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Given their extremely large distances and small apparent sizes, quasars are generally
considered as objects with near-zero parallax and proper motion. However, some special
quasars may have abnormal astrometric characteristics, such as quasar pairs, lensed
quasars, AGNs with bright parsec-scale optical jets, which are scientifically interesting
objects, such as binary black holes. These quasars may come with astrometric jitter
detectable with Gaia data, or significant changes in the position at different wavelengths. In
this work, we aim to find these quasar candidates from Gaia EDR3 astrometric data
combining with Sloan Digital Sky Survey (SDSS) spectroscopic data to provide a candidate
catalog to the science community. We propose a series of criteria for selecting abnormal
quasars based on Gaia astrometric data. We obtain two catalogs containing 155 sources
and 44 sources, respectively. They are potential candidates of quasar pairs.

Keywords: astrometry, catalogs, quasars, quasar pairs, reference frame

1 INTRODUCTION

Since the discovery of the first quasar in 1963 (Schmidt, 1963), this type of extremely distant active
galactic nuclei (AGN) has gradually become the focus of astronomical research. In astrometry, a large
number of evenly distributed quasars can be used to establish a celestial reference frame (Ma, 1997;
Ma et al.,, 2009; Mignard et al., 2018; Charlot et al., 2020) because they have almost zero proper
motions and point-like shapes. On the other hand, quasars are also a critical pathway to explore the
evolution and mergers of galaxies in astrophysics (Begelman et al., 1980; Shen et al., 2021).
There are many surveys concerning the identification of quasars such as the large Bright Quasar
Survey (Hewett et al., 1995), the 2DF Quasar Redshift Survey (2QZ, Croom et al., 2004), the quasars
from Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST, Luo et al., 2012) and
Solan Digital Sky Survey (SDSS, Paris et al., 2018; Lyke et al., 2020). A large number of quasars have
also been identified through astrometry and mid-infrared methods (see, e.g., Secrest et al., 2015; Guo
etal., 2018). The total number of identified quasars has exceeded one million, and these quasars have
been collected and compiled into various catalogs (see, e.g., Véron-Cetty and Véron 2010; Souchay
et al., 2019; Liao et al., 2019; Flesch 2021). Among these confirmed quasars, some spectroscopically
identified quasars show abnormal astrometric characteristics in the Gaia high-precision astrometric
observation (Wu et al., 2021). These abnormal quasars have large proper motions or significant
astrometric noises, which means that they are not suitable to be used to establish the celestial
reference frame. Shen et al. (2019) emphasize that quasars with significant astrometric noises may be
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dual quasars. These dual quasars are precursors of the binary
supermassive black holes, which play an important role in the
study of galaxy evolution and gravitational waves (GWs). At
present, most of the known dual AGN are at low redshifts or have
large physical separation (>20kpc), and only several known
small-separation dual quasars are at high redshifts (Chen
et al., 2022), while Gaia’s high-precision astrometric data has
not been seriously considered.

Gaia is an astrometric satellite launched by the European
Space Agency (ESA) on 19 December 2013 (Prusti et al., 2016). At
present, Gaia has provided high-precision astrometric data for
more than 1.8 billion sources in the G magnitude range from 3 to
21 mag (Lindegren et al., 2021). With the accurate position data
and a large number of identified quasars, Gaia has been
commiitted to establishing its own optical non-rotating celestial
reference frame (CRF) (Mignard et al.,, 2018). Lindegren et al.
(2018) selected 556,869 quasars from the third International
Celestial Sphere Reference Frame (ICRF3) and AIWISE AGN
catalog (Secrest et al., 2015) to establish the Gaia-CRF2 (see also
Mignard et al., 2018). In Gaia Early Data release 3 (EDR3), the
AGN catalog, which contains 1,614,173 sources, is obtained by
cross-matching with 17 external AGN catalogs. The systematic
errors in EDR3 have been greatly improved compared with DR2.
The astrometric properties of the EDR3 quasars show that no
significant residuals are found globally (Liao et al., 2021a,b),
which provides us with a unique opportunity to select
abnormal quasars in EDR3.

In EDR3, there are 585 million 5-parameter’ and 882 million
6-parameter sources with the measurement of parallax and
proper motion, while the remaining 344 million 2-parameter
sources have only positional data. The quasars used by Gaia were
obtained by a cross-match of the full Gaia catalog with the
external QSO/AGN catalogs, the matched sources were further
selected to have parallaxes and proper motions compatible with
zero within five times the respective uncertainty (Lindegren et al.,
2018; Klioner et al, 2021). Therefore, among the common
sources of Gaia EDR3 and the 14th data release of SDSS
Quasars (SDSS DR14Q, Paris et al., 2018), 308,601 of 367,516
quasars are contained in the Gaia EDR3 AGN catalog. For the
remaining 58,915 quasars, 206 sources are ruled out due to
excessive proper motion or parallax, and 58,707 quasars are
excluded just because they do not have the measurement of
proper motion and parallax. To make full use of the position
information of these 2-parameter quasars, we need to judge the
reliability of their astronomical information through other
criteria.

In this paper, we try to explore the selection of quasars with
abnormal  astrometric  characteristics  using  different
combinations of appropriate astrometric parameters in

'In Gaia EDR3, there are three types of sources according to the astrometric
solutions, the position (right ascension and declination), parallax and two
components of proper motion are available for 5-parameter sources, the
astrometrically estimated effective wavenumber together with the above five
parameters are available for 6-parameter sources, and for 2-parameter sources,
only positional data are provided (Lindegren et al., 2021).

Abnormal Quasars From Gaia EDR3

addition to parallaxes and proper motions. In this way, we can
not only evaluate the 5-parameter or 6-parameter sources more
comprehensively but also appropriately select the 2-parameter
sources to further expand the sample of quasars we can use in
Gaia. Note that we are not selecting quasars with good
observation parameters. On the contrary, we want to mark the
quasars with poor astrometric parameters, which will provide
some candidates for studying galaxy evolution and binary
black holes.

This paper is organized as follows. In Section 2, we introduce
the data and criteria for selecting quasars with abnormal
astrometric characteristics. We show the results and evaluate
these quasars in Section 3. In Section 4, we make some
discussions about the extension of the catalogs and the
identification of quasar pairs, and the conclusions are given in
Section 5.

2 DATA AND SELECTION
2.1 Data Used

As addressed in the previous section, the AGN catalog in Gaia
EDR3 (GEAC hereafter) is obtained by cross-matching with 17
external AGN catalogs. GEAC contains 1,215,942 5-parameter
sources and 398,231 6-parameter sources. Besides, to calculate the
rotation of the Gaia reference frame, the Gaia team selected
429,249 5-parameter solution quasars as frame rotator sources
(FRS hereafter, Brown et al., 2021). Therefore, FRS is currently
the most reliable quasar catalog in Gaia, and will be used as a
comparison sample to evaluate the astrometric parameters of
other quasar candidates.

As mentioned in the previous section, there have been many
compiled quasar catalogs. The spectra classified quasars from
SDSS contributed a large proportion. Considering the
reliability and the indispensable images and spectra data of
SDSS, we decided to use the SDSS quasar catalog as our input
catalog to select the abnormal quasars. SDSS Data release 16
(DR16, Jonsson et al., 2020) is the latest data product from
Apache Point Observatory Galactic Evolution Experiment
(APOGEE)-2/Sloan Digital Sky Survey-IV (Blanton et al,
2017). And the quasar catalog of SDSS DR16 (Lyke et al,
2020) contains two catalogs: the quasar-only catalog and the
“superset” objects targeted as quasars. The “superset” of all
SDSS-IV objects targeted as quasars containing 1,440,615
sources and the quasar-only catalog containing 750,414
quasars. Due to the high completeness (99.8%) and low
contamination (0.3-1.3%), we choose the quasar-only
catalog as our initial sample of quasars (SDSS DR16Q
hereafter).

2.2 The Selection Criteria

With a large number of quasars identified by SDSS spectrum,
after cross-match with Gaia EDR3 in a 1” radius, we obtain
489,402 common sources in Gaia EDR3 and SDSS DR16Q.
Among them, there are 153 SDSS quasars with two Gaia
matches, two SDSS quasars with three Gaia matches and one
Gaia source with two SDSS quasars matches. We then exclude
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FIGURE 1| The cumulative distribution histogram for astrometric_gof _al
values of sources in Gaia FRS. The red vertical line is astrometric_gof_al = 3.

two SDSS quasars whose corresponding four Gaia matched
sources are all with significant proper motion or parallax.
These sources are compiled into the type A catalog of quasars
with abnormal astrometric characteristics (Catalog A hereafter).
These multiple-matched sources are potential quasar pairs or
star-quasar pairs, which will be further discussed later in
this paper.

For the remaining 489,285 quasars with only one Gaia
source matched within a 1” radius, to lower the possibility of
star contamination in cross-matching, we exclude those
sources with significant proper motion or parallax using
the criteria mentioned in the previous section. Then we
select several astrometric parameters emphasized in
Lindegren et al. (2021) to evaluate their accuracy and
reliability. These parameters can characterize the goodness
of the point spread function (PSF) model fitting of each
source and the reliability of the observation data. We will

Abnormal Quasars From Gaia EDR3

introduce them and describe in detail the criteria of our
selection in the following parts.

astrometric_gof_al represents the Goodness-of-fit statistic of
the astrometric solution for the source in the along-scan
direction. The Gaia EDR3 documentation proposed a
rough value of this criterion to distinguish between good
and bad fitting of the data: if the astrometric_gof_al is greater
than 3, it may indicate a bad fitting of the data. We have
analyzed the reliability of this criterion by checking the
statistical value of astrometric_gof al from FRS sources.
There are only about 3% of quasars in FRS that have the
excessive astrometric_gof_al (> 3) as indicated from
Figure 1, which means this criterion could select some
extreme quasars while ensuring that most reliable quasars
are ruled out. Figure 2 shows that the median line of
astrometric_gof_al is almost parallel to the x-axis, so there
is no obvious correlation between astrometric_gof_al and the
brightness of source when G < 20.9 mag. With these studies
in mind, we choose astrometric_gof _al > 3 as one of the
criteria to select the quasars with abnormal astrometric
characteristics.

astrometric_excess_noise represents the disagreement between
the Gaia observations of a source and the best-fitting standard
astrometric model, and a large value signifies that the residuals
are statistically larger than expected. There is no doubt that
astrometric_excess_noise is an important indicator of whether
the source is astrometrically “well-behaved”, but we need to make
sensible cutoffs to ensure that the sources we selected are reliable
and logical. With high accuracy and reliability, FRS is an ideal
reference to determine the criterion of noise. As seen in Figure 3,
with the magnitudes of the sources becoming fainter, the
observation noises of the sources are also rapidly increasing.
The 99.9% quantile line can retain most of the reliable quasars,
and the blue points outside this line show obvious bias from the
whole sample. Therefore, the red curve may be an empirically
feasible criterion. We choose the 20.9 mag as the magnitude limit

10

astrometric_gof_.al

16.0 16.5 17.0 17.5 18.0

18.5 19.0 19.5 20.0 20.5 21.0
G (mag)

FIGURE 2 | The distribution of astrometric_gof _al with the increase of Gmag. The red dots are data points, and the yellow line is the median line of each bin.
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FIGURE 3 | The astrometric_excess_noise vs. Gmag. The blue dots represent the sources from Gaia FRS, while the yellow dots are the common sources from
Gaia EDR3 and SDSS DR16Q. The red curve is the 99.9% quantile line of Gaia FRS, and the black vertical line represents G = 20.9 mag.
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FIGURE 4 | The jod_gof_harmonic_amplitude vs. Gmag. The blue dots represent the sources from Gaia FRS, while the yellow dots are the common sources from
Gaia EDR3 and SDSS DR16Q. The red curve is the 99% quantile of Gaia FRS, and the black vertical line represents G = 20.9 mag.

of this criterion since there are only 138 FRS sources fainter than this ~ that could be wused to evaluate the astrometric noise is
limit. We plot the quasars of SDSS DR16Q in the same figure and find ~ astrometric_excess_noise_sig, which represents the significance of
1982 of them meet this 99.9% quantile criterion®. Another parameter ~ excess noise. Since the excess noise could absorb all kinds of
modeling errors such as PSF (Point spread function) calibration
errors and geometric instrument calibration errors (Lindegren et al,
*The criterion select the bright sources ( < 20.9 mag) above the 99.9% quantile line 2012), the astr ometric_excess_noise_sig is important to evaluate if the
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TABLE 1 | Description of catalog A.

Lable Type Units
source_id long -
SDSS char —
ra double degree
dec double degree
ra_error double mas
dec_error double mas
ra_J2000 double degree
dec_J2000 double degree
z float —
ang float mas
Sign® int —

Abnormal Quasars From Gaia EDR3

Detail

Unique source identifier in Gaia EDR3

Unique source identifier in SDSS

Right Ascension in J2016.0

Declination in J2016.0

Error of right ascension

Error of declination

Right Ascension of SDSS source in J2000.0
Declination of SDSS source in J2000.0

Redshift of the matched SDSS source

the angular distance of the two matched sources
1, 2, 3 for star-quasar pair, quasar pair and lensing object, respectively

@The sign only represents the preliminary classification, not the final identification result. More details about the sign can be found in Section 3.1.

noise is caused by the structure of the source. The Gaia document
recommends that astrometric_excess_noise_sig > 2 indicates that the
given noise is probably significant. We have not found any obvious
correlation between the significance and magnitude in FRS, so
astrometric_excess_noise_sig > 2 could be the sensible cutoff to
ensure the excess noise is applicable for all magnitudes.

ipd_gof harmonic_amplitude measures the amplitude of the
variation of the goodness-of-fit of image parameter as a function of
the position angle of the scan direction. A large amplitude might
indicate the source has more than one optical center. Quasar pairs, or
AGN with bright parsec-scale optical jets, may lead to a relatively large
amplitude of the sources, and the positioning accuracy of these quasars
could be affected by the multiple centers. We hope to use the same
method as for the excess noise to obtain a suitable criterion. As seen in
Figure 4, it seems that ipd_gof harmonic_amplitude does not correlate
with magnitude, and the 99% quantile line is almost a straight line
parallel to the x-axis. The criterion we selected for this parameter is
ipd_gof_harmonic_amplitude > 026 when G < 20.9 mag

ipd_frac_multi_peak is another important parameter for
evaluating whether the source is a binary. It provides the
percent of successful-IPD (Image Parameters Determination)
windows with more than one peak, and we could preliminarily
judge whether a source is a visually resolved double star based on
this parameter. Normally, all sources with percent greater than
zero should be selected as abnormal quasar candidates, and
totally, we found that there are 32,578 sources in FRS whose
ipd_frac_multi_peak is greater than zero, with only 3,215 (10%)
of them greater than one. A large number of sources with
ipd_frac_multi_peak = 1 may increase the contamination of
our final catalog, and ipd_frac_multi_peak > 1 can be used to
select some extreme quasars efficiently. So we take
ipd_frac_multi_peak > 1 as the criterion: in this case, 3,392
(0.7% of SDSS quasars) quasars are selected.

With the considerations above, we propose the following
criteria for selecting abnormal quasars in SDSS DR16Q:

(i) astrometric_gof_al >3,

(i) astrometric_excess_noise > 99.9% quantile line of Gaia FRS,
(iii) astrometric_excess_noise_sig > 2,

(iv) ipd_gof_harmonic_amplitude > 0.26,

(v) ipd_frac_multi_peak>1,

(vi) G <20.9mag,

6

we finally obtained 44 quasars that met all of the above criteria,
and these quasars are included in the type B catalog of abnormal
quasars (Catalog B hereafter).

3 RESULT

In Table 1 and Table 2 we detail the contents of our catalogs. The
sky distribution of the two catalogs is shown in Figure 5. There
are 108/309° (35.0%) 2-parameter Gaia sources in Catalog A, and
for Catalog B, the rate is 26/44 (59.1%). Therefore, for the two
whole catalogs, the position errors are obviously greater than
those of Gaia FRS and SDSS DR16Q as expected, see Figure 6.
For the 5-parameter and 6-parameter sources in Catalog A and B,
the normalized proper motion and parallax distributions are
shown in Figure 7. Compared to the almost zero parallax and
proper motion of Gaia FRS, the sources in Catalog A and B have
worse astrometric solutions. The Gaia celestial reference frame
(Gaia-CRF3) is materialised by 1,614,173 quasars in GEAC
(Brown et al.,, 2021), and we find that there are 111 common
sources between GEAC and catalog A, and 16 common sources
with Catalog B, which we recommend removing from GEAC.
Figure 8 shows the redshift distribution of these two catalogs: we
find that the distribution of Catalog A and SDSS DR16Q is almost
consistent. However, the sources in Catalog B are distributed
more in the low redshift part, and almost no sources in Catalog B
have a redshift in the range of 0.5-0.8.

As we mentioned above, the spectroscopically identified SDSS
DR16Q has a contamination of 0.3-1.3%, which is estimated by
implementing the visual inspection of the spectra of a randomly
chosen sample (Lyke et al., 2020). In Catalog A, for the 155 SDSS
spectroscopically identified quasars, 43 have been visually
inspected, and 36 are Quasars, while seven of them are
identified as BAL Quasars. Of the remaining 112 sources with
only spectral identification, 98 have been included in LQAC5*
(Souchay et al.,, 2019), and the remaining 14 quasars are newly
identified by SDSS DR16Q. In Catalog B, 10 of the 44 SDSS

*Due to the multiple matches, we obtained 151*2 + 2*3 + 1 = 309 Gaia sources
*The quasars in LQAC5 are compiled from SDSS DR14Q and other quasar
catalogs, the newly identified quasars in SDSS DR16Q are not included
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TABLE 2 | Description of catalog B.

Abnormal Quasars From Gaia EDR3

Lable Type Units Detail
source_id long - Unique source identifier in Gaia EDR3
SDSS char — Unique source identifier in SDSS
ra double degree Right Ascension in J2016.0
dec double degree Declination in J2016.0
ra_error double mas Error of right ascension
dec_error double mas Error of declination
g_mag float mag G-band mean magnitude
gof_al float - Goodness of fit statistic of model wrt along-scan observations
noise float mas Excess noise of the source
noise_sig float - Significance of excess noise
amplitude float — Amplitude of the IPD GoF versus position angle of scan
multi_peak byte - Percent of successful-IPD windows with more than one peak
ruwe float — Renormalized unit weight error
duplicated_source Boolean — Source with multiple source identifiers
params_solved byte — 3, 31, 95 for two, five, six parameter sources, respectively
z float — Redshift
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FIGURE 5 | The sky distribution of the sources in Catalog A and B. The map uses the Hammer Aitoff projection in Equatorial coordinates.
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quasars have been visually inspected, and all of them are Quasars.
For the remaining 34 sources with only spectral identification, 24
have been included in LQACS, and the remaining 10 quasars are
newly identified by SDSS DR16Q. Therefore, we believe the
quasars in our catalog are reliable.

We have checked the SDSS images of the sources in Catalog A
and B. Some of them show obvious characteristics of a binary
system, so these quasars may be potential quasar pairs. The details
of the two catalogs are given below.

3.1 Catalog A

The sources in Catalog A have more than one matched source in
Gaia or SDSS within a 1” radius. They may be quasar pairs, star-
quasar pairs, active galactic nuclei with obvious jets, or lensing
objects. For the two sources with three Gaia sources matched, the
Simbad Astronomical database (Wenger et al., 2000) shows that
there is a significant lensing effect near these two sources. Their

SDSS IDs are 091127.61 + 055054.1 and 141546.24 + 112943 .4, as
mentioned above, they may be lensing objects, but more analysis
is needed to determine that.

To eliminate the interference of foreground stars, we mark
some 5-parameter and 6-parameter sources with significant
parallaxes and proper motions, which means that they might
be star-quasar pairs. If at least one source in a pair has |®/dg| > 5,
or |uy.lo, | >5, or |us/o, | > 5, the pair is marked as star-quasar
pair. According to this criterion, 62 pairs are preliminarily
identified as star-quasar pairs.

There are 64 extended sources and 91 point-like sources
contained in Catalog A. Figure 9 shows several bright sources
in Catalog A. For the point-like sources, most of them only have
one optical center except Figure 9B, but the Gaia high-precision
observation indicates that there is more than one source in 1”
radius of each SDSS position. Therefore more observations are
needed for identifying if they are quasar pairs. For the extended
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FIGURE 10 | Eight SDSS images of sources in Catalog B, the top panels (A-D) are four point-like sources, while the bottom panels (E-H) are four extended
sources.

sources, some of them exhibit obvious galaxy structures, such as
Figures 9F,H, while other extended sources may be caused by
bright jets. In addition, the mean redshift of the extended sources
is 1.19, and the average is 1.69 for the point-like sources.
Therefore, these point-like sources are very important for
studying high-redshift quasar pairs.

3.2 Catalog B

The sources in Catalog B are abnormal quasars, whose
astrometric observation parameters deviate significantly from
the entire sample. In Gaia EDR3, all kinds of sources must be
solitary. It means if there are multiple sources found within a
0.18” radius, the database will only keep one source with a flag
named “duplicated_source” (Lindegren et al., 2021). Although
this flag does not definitely indicate that the source is a binary, it

can be used as a reference to assess the reliability of the catalog.
The proportion of duplicate sources in Catalog B is 11/44 (25%),
while the ratios in SDSS DR16Q and Gaia FRS are 0.9 and 0.6%,
respectively, which shows that our selection criteria are effective.

Figure 10, panel (A), (B), (E), (F) are four quasars with the flag
“duplicated_source”, while the remaining four without this flag.
Due to the low resolution of SDSS, there is no obvious difference
between the images of duplicated and non-duplicated sources.
Therefore, to further confirm whether these sources are quasar
pairs or not, higher-resolution observations are needed, or maybe
a method that combines spectral and light curves could be
effective. Among the 25 extended sources, J115517.34 +
634622.0 is the only one with a redshift greater than 0.5, and
its redshift is 2.9. The SDSS image of the source shown in
Figure 10H also exhibits a distinct dual optical center.
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TABLE 3 | Some details of Extended catalogs of Catalog B.

Abnormal Quasars From Gaia EDR3

EB1 EB2 EB3
Criteria @, (i), (i), (vi) (iv), (v), (vi) (iv), (v), (vi) not (i), (i), (iil)
Number 1,857 150 106
Number of extended sources 648/1,657 (39%) 52/150 (35%) 29/106 (27%)
Average redshift 0.944 1.136 1.225
Number of common sources in GEAC 771 99 83
Number of common sources in FRS 36 14 14
Number of duplicated sources 79 12 1
A 1.0 B 1.0
JEINSEEEN
0.9 0.9
0.8 0.8
0.7 0.7
g 2
Z 0.6 §. 0.6
g 0.5 E: 0.5
3 o4 1 Gaia FRS 3 o4 I Gaia FRS
0.3 1 SDSS DR16Q 0.3 1 SDSS DR16Q
EB1 EB1
0.2 NEeB2 0.2 MEeB2
M EB3 MEB3
0.1 0.1
0 0
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Tae (mas) o5 (mas)
FIGURE 11 | The cumulative distribution histogram for ¢, (A) and a5 (B) of sources in Gaia FRS, SDSS DR16Q, EB1, EB2 and EB3.

Consistent with Catalog A, the average redshift of the point-like
sources is 1.71, and the average redshift of the extended sources
except J115517.34 + 634622.0 is 0.21. The huge redshift gap
between the extended sources and the point sources may be
because the extended structures of the long-distance high-redshift
point sources are too faint to be observed.

4 DISCUSSION

4.1 Extened Catalogs With Different

Combination of the Criteria

As we mentioned above, there are 0.9% of SDSS DR16Q quasars
with the flag “duplicated_source”. Although the proportion is
very small, the number is huge. 4472 SDSS quasars with G < 20.9
mag are duplicated sources, which indicates that Catalog B has
poor completeness. In Eq. 1, to improve the reliability of the
catalog, we only select the sources that meet all the criteria. In fact,
each criterion can be used individually to select quasars with
abnormal astrometric characteristics.

To select different kinds of abnormal sources, we consider
three subsets of criteria in Eq. 1: (1), the sources meet the criteria
(i), (ii), (iii) and (vi); (2), the sources meet the criteria (iv), (v) and
(vi); (3), the sources met the criteria (iv), (v) and (vi) but not the
criteria (i), (ii) and (iii). The above three samples are respectively
compiled into the Extended Catalog 1, 2, 3 of Catalog B (hereafter
as EB1, EB2, EB3, respectively). According to their respective
selection criteria, the sources in EB1 have bad fitting results in
Gaia EDR3, and the sources in EB2 may be visually resolved

binaries. EB3 contains the sources which have high percents of
multi-peak but low noises, which means that there is another
source near the EB3 source. Table 3 shows some statistical
information of the three catalogs. Consistent with Catalog A
and B, the catalogs with more extended sources have lower
average redshift. There are hundreds of common sources in
Extended catalogs of Catalog B and GEAC. Figure 11 shows
that the sources in EB2 have slightly worse position precision
than SDSS DR16Q sources, and the position precision of sources
in EB1 is even worse than that of EB2. The number of duplicated
sources in Table 3 also shows that we only select a small part of
abnormal quasars.

In addition to the above criteria, the renormalized unit weight
error (ruwe) may also be a criterion that can be used to select
binaries. In Gaia Data release 2 (DR2), ruwe > 1.4 indicates that
the source is a non-single star, however, this value is set to null for
the 2-parameter sources in EDR3. As Lindegren et al. (2021)
emphasized, both the ruwe and excess source noise quantify the
disagreement between the Gaia observations and the best-fitting
model. Figure 12 shows that the ruwe of the sources in Catalog B
is greater than that of FRS sources, which means that our criteria
selecting binaries are effective. The ruwe of sources in EBI is
significantly higher than that of other samples, which proves that
excess source noise and ruwe are consistent with each other.
Therefore, ruwe is also a reliable indicator that can be used to
select binary objects and may play an important role in our future
releases.

Apart from the SDSS DR16Q, there are many other reliable
quasar catalogs such as the Large Bright Quasar Survey (Hewett
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FIGURE 12 | Distribution histogram of the ruwe of sources in Gaia FRS, Catalog B, EB1, EB2 and EB3.

the right panel.

FIGURE 13 | SDSS (left side) and HST optical image (right side) of the lensed quasar SDSS 111816.94 + 074558.2, respectively. For the SDSS image, the
resolution is 0.015 arcsec per pixel with 512 pixel in total. While for the HST image, the FOV is 7.516” x 6.359" and the scale 1" is labelled as the light blue line segment in

etal,, 1995), the INT Wide Angle Survey (Sharp et al., 2001), and
the quasars from Large Sky Area Multi-Object Fiber
Spectroscopic Telescope (LAMOST) (Zhao et al., 2012). With
our method of selecting abnormal astrometric quasars, a large
number of quasar pair candidates will be selected.

4.2 Identification of Quasar Pairs and

Lensed Quasars
In Section 2, we have described the selection criteria and hence
obtained two samples of abnormal quasars denoted as Catalog A

and B. It is also interesting to explore the nature of these sources,
whether they are quasar pairs, lensing images or containing jet-
like structures. With the high-resolution observations from
Hubble Space Telescope (HST), we could firstly resolve the
general structures of these abnormal quasars, and further
analysis of the corresponding spectra and light curves will be
needed for a detailed classification.

There are about a dozen sources in Catalog A and Catalog B
that have been identified as lensed quasars in the literatures. For
example, Figure 13 shows the SDSS image (left side) and the HST
optical image (right side) of the lensed quasar SDSS 111816.94 +
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074558.2 as identified in catalog A, already reported in
(Weymann et al., 1980; Impey et al., 1998). We could see the
advantage of the higher resolution of HST compared with SDSS
when resolving the structure of those abnormal quasars. We also
note that two similar pioneer works by Shen et al. (2021) and
Chen et al. (2022) have reported 2 and 43 AGN pair candidates,
respectively, using the methods of varstrometry (ie., excess
astrometric noise). Among the sources we selected in this
paper, 8 sources in Catalog A, 2 sources in Catalog B and 5
sources in EB1 have been reported as AGN pair candidates in
their papers. However, both the target sample and the selection
criteria are a little bit different. We will compare our results with
them in future work.

5 CONCLUSION

By cross-matching with other quasar catalogs, Gaia EDR3
provides high-precision astrometric data for a large number
of quasars, and a list of 1,614,173 quasar candidates are
obtained, which could be used to establish the celestial
reference frame in the optical band. However, during the
selection process, many spectroscopically identified quasars
showed abnormal astrometric characteristics, such as
significant parallaxes and large proper motions. These
quasars may come with astrometric jitter detectable with
Gaia data. Therefore, with several Gaia parameters
describing the goodness of data fitting, quasars with
abnormal astrometric characteristics could be selected. The
selected quasars can form a group of quasar pair candidates.

We propose a series of criteria for selecting abnormal
quasars based on Gaia astrometric data. Since Gaia EDR3
contains 344 million 2-parameter sources, this means that
these sources have only positional parameters. Our criteria
do not rely on the complete data of parallax and proper motion,
but depend on the goodness of fit to the observed data. With
these criteria, two catalogs are obtained. Catalog A contains
155 SDSS quasars with more than one Gaia matched within a
1" radius. Catalog B contains 44 SDSS quasars whose Gaia
observations are significantly different from the best-fitting
standard astrometric model. The percentages of extended
sources in Catalogs A and B are 41.3 and 56.8%,
respectively. And in both catalogs, the mean redshift of the
extended sources is significantly smaller than that of the point
sources.

Although some of the SDSS images show obvious double star
features, there are still many sources in our catalogs for which
it is not possible to determine whether they are quasar pairs at
the resolution of SDSS. Therefore, more high-resolution
observations are needed to determine the fraction of quasar
pairs of the catalogs in the future. In addition to SDSS DR16Q,
many other quasar catalogs need to be further checked, so
more efforts are needed to improve the selection criteria.

There are 127 common sources between the GEAC quasars
and our Catalog A and B, which should be excluded from GEAC
for the purpose of establishing a reference frame. Besides,

Abnormal Quasars From Gaia EDR3

hundreds of common sources between Extended Catalogs of
Catalog B and GEAC also show large position errors. The
aspects of morphology and astrometric variability were
crucial for selecting the quasars to form the reference frame
(Ma et al.,, 2009). A perturbation in the disk of the host galaxy
can cause a significant offset to the photocenter in the Gaia
observations (Popovi¢ et al., 2012). Andrei et al. (2012) used the
morphological indexes in the Gaia Initial QSO Catalog to
indicate such influences. The host detection and
characterization for about 1 million quasars will be released
in the future release of Gaia DR3. It might be interesting in the
future to see if there is any correlation between the
morphological parameters and the astrometric parameters
mentioned in the current paper.
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