? − σ
2
δ)

2 + (2σα?σδρα,δ)2
)
, (2)

where σα? = σα cos δ.
In Fig. 6 we show the distribution of σpos for the whole sam-

ple of the 416 113 LQAC-5+ quasars with a EDR3 value for the
position and related standard deviations, and for the sub-sample
of 63 802 objects with G < 19. We remark that the histograms
for both populations are quite similar to the corresponding ones
for the Gaia-CRF2 AGNs in Mignard et al. (2018) with peaks
corresponding to 0.30 mas and 0.20 mas for both the whole sam-
ple and the brighter subset, respectively. It is clear from the his-
togram that the quality of measurement is neatly improved when
limiting to the brighter subset.

2.3.2. Parallaxes

Quasars are very distant objects so they should not exhibit
detectable parallaxes. As pointed out by Lindegren et al. (2018)
the Gaia DR2 parallaxes had a global zero-point error of
−0.029 mas, which must be taken into account because it is
not corrected for in the Gaia DR2 data. We study the distri-
bution of the set of 348 540 LQAC-5 quasars with a parallax
value available in EDR3. We observed that for objects with an
absolute parallax_over_error |π|/σπ of less than 4, the dis-
tribution is almost perfectly normal. However, the mean π/σπ =
−0.0561 ± 0.0018, with a dispersion of 1.05956, indicates that
there is still a highly significant zero-point offset and that the
parallax errors are likely underestimated by about 6%. We find
a zero-point offset of −0.0196 mas, with a final error correction
factor of 1.0590. We show the corrected error-normalized paral-
laxes in Fig. 7. In the following, the debiased parallax is quoted
as π̃.

After making these corrections, we find 71 objects with
π̃/σπ̃ ≤ −4, when the expected number for a normal distribution
of 348 540 objects is 11. As negative parallaxes are unphysical,
this suggests that about 60 instances of objects with π̃/σπ̃ ≥ 4
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Fig. 7. Distribution of the uncertainty-normalized parallaxes π̃/σπ̃ of the
quasars in Gaia EDR3 belonging to LQAC-5 with |π|/σπ < 4. The black
line denotes a normal distribution with zero mean and unity standard
deviation.

can be considered spurious, if there is no relationship between
the sign of the parallax and the probability of spurious values.
We find 405 LQAC5+ objects in total with π̃/σπ̃ ≥ 4, indicating
that 345 out of the 416 113 objects have real parallaxes (i.e., they
are stars and not quasars), which corresponds to a contamination
rate of 0.08%. In total, there are 476 objects with |π̃|/σπ̃ ≥ 4,
which we removed from the sample for the proper motion analy-
sis, leaving 348 064 objects with |π̃|/σπ̃ < 4. These objects have
π̃/σπ̃ following a normal distribution with a mean of zero and
standard deviation of unity, indicating that they are consistent
with having been drawn from a population of objects with zero
intrinsic parallax.

2.3.3. Proper motions

According to a well established postulate that is discussed in
the next section, the proper motions µ of our sub-sample of the
348 064 LQAC-5+ quasars with available Gaia EDR3 proper
motions should have intrinsic values equal to zero at the sub-
mas level of precision. Before confronting this postulate with
our data, we repeated the significance analysis performed in
Sect. 2.3.2, finding zero-point offsets of +0.00204 mas yr−1 in
right ascension (α cos δ) and −0.00017 in declination (δ), with a
standard error of the mean of 0.00170 mas yr−1, indicating that
these offsets are not significant. The error correction factors are
1.0456 for right ascension and 1.0519 for declination (underes-
timated formal uncertainties of about 5%). This is about half of
the Gaia DR2-based finding of Mignard et al. (2018), who found
a comparable Gaussian distribution for their set of AGNs with a
zero mean and standard deviations of 1.09 in right ascension and
1.11 in declination. In Fig. 8, we show the distribution of cor-
rected, error-normalized proper motion in right ascension.

With corrected proper motion errors in α? = α cos δ and δ,
the joint significance of the total proper motion is expressed as
follows:

χ2
µ =

1
1 − ρ2 ×

( µα?σµα?

)2

+

(
µδ
σµδ

)2

− 2ρ
µα?µδ
σµα?σµδ

 , (3)

For random errors in proper motion, the square-root of this
expression is Rayleigh-distributed with σ = 1, and indeed this
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Fig. 8. Distribution of the normalized proper motion µα? of the quasars
in Gaia EDR3 belonging to LQAC-5. The black line is a Gaussian with
zero mean and unity standard deviation.
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Fig. 9. Distribution of the normalized total proper motion χµ of the
quasars in Gaia EDR3 belonging to the LQAC-5 with χµ < 5. The
black line denotes a Rayleigh distribution with σ = 1.

is the case for LQAC-5 objects with χµ < 4 (Fig. 9), where we
plotted χµ with ρ = 0.

3. Selection of quasars with large values of proper
motion

In this section, after enumerating and explaining the various
possible phenomena leading to a significant proper motion of
quasars, we concentrate our study on the topic of the resolution
of the objects. In particular, we show how colour–colour dia-
grams enable one to avoid stellar contamination in our selection.

3.1. About the possible origins of proper motions of quasars

Quasars are located at cosmological distances and are charac-
terized by extremely compact and bright emission, so that they
are expected to show negligible transverse motion. For exam-
ple, a quasar at z = 1 with a transverse motion of 100 km s−1

has a proper motion of ∼10 nanoarcsec yr−1 which is several
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orders of magnitude below the limits of current technology
(i.e., Gaia). Nevertheless, recent observations as well as theo-
retical studies related to AGNs indicate that large-scale modi-
fications in the accretion disk and the dusty torus surrounding
the central black hole can cause shifts of the photocen-
tre (Bachchan et al. 2016). Titov et al. (2010) noted additional
causes of apparent proper motions in AGNs. They were studied
in some detail by Bachchan et al. (2016) who presented them
sequentially. Among them, the acceleration of the solar sys-
tem assumed to be towards the Galactic centre leads to patterns
of proper motion, as it has been shown by Gaia Collaboration
(2021b). Primordial gravitational waves can produce system-
atic proper motions over the sky as well. Another cause can
be a temporal shift of the angular separation of distant sources
related to an anisotropic expansion of the Universe. Addition-
ally, a peculiar proper motion might be due to the transverse
acceleration produced by the local gravitational field surround-
ing the quasar. Finally, weak microlensing could induce appar-
ent proper motions. Nevertheless, the expected amplitude of all
these motions as listed by Bachchan et al. (2016) and taken sep-
arately is considerably small, that is to say of the order of 1 to
10 µas yr−1 or less. In comparison, Perryman et al. (2014) men-
tion that the most important effect on quasar apparent proper
motions should be by far the optical photo-centric motion,
related to instabilities in the internal structure of the AGN, which
should lead to typical variability of 60 µas but up to 100 µas
in some cases, as was suggested by Taris et al. (2011). Simula-
tions confirm the value of 100 µas, in a typical timescale of 3–15
years, with a peak at 6–9 years (Smith et al. 1993; Taris et al.
2011).

A natural explanation for apparent proper motion in quasars
is that Gaia is detecting superluminal motion or differential
brightening in the jets of distant AGNs. We briefly explore this
scenario here. The FIRST survey helpfully includes an RMS
coverage map for both the northern and southern sky portions,
which we used to restrict to LQAC-5+ objects with valid FIRST
observations. We then calculated the fraction of proper motion
objects with FIRST detections and compared it to a set of
matched controls. The controls are LQAC-5+ without significant
proper motions that are matched to within 0.1 mag in Gaia G and
0.1 in redshift, requiring ten controls per proper motion object.
By doing this, the sample and control distributions of Gaia G
and redshift are consistent with K-S test p-values of approxima-
tively unity. This rules out preferential detection based on object
brightness or distance. We find no statistically significant differ-
ence (p-value = 0.37) between the FIRST detection rate of the
proper motion objects and their controls, with an overall FIRST
detection rate of 10%. This indicates that radio jet activity is
not likely to be a major contributing factor to apparent proper
motions in quasars.

Lastly, the variability of quasars’ brightness reveals astro-
physical processes that could modify the inner structure of these
objects. These modifications could have an impact onto the posi-
tion and motion of the photocentre (Popovic et al. 2012). Indeed,
the variability of quasars is regarded as a stochastic process
(e.g. Kelly et al. 2009) which is well described by a random-
walk-phase noise model (Markov chain process). In the opti-
cal domain, all AGNs are variable at different magnitudes and
timescales. These flux variations reveal astrophysical processes
as shocks in the jet, dust clouds, instabilities in the accretion
disk, stellar activity close to the core, and the presence of super
massive binary black holes. Some AGNs also exhibit periodic or
pseudo-periodic flux variations (due, for example, to a prominent
hot spot on anaccretion disk). Blazars are a sub-class of radio-

loud AGNs with relativistic jets pointing at small angles to the
line of sight. Their rapid variability is detected on a timescale
down to hours or even minutes, characterizing an intra-day vari-
ability (IDV) but also on short (days to weeks) or long (month
to several years) timescales. For example, the long term R mag-
nitude variability of PKS0537−441 (BL Lac) shows an ampli-
tude of 3 mag. in less than one year (Sandrinelli et al. 2014).
Periodic oscillations of 15 mn in the optical light curve of the
BL Lac S5 0716+714 were reported by Rani et al. (2010). They
could be due to the action of turbulence behind a shock in the
relativistic jet. Another sub-class of AGNs are the radio-Loud
quasars (RLQs). They constitute roughly 10% of the total of the
QSOs, and in consequence the remaining 90% are classified as
radio-quiet quasars (RQQs). Gu & Ai (2012) studied the opti-
cal variability of a sample of 62 RLQs in the SDSS stripe 82
region. Multi-epoch data covering nine years was used. Variabil-
ities were clearly detected in each source with an amplitude in r
band, from 0.18 to 3.46 mag. Radio-loud AGNs are then highly
variable objects at all timescales.

3.2. Primary selection of candidates with large proper motion

Even with the careful consideration of the statistical properties of
LQAC-5+ astrometry, picking out quasars with legitimate appar-
ent proper motions is nonetheless challenging, as the a priori
chance of a quasar having an apparent proper motion can be
assumed to be extremely small, so quasars with apparent proper
motions must be carefully vetted. For example, while in general
the purity of LQAC-5+ is extremely high in that the vast major-
ity of objects are indeed AGNs and quasars, selecting on proper
motion may preferentially select the otherwise negligible frac-
tion of stellar contaminants misidentified as quasars.

With the astrometric properties of the LQAC-5+ catalogue
understood and corrected for underestimated errors, we are in
a position to search for quasars with apparent proper motions.
As the parallaxes of LQAC-5+ quasars are normally distributed
below a (corrected) absolute parallax_over_error< 4, we
required this as an initial cut to remove likely stellar contami-
nants. This removed 476 out of the 348 507 quasars with a par-
allax value (0.14%). As the normalized total proper motion χ
follows the expected Rayleigh distribution below a value of ∼4
(Fig. 9), we conservatively required χµ ≥ 5, which selected 937
objects (0.27%). For that purpose, χµ was calculated according
to (3) by neglecting correlation (ρ = 0). We show the distribu-
tion of normalized proper motions in α and δ in Fig. 10. We
found several systematic issues, which we explore in the follow-
ing subsections.

3.3. Resolved objects

While producing generally exquisite astrometry for the vast
majority of objects, Gaia is nonetheless optimized only for
compact and unresolved objects. Extended objects that fill the
scanning window exhibit additional astrometric variance not
accounted for in the formal catalogue errors. To demonstrate
this, we matched the LQAC-5+ Gaia EDR3 coordinates to the
specObj table for SDSS DR162 within 1′′, using only spectra
with ZWARNING==0 or ZWARNING==43 where a value of 0 indi-
cates no known issues and a value of 4 may be present when
broad lines are present in the spectrum, as is typical of quasars.
This yields spectra for 377 175 of 416 113 objects (91%).

2 https://www.sdss.org/dr16/spectro/spectro_access
3 https://www.sdss.org/dr16/spectro/caveats
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Fig. 10. Distribution of the proper motion significance values for
LQAC-5/EDR3 matches (Sect. 3), with

√
N density scaling. Objects

selected as having highly significant proper motions are circled in black.
µα? = µα cos δ.

Interestingly, however, only 300 out of the 937 proper motion
objects were matched (32%).

To understand this, we explored the membership of the 937
proper motion objects to the original quasar catalogues that com-
prise LQAC-5. We tabulate this information in Table 1. There
are significant (p < 0.05) differences between source catalogue
membership for objects with apparent proper motions, versus
their parent sample, for all catalogues except 2QZ (Croom et al.
2004) and FIRST (White et al. 1997). Generally, proper motion
objects are over-represented in all input catalogues except for
SDSS (from which 92% of the parent sample is derived) and
2dF-SDSS, for which they are under-represented. As the latter
two are optical spectroscopy-based catalogues, while the other
catalogues are heavily weighted to radio AGNs, this suggests
that radio AGNs make up the majority of objects with apparent
proper motions.

While this might suggest a radio jet origin of proper motion,
radio AGNs are also predominantly found in large elliptical
galaxies, which are preferentially detected at a lower redshift
owing to the relative faintness of the stellar emission com-
pared to the accretion emission of a bolometrically dominant
quasar. Large elliptical galaxies tend to fill Gaia’s scanning win-
dow, leading to under-photometered objects and likely degraded
astrometric performance. In Fig. 11, we show the ‘total’ G minus
measured G versus redshift for the objects with proper motions
and their parent sample, where the ‘total’ G was estimated using
the Kron or Petrosian r magnitude and inverting Eq. (1). Below
a redshift of ∼0.35, the measured G is systematically and often
dramatically fainter than the total, raising concerns about the
accuracy of the astrometry for these objects. Indeed, while only
4.3% of the full parent sample is below a redshift of 0.35, this
is the case for 29% of the 875 objects with a proper motion
and measured redshift. We therefore require that our sample of
proper motion objects have redshifts greater than 0.35, produc-
ing 619 objects.

Table 1. LQAC-5 source quasar catalogue membership of the 937
objects with apparent proper motions versus the parent sample of
348 031 objects.

Source catalogue N Nproper motion Excess p

All 348 031 937 1.0 1.0
ICRF2 2472 32 4.8 0.0
RFC 4376 65 5.5 0.0
VLA 1336 20 5.6 0.0
JVAS 1473 16 4.0 0.0
SDSS 319 167 274 0.3 0.0
2QZ 21 072 54 1.0 0.39
2dF-SDSS 3453 1 0.1 0.001
FIRST 948 4 1.6 0.25
HB 6147 277 16.7 0.0
VV 4709 288 22.7 0.0

Notes. The catalogue membership excess exhibited by the objects with
proper motions is given, along with the associated p-value calculated
using binomial statistics. We note that many objects are shared across
multiple source catalogues.
References. For source catalogues: ICRF2 (Ma et al. 2009); RFC
http://astrogeo.org/rfc/, version 2016; VLA (Beasley et al.
2002; Fomalont et al. 2003; Petrov et al. 2005, 2006); JVAS
(Patnaik et al. 1992); SDSS (Pâris et al. 2017); 2QZ (Croom et al.
2004); 2dF-SDSS (da Ångela et al. 2008); FIRST (White et al. 1997);
HB (Hewitt & Burbidge 1993); and VV (Véron-Cetty & Véron 2010).

3.4. Filtering of quasars with large proper motions from
colour–colour diagrams

In contrast with all the small amplitudes of proper motions
expected due to various effects mentioned in Sect. 3.1, our cross-
identification between LQAC-5 and Gaia EDR3 leads to a sig-
nificant number of objects with µ > 10 mas yr−1, as shown in
Fig. 12. There is a correlation between the number of objects
with these large proper motion values regardless of wether or
not they have WISE photometry, and whether or not their WISE
photometry is consistent with a bolometrically luminous AGN
(w1 −w2 ≥ 0.5) or more stellar-like mid-IR emission (w1 −w2 <
0.5). We found that of the 619 objects with significant proper
motions, only 399 of them have AllWISE photometry (64%).
This is significantly less than the overall number of LQAC-5
objects with AllWISE photometry (82%), and this warrants an
explanation.

We cross-matched the proper motion sample to the SDSS
specObj table for DR16 using a tolerance of 1.5′′. We classi-
fied spectra as stars if the CLASS value is ‘STAR’ and the differ-
ence between the best-fit reduced χ2

µ and next best-fit reduced χ2

RCHI2DIFF is at least 0.1. We classified spectra with RCHI2DIFF
less than 0.1 as ambiguous. These spectra can be either very
low signal-to-noise, blazars with featureless power-law spectra,
or very early-type stellar contaminants. We find that of the 131
objects with WISE data, 18 (14%) are classified as stars, while
42 (32%) are ambiguous. Of the 45 objects without WISE, three
(7%) are classified as stars while 38 (84%) are classified as
ambiguous. The apparently higher fraction of stars in the objects
with WISE photometry is therefore likely due to the higher over-
all signal-to-noise of the SDSS spectra. Despite objects with
stellar-like mid-IR colour (w1 − w2 < 0.5) comprising 31% of
the objects with WISE data, they make up half of the objects
with star spectral classifications, suggesting that it is worthwhile
to require AGN-like mid-IR color to reduce the frequency of
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Fig. 11. Total G minus measured G versus redshift, where the total G
was estimated using the Kron or Petrosian r magnitude and inverting
Eq. (1). Gaia clearly under-photometers galaxies in the local Universe,
making it likely that the astrometric performance is degraded for these
objects. The vertical line is at a redshift cut of 0.35.

stellar contaminants in the proper motion sample. For the objects
without WISE photometry, we do not have enough information
to be certain as to their nature, so we decided to leave them out
of the sample from here on out.

Many WISE AGN selection criteria can be found in the lit-
erature, some of them being based on WISE one colour criterion
(Stern et al. 2012) or two-colour criteria (Jarrett et al. 2011).
More recently, Secrest et al. (2015) used a two-colour criteria
for the identification of 1.4 million AGNs when using the mid-
infrared WISE data. Their algorithm was very efficient, because
they tested the AGN selection criteria against a large sample of
optically identified stars and found that the probability of a star
being detected as a quasar is smaller than 4.0 × 10−5.

Fortunately, LQAC-5+ already contains cross-identifications
of objects with the WISE catalogue, when available. Therefore
it is possible to use the same method of quasar versus star dis-
crimination as Secrest et al. (2015). It is based on the work of
Mateos et al. (2012) consisting of defining an IR selection of
luminous AGNs using the Bright Ultrahard XMM-Newton sur-
vey as a starting point. Thus we used the w1, w2 and w3 mid-
infrared magnitudes of the WISE survey, with wavelengths at
3.4 µm, 4.6 µm and 12 µm respectively, in order to exhibit the
colour–colour diagram w1 − w2 versus w2 − w3 in Fig. 13. We
plotted two samples separately. One concerns 61914 LQAC-5+
objects cross-identified with WISE verifying the two following
constraints : µ < 0.5 mas yr−1 and χµ < 1, which means that
they can be considered as reliable fixed objects with respect to
the ICRF3. At the other extremity, we plotted the 239 objects
of LQAC5+ crossed with WISE verifying µ > 10 mas yr−1 and
χµ > 5, which means that they show a significant proper motion
at more than the 99% confidence level. For the first sample, we
expectedly found the same kind of configuration as Secrest et al.
(2015) when using LQAC-2 (Souchay et al. 2012). As explained
in Secrest et al. (2015) most extragalactic sources that do not
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Fig. 12. Distribution of total proper motions of the initial sample of 399
quasars above a redshift of z > 0.35 identified by WISE, with significant
apparent proper motions.
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Fig. 13. Colour–colour diagram w1 − w2 versus w2 − w3 for LQAC-
5+ objects with µ > 10 mas yr−1 and χµ ≥ 5. The rectangular zone
delimited in red corresponds to 0.5 < w1−w2 < 1.6 and 2.1 < w2−w3 <
4.2.

meet the selection criteria materialized by the dense central zone
are bluer in their w1−w2 colours, which can be explained by two
effects. One is the existence of objects with rather low AGN/host
galaxy luminosities ratios. The other one concerns quasars with
high redshifts (z > 2) for which the spectral energy distribution
(SED) of even pure AGNs begins to move out of the mid-UR
colour–colour space defined by the selection criterion. For the
second limited sample of 239 objects, we noticed two kinds of
populations : one with w1−w2 < 0.5 is neatly out of the criterion
and has a high probability of containing a majority of stars. On
the other hand, a large majority of objects of the complementary
zone with w1 − w2 > 0.5 satisfy the criterion pf being a quasar.

4. A final set of quasars with very large proper
motions

To go deeper in our selection, we isolated what we call a ‘quasar
zone’ characterized by 0.5 < w1 −w2 < 1.6 and 2.1 < w2 −w3 <
4.2 which corresponds, more or less, to the highest probability
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Fig. 14. Parallax π of the objects with µ > 10 mas yr−1 and χµ > 5
selected in Fig. 13, with respect to their uncertainty σπ. The red circles
correspond to the objects of the quasar zone, whereas black squares
and blue triangles correspond to the left and right zones of Fig. 13,
respectively. The full and dashed lines delimit the areas with |π|/σπ < 1
and |π|/σπ < 2, respectively.
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Fig. 15. Gaia EDR3 value of the proper motion µ of the quasars with
µ > 10 mas yr−1 with respect to the value given by Gaia DR2.

for an object to be a quasar. Moreover, we selected two addi-
tional zones neatly separated from the central dense cloud. One
is located on the left of the diagram and is characterized by
w2 −w3 < 2.0 and w1 −w2 < 0.3. Another is located on the right
and is characterized by w2 − w3 > 3.6 and w1 − w2 < −0.1. A
priori these two zones should contain a high proportion of stellar
contaminants. In order to assert or invalidate this hypothesis we
can rely on the EDR3 determination of the parallax of the objects
in the three given zones. In Fig. 14 we show that the left zone is
characterized in a big proportion by relatively large values of the
parallax π accompanied by a large value of π/σπ. Therefore it is
clear that the corresponding objects are stellar contaminants and
should be deleted from the LQAC5 catalogue. By contrast, and
as this could be expected, the quasar zone is characterized by
relatively small parallax values, in comparison with their respec-
tive uncertainty, which insures their status as extragalactic can-
didates. Lastly, the objects from the right zone are questionable,
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Fig. 16. Gaia EDR3 value of the proper motion uncertainty σµ of the
quasars with µ > 10 mas yr−1 with respect to the value given by Gaia
DR2. The σµ was computed as the quadrature sum of the uncertainties
in µα? and µδ.

because of their relative large distance from the quasar zone and
their relatively small parallax value.

Finally we present our final selection of 41 quasars with large
values of proper motion in Table A.1. They all follow the set of
hard constraints already explored above, that is to say:

– µ > 10 mas yr−1

– χµ > 5
– π/σπ < 4
– 0.5 < w1 − w2 < 1.6 and 2.1 < w2 − w3 < 4.2.

It is important to notice that inside Table A.1 we find for each
quasar the value of two important parameters coming from the
EDR3 data. The first one is the ASTROMETRIC − GOF − AL,
named P1 for the sake of simplicity, which represents the good-
ness of fit statistic of the model with respect to along-scan ober-
vations. For good fits it should follow a normal distribution with
zero mean value and unit standard deviation. A value exceed-
ing 3 indicates a rather bad fit. The second parameter, called P2,
represents the ASTROMETRIC − EXCESS − NOISE. A small
value of 0 signifies that the residuals of the fit statistically agree
with the assumed observational noise.

Several important remarks can be given in view of Table A.1.
First, only two objects have a redshift smaller than z = 0.35,
which corresponds to the threshold under which objects seem to
be resolvable, according to the discussion in Sect. 3.3. Never-
theless their value is very close to this conventional threshold.
So we can conclude that most of the objects are expected to be
really point-like. Second, eight quasars have a proper motion µ
larger than 20 mas yr−1, and all of those have a ratio µ/σµ > 13.
Third, only four objects have a Gaia magnitude larger than
G = 20.5, and the only four other objects satisfy the condition
20.0 < G < 20.5, which makes the sample statistically relatively
bright, in comparison with the global LQAC5+ histogram of G
in Fig. 2, where the large majority of quasars are found in the
interval 20.0 < G < 21.0.

Furthermore, we carried out a specific test to evaluate the
coherence between the values of proper motion given by Gaia
EDR3 with respect to the Gaia DR2 releases for the quasars
selected in Table A.1. The results are shown in Fig. 15. We would
like to point out a relatively good agreement within 1mas yr−1

with the exception of a few objects for which the difference can
reach a few mas yr−1. In Fig. 16 we show the correspondence
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between the uncertainty σµ as given by the two catalogues. The
improvement of EDR3 with respect to the DR2 in the qual-
ity of determination appears clearly, with globally a factor 2
improvement.

A visual inspection from a ground-based survey represents
an ultimate check of the 41 selected objects. We show 34 out of
the 41 objects with Pan-STARRS data in Fig. 17. We remark that
although a majority of candidates present a round and compact
feature, 11 among them, that is roughly one-third of the sam-
ple, are surrounded by a second companion object, likely a star
located in the same line of sight. Therefore, there is a high prob-
ability of the centroid of the quasar being displaced by the com-
panion, whose proper motion should affect the determination of
that of the quasar.

In addition, we carried out a more precise and systematic
analysis by searching for each of the selected objects a compan-
ion in EDR3 data, within a radius of 1′′. We found six cases
of binary objects, with angular distances ranging from between
0′′.42 and 0′′.99.

As examples of apparently isolated, relatively bright and
compact objects we can mention [13.11195; 0.59409] and
[36.85004; −1.10657] with values of G = 18.14 and G = 18.74,
respectively, and a proper motion of µ = 22.407 mas yr−1 and
µ = 27.598 mas yr−1, respectively. Similarly, the two brightest
objects of the list, with magnitudes smaller than G = 18, that is
to say G = 16.42 and G = 17.91, respectively, have good astro-
metric characteristics, with π/σπ < 1, µ/σµ > 10, as well as
round-like and compact corresponding images.

On the other hand, the object named [227.89642; 49.99957]
with the largest value of µ = 59.035 mas yr−1 is one of the
six binary objects detected above. It shows a low signal/noise
ratio, a somewhat ambiguous SDSS spectrum, and it is flagged
by the SDSS pipeline as being a K7 star, despite broad features
being present. The angular distance between the two components
belonging to EDR3 is 0′′.845. The probable quasar is the bluish
object in the south-eastern direction from the central selected one,
which is also established by EDR3, with a magnitude G = 20.78,
but it has neither a parallax, nor a proper motion value.

The object named [321.83456; −11,81565], with a mag-
nitude G = 20.31, has the second largest proper motion of
µ = 40.702 mas yr−1. In the Pan-STARRS image, we found
another EDR3 source with a closer separation from the AllWISE
source (0′′.77) than for the selected one (1′′.88) It has a mag-
nitude G = 19.80, a parallax value π = −1.00, and a proper
motion value µ = 0.485 mas yr−1. It is very likely that this second
object is the quasar, corresponding to the bluer object at the bot-
ton left in the Pan-STARRS image. It is important to notice that
there is a high probability that the mismatch originates from the
poor astrometric quality of the Hewitt & Burbidge (1993) cata-
logue from which the quasar was picked up in LQAC-5: this is
explained in the following.

The object named [145.03068; 33.76924] with a magni-
tude G = 19.71 has the third largest proper motion of µ =
28.13 mas yr−1. The nearest AllWISE-AGN source source is at
separation 0′′.42. Again, there is another EDR3 source at a 0′′.712
angular distance, closer (0′′.29) to the AllWISE counterpart. It
has G = 19.59 with a parallax 5.95 mas and a proper motion
µ = 32.76 mas yr−1. The SDSS spectrum is unambiguously a
quasar, so that there is a probability that the object is in fact a
dual AGN.

Moreover, the astrometric quality of the quasar catalogue
from which each of the 41 sources was selected and inserted
in LQAC-5 appears to be a crucial point to avoid a mis-
match. In total we found five catalogues, all of which are

flagged with a symbol in Table A.1. Furthermore, 25 objects
were taken form SDSS (Pâris et al. 2018); 11 of them were
taken from Hewitt & Burbidge (1993); two of them were taken
from the 2dF survey (Croom et al. 2004); two were taken
from Véron-Cetty & Véron (2010); and one was in the VLBA
database. Indeed, the astrometric uncertainty of the SDSS and
2dF surveys is much better than 1′′, which is the adopted value
of the search radius for cross-identification in LQAC-5. It is
typically 0′′.05 in right ascension and in declination, as it can
be seen in Fig. 8 of Souchay et al. (2009). On the other hand,
the same figure shows that the positional uncertainty for the
catalogue of Hewitt & Burbidge (1993) is comparatively very
large, at the level of ±2′′. This can be the cause of mismatches.
Therefore we can conclude that the objects which come from
SDSS and 2dF have a very small probability of being subject
to mismatch, which is not the case of the objects coming from
Hewitt & Burbidge (1993).

This analysis clearly indicates that for each of the 41 selected
sources, a complementary check is necessary, before asserting
the reality of the quasars’ proper motions presented in Table A.1.
In other words, a dedicated individual campaign of observations
should be of primary interest to validate the existence of a real
displacement of these point-like extra-galactic sources. In par-
ticular, for the six cases of binary objects found in EDR3, there
is a high probability that the displacement is either due to a mis-
match between the two objects, one being a quasar and the other
being a star, or to the deterioration of the quasar’s proper motion
as a result of the presence of the neighbouring star. For the other
cases, we can involve a shift in the photocentre between the host
galaxy and the variable nucleus. An appropriate observational
programme involving differential astrometry, for instance with
techniques of interferometry, could clarify the case.

5. Summary and conclusion

In this paper we have constructed an improved version of
the LQAC5 catalogue (Souchay et al. 2019), which we called
LQAC5+, by matching its total sample of 592 809 quasars with
the Gaia EDR3 catalogue (Brown et al. 2018) This process, with
a search radius of 1′′, led to 416 113 cross-matched objects,
which correspond to 70.2% of the totality. A lack of cross-
matches in the vast majority involve objects too faint to be
detected by the satellite, whose magnitude threshold is G =
21. This raises the opportunity in the future to carry out dif-
ferential astrometric reductions in order to densify the opti-
cal reference system by taking, as calibrators, the Gaia EDR3
or upcoming DR3 objects, from which we could determine
the celestial coordinates of the quasars not identified by Gaia.
We have subsequently performed the analysis of the distribu-
tions of the astrometric parameters of the global set of com-
mon LQAC5+-EDR3 cross-matched objects. In particular we
have shown that the normalized distributions of both parallaxes
and proper motions follow a normal law, in conformity with the
results obtained by Mignard et al. (2018) when constructing the
Gaia CRF2 from a sample of 566 869 objects either coming
from the ICRF3 (Charlot et al. 2020) or from the AGNs iden-
tified by Secrest et al. (2015). Furthermore we noticed a very
similar distribution of the colour index GBP − GRP, character-
ized by a narrow feature, with 90% of the sample in the interval
0 < GBP −GRP < 1.

Then we directed our study towards objects with large proper
motions. For that purpose, we found 937 objects satisfying the
double condition χµ > 5 and |π|/σπ < 4. Moreover we have
analysed, when avaiable, the difference between the integrated G
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13.11195 0.59409 20.36344 -9.48464 36.85004 -1.10657 134.62331 44.29294 139.31371 -2.38528

145.03068 33.76924 182.68691 45.45837 191.15336 46.26717 197.82725 46.58396 201.49802 14.68623

202.09547 12.86751 203.18200 34.55007 208.73097 0.60569 214.51614 18.59229 215.29963 35.64147

218.31840 0.86251 218.71592 3.63715 224.46618 0.00316 227.89642 49.99957 235.81988 40.44304

235.87276 33.98577 237.06392 28.74756 237.07462 4.68378 246.87503 43.68070 250.49497 15.42546

250.53982 21.56460 313.64398 -1.10695 321.83456 -11.81565 331.70969 -21.16877 331.75309 -18.50322

332.83197 -21.52027 333.03538 -16.90204 334.93075 -28.63183 350.48461 26.14970

Fig. 17. Pan-STARRS giy images of our final selection of quasars exhibiting proper motion. Each cutout is 12′′×12′′ and in the standard orientation
(north is up, and east is to the left). The RA and Dec given are the Gaia EDR3 coordinates.

magnitude calculated from SDSS spectra and the Gaia G magni-
tude. We arrived at the significant conclusion that this difference
is particularly large when the redshift is below the value z = 0.35
and it disappears above this value. We conclude that this red-
shift threshold probably separates the resolved objects from the
point-like ones, which are a priori less subject to proper motion
uncertainty.

Lastly, we established a mid-infrared colour–colour dia-
gramm w1 − w2 with respect to w2 − w3 coming from the WISE
experiment to eliminate stellar contamination and to adopt a
specific central rectangular zone, characterized in particular by
w1 − w2 > 0.5, where the status of an object as a quasar is man-
ifest. Finally we could isolate a sample of 41 quasars satisfy-
ing constraints previously mentioned concerning their parallax
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and with a proper motion larger than 10 mas yr−1. For six cases,
we found an EDR3 companion within 1′′, which should explain
the abnormal value of proper motion as determined by EDR3.
For the other candidates,as given the postulate that quasars are
quasi-inertial objects with a priori proper motions of the order of
1 to 10 µas yr−1, the large value above can be considered as very
unusual. This could bring new insight on the physical proper-
ties of the objects involved. That fact encourages one to con-
duct specific observational campaigns possibly based on past
data to confirm the reality of the relatively large proper motions
detected.
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Appendix A: Additional table

Table A.1. Sample of the 41 LQAC-5 quasars selected from Gaia EDR3 data with µ > 10 mas yr−1, χµ > 5, π/σπ < 4 and located in the quasars
central zone (see text). π stands for the parallax, µ for the total proper motion. z is the redshift, and N the number of observations in EDR3. P1
and P2 stand respectively for the ASTROMETRIC-GOF-AL parameter and the ASTROMETRIC-EXCESS-NOISE parameter in the Gaia EDR3
release. The symbols for the cross-identifications are : � for (Hewitt and Burbridge, 1993); ? for SDSS (Pâris et al., 2018); t for (Véron and
Véron, 2010); ∓ for 2QZ (Croom et al., 2004); • for VLBA. The “double” column gives the angular separation of any secondary Gaia sources
than 1′′. The last column indicates the angular distance between the 6 detected EDR3 binary commponents (see text).

α σα δ σδ z π σπ µ σµ N G P1 P2 double
◦ mas ◦ mas mas mas mas yr−1 mas yr−1 mas mas

� 13.1119522927 0.125 0.5940930008 0.067 0.400 0.299 0.141 22.407 0.248 506 18.14 0.095 0.000
� 18.0479888874 0.151 -34.6601147474 0.121 0.340 0.158 0.207 10.537 0.247 517 18.98 0.741 0.344
� 19.7047160026 0.139 -37.2358823312 0.137 1.950 0.129 0.223 11.746 0.213 589 19.04 0.127 0.000
� 19.9632189666 0.095 -36.8284503529 0.095 2.260 0.123 0.158 12.419 0.145 664 18.60 2.076 0.386
? 20.3634407390 0.729 -9.4846423175 0.632 1.485 1.018 0.830 19.113 1.259 202 20.23 0.158 0.000 603
t 20.8191453475 0.054 -38.9508142797 0.059 2.180 0.160 0.104 10.995 0.101 1108 18.10 -0.234 0.000
t 27.8228160949 0.114 -41.3584556626 0.132 3.000 0.152 0.180 11.142 0.213 633 18.91 1.950 0.457
? 36.8500371170 0.644 -1.1065719264 0.529 2.175 1.074 0.690 27.598 0.920 195 18.74 27.538 4.302
� 49.1405653184 0.828 -55.5438246596 0.773 1.658 -0.594 0.812 16.464 1.776 284 20.40 2.315 3.353
?134.6233058885 0.862 44.2929422029 0.868 0.454 3.304 1.341 17.115 1.807 342 20.04 16.632 5.700
•135.3152279873 0.394 -66.6093700050 0.397 —- 0.855 0.411 13.463 0.728 278 20.20 -1.279 0.000
?139.3137108574 0.931 -2.3852831386 0.956 1.287 -2.007 1.129 20.852 1.602 292 19.65 45.085 6.207
?145.0306849361 0.958 33.7692397999 0.949 1.784 -1.877 0.890 28.130 1.708 255 19.71 11.589 2.653 712
?182.6869138039 0.338 45.4583692452 0.481 0.542 0.773 0.708 13.895 0.804 222 19.76 5.459 1.652 421
?191.1533608836 1.143 46.2671699710 1.198 2.580 4.555 2.091 12.840 2.435 311 20.82 10.255 8.052
?197.8272471629 0.521 46.5839597413 0.649 0.271 2.175 0.909 14.944 0.988 700 19.44 49.050 8.094
?201.4980164124 0.638 14.6862287126 0.420 1.104 -0.627 0.901 11.558 0.902 598 19.23 48.592 6.472 648
?202.0954736080 0.859 12.8675132929 0.547 1.588 -2.461 1.166 11.383 1.381 582 19.21 75.995 8.193
?203.1820045267 0.340 34.5500707684 0.273 1.925 0.057 0.435 24.077 0.450 667 19.66 7.159 1.968
∓208.7309733534 0.301 0.6056917051 0.222 1.641 0.738 0.333 13.092 0.478 226 19.35 -0.642 0.000
?214.5161430605 0.290 18.5922931055 0.255 2.700 -0.182 0.385 11.732 0.490 340 19.76 -1.152 0.000 991
?215.2996260287 0.546 35.6414689060 0.835 2.052 0.568 1.163 16.035 1.333 716 19.01 128.814 10.651
?218.3183987991 1.152 0.8625146515 0.914 2.765 -4.797 1.393 10.457 1.916 134 20.35 3.938 3.555
?218.7159205397 0.790 3.6371457566 0.699 0.549 0.700 0.830 14.917 1.246 138 20.57 0.462 0.000
?224.4661768187 0.358 0.0031602686 0.308 0.187 0.889 0.387 18.446 0.560 222 19.41 6.713 1.836
?227.8964244674 1.499 49.9995715984 1.478 2.708 -4.504 1.898 59.035 3.278 186 20.63 18.105 9.590 845
?235.8198795544 0.645 40.4430421188 0.567 1.345 -0.094 0.710 12.651 1.192 260 20.62 -0.523 1.338
?235.8727592780 0.050 33.9857696344 0.064 2.160 0.270 0.072 14.966 0.104 525 16.42 31.166 0.713
?237.0639184589 0.261 28.7475562663 0.301 2.306 0.439 0.434 10.749 0.520 595 19.99 0.914 0.000
?237.0746224537 0.501 4.6837781360 0.509 1.034 1.930 0.649 15.163 0.936 211 19.33 24.598 3.977
?246.8750300570 0.190 43.6806978119 0.263 1.923 0.019 0.246 12.252 0.444 394 19.47 3.535 1.230
�250.4949706254 0.112 15.4254580100 0.097 0.871 0.173 0.159 11.558 0.179 534 18.65 -1.516 0.000
?250.5398162536 0.388 21.5646017611 0.388 1.400 1.626 0.565 15.588 0.734 559 19.96 14.920 3.724
?313.6439820341 0.710 -1.1069476164 0.393 1.047 -2.027 0.880 14.666 1.170 566 20.12 23.711 5.146
�321.8345608823 1.090 -11.8156528215 1.275 2.034 3.058 0.908 40.702 2.003 220 20.31 0.817 1.536
�331.7096864991 0.166 -21.1687723592 0.141 2.290 0.329 0.203 12.323 0.255 247 18.49 1.339 0.503
�331.7530879752 0.159 -18.5032243278 0.154 1.460 -0.004 0.190 14.401 0.239 268 18.73 -2.356 0.000
�332.8319723484 0.125 -21.5202711973 0.093 1.490 0.161 0.134 10.446 0.188 238 17.91 0.729 0.231
�333.0353820118 0.126 -16.9020394575 0.112 1.360 0.099 0.153 12.096 0.205 281 18.20 0.604 0.221
∓334.9307466266 0.402 -28.6318290825 0.381 1.480 0.468 0.534 21.749 0.635 280 20.04 0.244 1.341
?350.4846136067 0.640 26.1497022225 0.718 1.109 -2.940 1.097 11.111 1.312 480 20.00 26.202 6.753

Notes. The full table is available at the CDS.
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