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ABSTRACT

Here we explore the efficiency and fidelity of a purely astrometric selection of quasars as point sources with zero proper motions in
the Gaia data release 2 (DR2). We have built a complete candidate sample including 104 Gaia-DR2 point sources, which are brighter
than 20th magnitude in the Gaia G-band within one degree of the north Galactic pole (NGP); all of them have proper motions that
are consistent with zero within 20~ uncertainty. In addition to pre-existing spectra, we have secured long-slit spectroscopy of all the
remaining candidates and find that all 104 stationary point sources in the field can be classified as either quasars (63) or stars (41).
One of the new quasars that we discover is particularly interesting as the line-of-sight to it passes through the disc of a foreground
(z = 0.022) galaxy, which imprints both NaD absorption and dust extinction on the quasar spectrum. The selection efficiency of the
zero-proper-motion criterion at high Galactic latitudes is thus ~60%. Based on this complete quasar sample, we examine the basic
properties of the underlying quasar population within the imposed limiting magnitude. We find that the surface density of quasars is
20deg™ (at G < 20 mag), the redshift distribution peaks at z ~ 1.5, and only eight systems (13*3%) show significant dust reddening.
We then explore the selection efficiency of commonly used optical, near-, and mid-infrared quasar identification techniques and find
that they are all complete at the 85-90% level compared to the astrometric selection. Finally, we discuss how the astrometric selection
can be improved to an efficiency of ~70% by including an additional cut requiring parallaxes of the candidates to be consistent with
zero within 2o0-. The selection efficiency will further increase with the release of future, more sensitive astrometric measurements from
the Gaia mission. This type of selection, which is purely based on the astrometry of the quasar candidates, is unbiased in terms of
colours and intrinsic emission mechanisms of the quasars and thus provides the most complete census of the quasar population within

the limiting magnitude of Gaia.

Key words. astrometry — quasars: general

1. Introduction

Since the discovery of active galactic nuclei (AGN) in the mid-
dle of the last century (Seyfert 1943; Baade & Minkowski 1954;
Schmidt 1963; Sandage 1965), the richness of the phenomenon
has gradually become evident to us. It now appears well-
established that AGN are caused by accretion onto supermas-
sive black holes (Lynden-Bell 1969; Rees 1984). Most recently,
it has also become clear that at least all massive galaxies harbour
super-massive black holes in their centres and hence one or more
episodes in their past must have harboured AGN. The feedback
from the AGN onto the gas in their host galaxies may be a cru-
cial aspect in what regulates star-formation in massive galaxies
and for turning galaxies quiescent (Sanders et al. 1988; Granato
et al. 2001; Ferrarese 2002).

Article published by EDP Sciences

The brightest AGN, the quasars, were quickly found to also
be powerful probes of the interstellar and intergalactic medium
at high redshifts. Quasar absorption line studies allow for the
measurement of properties that are very difficult to get access to
by other means (e.g. Weymann et al. 1981; Wolfe et al. 2005).

As AGN and quasars are key factors for galaxy evolution
directly as essential ingredients in the galaxy formation recipe
and indirectly as probes of intervening material, for example, of
chemical evolution (Smith et al. 1979; Pettini et al. 1994; Lu
et al. 1996; Zafar et al. 2014; Berg et al. 2016; Krogager et al.
2019), it is very important to get a complete census of AGN, in
general, and of quasars in particular. The early work of Sandage
(1965) already demonstrated that the original radio-selection of
quasars only reveals a minority of the underlying population (the
radio-loud quasars). It is thus clear that selection effects play a
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crucial role in the study of AGN. To accommodate this, a wide
range of selection techniques have subsequently been developed,
thereby further expanding the AGN taxonomy (e.g., Mickaelian
2015).

In this work we explore the use of the astrometric measure-
ments from the Gaia mission as a selection method for AGN
and more specifically quasars. Due to their enormous distances,
the proper motion of quasars on the sky has to be extremely
small. A quasar at redshift 1, moving with the speed of light
perpendicular to the line-of-sight, still has a proper motion of
less than 0.1 mas yr~! (the accuracy of Gaia at G ~ 20 mag is
1.2 mas yr~!; Lindegren et al. 2018). The use of astrometry in the
selection of quasars was first discussed by Koo et al. (1986). The
great appeal of a purely astrometric selection is that the resulting
selection function is very simple. There is of course a flux limit,
which is set by the need to secure an accurate proper motion
measurement, but there is no colour sensitivity. This allows us to
identify locations of quasars independent of their intrinsic emis-
sion mechanisms (except for the requirement that the source is
bright enough for a precise astrometric measurement), which are
otherwise essential for other selection methods.

In a preliminary study, Heintz et al. (2015) explored the
extent to which a purely astrometric selection of quasars as sta-
tionary sources in the Gaia survey would be feasible. The cru-
cial problem is to not be overwhelmed by stellar sources with
no apparent proper motions. We found that in large parts of the
sky, well away from the Galactic disc, such a purely astrometric
selection is in fact feasible. Based on the Gaia Universe model
snapshot (GUMS, Robin et al. 2012), we found that when tar-
geting regions at Galactic latitudes |b| > 30°, the ratio of quasars
to apparently stationary stars should be above 50%; further-
more, when observing towards the Galactic poles, the fraction
of quasars is expected to increase to ~80%. After the release of
the Gaia Data Release 2 (DR2; Gaia Collaboration 2018), we
defined a pilot study (Heintz et al. 2018, hereafter Paper 1), tar-
geting a circular region within one degree from the north Galac-
tic pole (NGP), centred at RA = 12:51:26.00, Dec = +27:07:42.0
(J2000). In this region we found 104 point sources (as classified
from the SDSS imaging), which are brighter than 20th magni-
tude in the Gaia G-band. Of these, 34 were previously spectro-
scopically confirmed by other surveys to be quasars and four to
be stars.

The objective of this work is to explore the nature of the
remaining 66 point sources in this sample with the goal of clas-
sifying them as stars, quasars, or potentially another class of
objects. One of the main goals of our survey is to determine
how many red quasars may have been overlooked with the com-
monly used selection methods (Webster et al. 1995; Richards
et al. 2003; Glikman et al. 2012; Fynbo et al. 2013). In Sect. 2
we describe our spectroscopic observations of these 66 sources
in addition to two previously known quasars for which we could
not locate spectra in the literature. In Sect. 3 we present source
classifications and our primary results. In Sect. 4 we discuss the
implications of our results on the general question of quasar pop-
ulations and quasar selection and in Sect. 5 we conclude on our
work and discuss future outlooks.

2. Observations

Spectroscopic observations of the 68 targets were secured using
low-resolution long-slit spectroscopy since our main objective is
simply to classify the targets and not to derive detailed proper-
ties (e.g. abundances or precise stellar parameters). We used the
following four different instruments for this work: the Nordic
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Table 1. Properties of the grisms used in the survey.

Instrument Grism Resolution Wavelength range
(A)
AIFOSC 4 360 3800-9200
OSIRIS 1000B 600 3750-7850
OSIRIS 2500R 1500 5575-7685
OSIRIS 25001 1500 7350-10000
ISIS R158B 600 3300-5400
ISIS R600R 3500 5800-7200
DOLORES LR-B 600 3800-7800

Notes. The listed resolutions are for a 1.0 arcsec slit. For some of the
observations, we used a slightly wider slit and hence the resolution is
correspondingly lower.

Optical Telescope (NOT) equipped with the Alhambra Faint
Object Spectrograph and Camera (AIFOSC), the Gran Telesco-
pio Canarias (GTC) equipped with the Optical System for Imag-
ing and low-Intermediate-Resolution Integrated Spectroscopy
(OSIRIS) instrument, the William Herschel Telescope (WHT)
equipped with Intermediate-dispersion Spectrograph and Imag-
ing System (ISIS), and the Telescopio Nazionale Galileo (TNG)
equipped with the Device Optimized for the LOw RESolution
(DOLORES) spectrograph.

In Table 1, information about the grisms used in the obser-
vations and the nominal spectral resolutions are provided. The
spectra were secured on a wide range of dates between February
2019 and April 2020, under a range of observing conditions. As
the primary purpose of the observations is to classify the targets
as either stars or quasars, high signal-to-noise is not required.
We are thus still able to use spectra obtained under poor condi-
tions as long as we can robustly conclude as to the nature of the
targets. For some of the targets, we re-observed with higher res-
olution grisms in order to further examine specific aspects of the
targets. The full log of observations is presented in Table B.1.

The spectroscopic data from all of the instruments were
reduced using standard procedures mostly in IRAF', but also
using similar procedures written in Python”. The spectra were
flux calibrated using observations of spectro-photometric stan-
dard stars, typically observed on the same nights as the science
targets.

3. Results

Tables B.2 and B.3 list the full list of source classifications for
quasars and stars, respectively. For each of the identified quasars,
the redshift, the inferred visual extinction Ay, and a subset of
their photometric colours, those that are commonly used for
other quasar selection techniques, are provided. For the stars,
the spectral type and sub-class are listed. Figure 1 shows a sky
map of the classified targets, together with the full underlying
distribution of point sources in the Gaia-DR2 sample, which are
brighter than G = 20 mag.

Out of the total 104 stationary point sources, 63 (~60%) are
quasars. This yields a surface density of quasars that are brighter
than G < 20 mag of 20 deg2. To remove potential contamination

! IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in
Astronomy (AURA) under a cooperative agreement with the National
Science Foundation.

2 https://github.com/keheintz/PyReduc
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Fig. 1. Skymaps of all point sources with measured proper motions from Gaia and G < 20 mag. Left panel: full sample of quasars, which are
colour-coded by redshift; different symbols are used to illustrate quasars that have been found in the this work (filled circles) and previously known
quasars (square symbols). Right panel: all point sources (also with significant proper motions) as small black symbols, and the zero-proper-motion

stars are marked with a colour-code reflecting their stellar type and sub-class.

from extended galaxies at low-z, our survey only targeted point
sources, which, therefore, also excludes extended Type-1 AGN.
We estimate this “missing” fraction to be ~30-45% at most (i.e.
6—9 extended quasars deg=?), based on the complete quasar sam-
ple extracted from the VIMOS VLT Deep Survey (VVDS) by
Gavignaud et al. (2006, 2008), considering only sources that are
brighter than our survey limit. The true surface density of all
quasars in this field which are brighter than G < 20 mag, both
extended and point-like, might thus be as high as <30 deg™2. We
note that for unknown reasons, the region around the NGP is
partly incomplete (see the right panel of Fig. 1) and we might
therefore slightly underestimate the actual quasar surface den-
sity. We estimate that the two incomplete regions both roughly
cover 0.03 degz, such that ~2% of the field is not included in
our survey. In the following, we present the results for the newly
identified quasars and the sources that have been identified as
stars in turn.

3.1. Newly identified quasars

Quasars are readily identified based on the presence of strong,
broad emission lines, typically with velocity widths of several
1000 kms~!. The redshifts for most quasars are easy to deter-
mine with a precision of a few percent from several distinct
emission features. For a few of the sources, observations with
additional grisms were obtained to confirm ambiguous redshift
determinations from the presence of other emission lines (e.g.
GQ124728+272742 and GQ125043+271934).

Out of the 63 quasars, 27 are new spectroscopic quasar iden-
tifications from this work. Individual spectra of all the quasars in
the field can be inspected in Fig. A.2 (newly identified quasars),
Fig. A.3 (quasars observed as part of the Sloan Digital Sky
Survey, SDSS; York et al. 2000; Richards et al. 2002; Paris
et al. 2018), and Fig. A.4 (quasars from the CFHT survey of
Crampton et al. 1987, but with no available spectra in the litera-
ture and hence re-observed in this work).

In Fig. 2 we show the signal-to-noise (S/N) measurements of
the proper motion S/N,, = p/per versus G-band magnitude of

075 SDSS-DR14Q + Gaia-DR2
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Fig. 2. Signal-to-noise (S/N) measurements of the proper motion
S/N, = p/per vs. G-band magnitude of the zero proper motion sources.
The symbols represent the following different classifications: quasars
observed in this work (red filled circles), previously identified quasars
(grey squares), and stellar sources (yellow star symbols). The con-
tours represent the full SDSS-DR 14 quasar sample cross-matched to the
Gaia-DR2 catalogue. Our imposed limiting magnitude (G < 20 mag) is
shown by the dotted line.

the zero proper motion sources. First, it is clear that the newly
identified quasars are all part of the faintest zero proper motion
sources, which is also occupied by the most significant stellar
contamination. Then, we note that at brighter magnitudes (G <
19 mag), the SDSS is spectroscopically complete concerning the
zero-proper-motion sources; whereas at 19 < G < 20mag,
only ~38% of the now confirmed quasars has been previously
classified as such spectroscopically by the SDSS. For compari-
son, we show the underlying distribution of the full SDSS-DR14
quasar sample (DR14Q); Paris et al. 2018), cross-matched with
the Gaia-DR2 catalogue as the background contours.
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Fig. 3. Scatter plot and histograms showing the measured redshift
and Ay distributions of quasars observed in this work (red filled cir-
cles) and those previously identified (grey squares). The black dashed
lines in the two histograms show the combined redshift and Ay dis-
tributions, respectively. In the inset, we show the CDF of the full
Gaia-selected quasar sample (black) compared to the CDF of the
SDSS-DR14Q sample (orange), considering only the quasars that are
brighter than G < 20 mag.

For each quasar, both observed as part of this work and
with existing archival spectra, the line-of-sight visual extinction
(quantified by the extinction in the V-band, Ay) is determined
in the following way. The quasar composite spectrum from
Selsing et al. (2016) is fitted to the observed spectra and to
available photometry from SDSS and UKIDSS. The Small
Magellanic Cloud (SMC) extinction curve, as parametrized by
Gordon et al. (2003), is applied to determine the reddening in
the rest-frame of the quasar. Since the observed spectral shapes
may differ from the average spectral template, negative Ay val-
ues are permitted in the fits to allow for intrinsically bluer spec-
tral slopes than in the composite spectrum (see methodology
by Krogager et al. 2015)>. The redshifted and reddened model
is then compared to the data in order to obtain the best-fitting
Ay. The formal uncertainty on the best-fitting Ay is very small
(of the order of 0.01 mag). However, the true uncertainty is
dominated by the systematics related to the unknown intrinsic
shape. This uncertainty is reflected statistically as the scatter
around Ay = Omag due to the inclusion of negative Ay val-
ues. This systematic uncertainty amounts to 0.07 mag, which is
a conservative estimate of the uncertainties on the best-fitting
Ay measurements. Table B.2 provides a summary of the results
and Fig. 3 shows a scatter plot and histograms of the redshift
and Ay distributions. The full sample spans a redshift range of
0.2 < z < 3.5, and the majority of quasars show broad emission
lines and negligible dust extinction (Ay < 0.1 mag). Only one
quasar, GQ125150+263900, shows broad absorption line (BAL)
features, which are otherwise found in abundance in targeted
searches for reddened quasars (Fynbo et al. 2013; Krogager et al.
2015).

3 Another way to represent these intrinsic variations is by varying the
power-law slope of the template before applying the reddening (see
Krogager et al. 2016). However, this requires an extra free parameter
which we are not able to constrain due to the lack of spectral data at
longer wavelengths.
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Fig. 4. Comparison between the photometric redshifts estimated by
Richards et al. (2009) and the spectroscopic redshifts determined in this
work (red filled circles) or in previous surveys (grey squares).

For all of the new targeted quasar candidates in this survey,
Richards et al. (2009) had previously classified them as quasars
based on their photometry and determined photometric redshifts.
In Fig. 4 the photometric redshifts from Richards et al. (2009)
are compared to our spectroscopic redshift measurements. The
agreement is overall very good. The outliers are typically sys-
tems with significant amounts of reddening.

3.2. GQ124728+272742

One of the newly identified quasars, GQ124728+272742, war-
rants special attention as the line-of-sight to this quasar inter-
sects the outer part of the dusty, star-forming foreground galaxy
SDSS J124728.37+272728.0 at z = 0.022 (see Fig. 5). In the
spectrum of the quasar, we measure strong Na D doublet absorp-
tion (with an equivalent width of 2.2 + 0.2 A). Modelling of
the quasar spectrum, assuming a foreground dust screen at z =
0.022 and using the methodology of Krogager et al. (2016, their
Sect. 4.1) to model the unextinguished quasar spectrum, shows
that dust in the foreground galaxy likely causes extinction at the
level of Ay = 0.8 mag. The strength of the NaD line appears
consistent with the relation between extinction and NaD found
in other studies (e.g. Murga et al. 2015), but we note that this
study probes significantly weaker NaD lines compared to what
we see in the case of GQ124728+272742.

3.3. Stellar sources

We find that 41 sources (=40%) from the total zero-proper-
motion sample are stars. These are readily identified due to
the lack of broad emission line features and from the pres-
ence of stellar absorption lines. We classify the stellar types and
sub-classes using PyHammer (Kesseli et al. 2017). This code
classifies stellar spectra by cross-matching input spectra with
a library of empirical stellar spectra, which was created using
spectra from the SDSS Baryon Oscillation Spectroscopic Survey
(BOSS). The 41 stars in our sample cover most of the sub-classes
within the spectral types F, G, K, and M (see Table B.3). A frac-
tion of these (=25%) show significant parallaxes consistent with
their stellar nature. We discuss the use of parallax measurements
as an additional selection criteria in Sect. 4.3.
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Fig. 5. Top left: image of the field of GQ124728+272742 from SDSS. The quasar is marked with a line-of-sight passing through the outskirts
of the z = 0.022 foreground galaxy SDSS J124728.37+272728.0. Top right: spectra covering the spectral region around NaD. Top panel: two-
dimensional spectrum covering the foreground galaxy and the quasar. The NaD doublet can be seen in absorption against the stellar light of the
foreground galaxy and against the quasar continuum. Botfom: analysis of the spectral energy distribution of the quasar. The orange squares mark
the photometric measurements from u to z (from SDSS), and from Y to K (from UKIDSS). The black curve represents our observed spectrum.
The blue and the red are the quasar composite spectrum from Selsing et al. (2016) without and with extinction, respectively. The parameters of the
best fit are given in the upper right corner (following Krogager et al. 2016).

4. Discussion

With our spectroscopic campaign, we have built a complete sam-
ple of point sources with zero proper motions (within 20 in
Gaia-DR2), one degree from the NGP (see Paper I for further
details on the definition of the sample). The magnitude limit is
set by the Gaia G-band measurement at G < 20 mag and this in
turn is set by the requirement of having a precise measurement
of the proper motion.

In the field that we have surveyed, that is 3.14 square degrees
centred on the NGP, there are more than 4500 point sources
at G < 20mag in the broad Gaia G-band. Of these, only the
104 sources (2.3%) targeted here have proper motions consis-
tent with zero to within 20. The simple criterion requiring the
sources to be stationary on the sky is thus already a powerful
discriminator, which allows one to remove the vast majority of

stars from the large population of point sources. The astrometric
selection and our complete spectroscopic follow-up allow us to
state with certainty that we now have a complete quasar sample
down to the imposed G-band magnitude of 20 mag. In the fol-
lowing, we first discuss the properties of this sample and then
discuss the perspectives for astrometric quasar selection.

4.1. Quasar properties

Firstly, we can now investigate the basic properties of the under-
lying quasar population within the imposed G-band limit. Quan-
tities such as the redshift distribution and the fraction of dust-
reddened quasars provide important constraints on the formation
and evolution of galaxies and the interplay between their central
supermassive black hole.
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Fig. 6. Dust-corrected G-band magnitudes vs. the correction factor 6G
of the full quasar sample, colour-coded as a function of Ay. Our com-
pleteness limit of Gops < 20 mag is shown by the grey-shaded area.

4.1.1. Redshift distribution

The redshift distribution of the Gaia-NGP quasar sample is
shown in Fig. 3. By including both the new quasars observed
as part of this work and those extracted from the literature, we
find that the distribution peaks at z ~ 1.5. In the inset of Fig. 3,
we compare the redshift cumulative distribution function (CDF)
of the Gaia-selected quasars, with the redshift CDF of the cross-
matched SDSS-DR14Q and Gaia-DR?2 catalogue, considering
only the quasars that are brighter than G < 20 mag. We find a
median redshift for the Gaia-selected quasar sample of z = 1.49,
compared to the median z = 1.56 of the SDSS-DR14Q sam-
ple. Performing a two-sample Kolmogorov-Smirnov (KS) test
for the two CDFs to be drawn from the same distribution yields
P = 0.07. We therefore cannot reject the null hypothesis that the
two populations sample the same redshift distribution. This sug-
gests that any biases in the SDSS-DR14Q selection has a small
impact on the redshift distribution.

4.1.2. The fraction of red quasars

Out of the total 63 spectroscopically confirmed quasars in our
NGP survey, only eight systems (13f§%) show significant dust
reddening with Ay > 0.1 mag. It is important to recall here that
a dust reddened quasar also becomes fainter in the G-band and
therefore could drop out of the sample definition. That is, while
the observed fraction of dust-reddened quasars is 13% in the
sample presented here, the “intrinsic reddened fraction” could be
much higher. We illustrate this in Fig. 6 where, for each object
in our sample, we have corrected the observed G-band magni-
tude to the intrinsic (dust-corrected) G magnitude and plotted it
against the “dust-correction at G” (6G). Visualising our sample
in this way means that the intrinsic completeness limit is now a
function of the absorption in the G band. The symbols in Fig. 6
are colour-coded following the amount of dust absorption. Dust
absorption moves an object towards the left, and increasingly so
with larger dust absorption. However, the effect is also a function
of redshift, which is why the reddest points are not necessarily
the ones furthest to the left.

From Fig. 6 it is first seen that the blue (non-absorbed) points
are clustered to the right and mostly down at the faint end. This
distribution simply reflects the quasar luminosity function. The
reddened quasars are seen to hover in the middle left side of the
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figure. The lack of intrinsically faint reddened quasars is evi-
dent but also logical as even a small amount of reddening of a
faint quasar pushes it below our completeness limit. Simply com-
puting the dust-reddened quasar fraction using the few intrin-
sically bright reddened quasars versus all of the non-reddened
ones is clearly strongly under-estimating the intrinsic value. To
get a better estimate, we instead make two horizontal cuts in
Fig. 6 at intrinsic G-band magnitudes of 19.2 and 18.5 (shown by
the dotted lines), capturing the regions where significantly dust-
reddened quasars can still enter our sample. At those cuts, we find
fractions of 2620% and 4432%, respectively, for red quasars rel-
ative to the total number of quasars above these intrinsic thresh-
olds. In conclusion, the intrinsic red fraction of this sample is
much higher than the overall observed fraction; however, based
on these data alone, we cannot quantify by exactly how much.

In an earlier complete quasar sample study, Heintz et al.
(2016) found that 39fg% of all quasars had Ay > 0.1 mag. In that
study, the quasars were selected through a wide range of methods
to ensure the completeness of the sample (radio, X-rays, optical,
near-infrared, and mid-infrared colours) and the completeness
limit was defined in the J-band where the effect of reddening is
less severe. The consistency between the result from the highest
intrinsic cut (G = 18.5 mag) in Fig. 6 and that of the J-band lim-
ited sample suggests that the true intrinsic red fraction is at least
a factor of 3 —4 higher than the observed fraction of ~13% in the
G magnitude limited sample presented here. In a future work, we
will discuss how one may determine the true intrinsic red quasar
fraction from a larger Gaia-selected sample in detail.

4.2. Efficiency of photometric selection of quasars

Based on this Gaia-selected sample of quasars, the completeness
of complementary searches for quasars using other, commonly
adopted colour-selection criteria can be quantified. First, we note
that we found two additional quasars in the NGP field in Paper I,
both with §/N,, > 2. Our sample is therefore only complete
within the statistics from the 20 cut on the proper motion, but it
is unbiased in terms of colours. It is also only possible to assess
the completeness of these other surveys within the same limiting
magnitude G < 20 mag. For this analysis, we thus cross-match
the full Gaia-NGP sample with the optical SDSS-DR14 survey
(Paris et al. 2018), the near-infrared UKIRT Infrared Deep Sky
Survey (UKIDSS) Large Area Survey (LAS) (DR10; Lawrence
et al. 2007), and the mid-infrared Wide-field Infrared Survey
Explorer (WISE) auxiliary data (from the AIIWISE catalogue;
Cutri et al. 2013).

In Fig. 7, the optical, near-, and mid-infrared photometry in
colour-colour diagrams of all of the zero proper motion sources
examined as part of this work are shown. The first “radio-
quiet” low-z, unobscured quasars were identified by their ultra-
violet (UV) excess (UVX) relative to that of main-sequence stars
(Sandage 1965; Schmidt & Green 1983). This is represented
as the typical bluer u — g colours in the left panel of Fig. 7.
Only five quasars (~8% of the full quasar sample) show opti-
cal u — g colours, which is inconsistent with the majority of the
quasar population. A typical UVX selection is thus complete
to about 92% down to the limiting magnitude of G < 20 mag.
Although only about half of the Gaia-selected quasars had exist-
ing spectra from the SDSS, this is likely mainly due to the issue
of fibre-collisions in the SDSS spectroscopic follow-up (e.g.
Strauss et al. 2002). For example, Richards et al. (2009) classi-
fied 58 out of the 63 (92%) confirmed quasars as such based on
their photometric algorithm specifically targeting sources with
a high UV excess. Moreover, none of the sources classified
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Fig. 7. Colour-colour diagrams of the zero proper motion sources. The quasars observed in this work are shown by the red filled circles, the
previously known quasars by the grey squares, and the stellar sources by the yellow star symbols. Limits are denoted by triangles, which are
colour-coded in the same way. Left panel: u — g vs. g — r colours of the targets, which represent the UVX selection, middle panel: g — J vs. J — K
colours (KX selection), right panel: WISE colours W1-W?2 vs. W2—-W3. For comparison, typical stellar colours from the catalogue of Hewett et al.
(2006) are shown as the dark grey squares in the left and middle panel. Middle panel: selection line from Maddox et al. (2008, 2012), selecting
targets with a K-band excess relative to typical stellar colours. Right panel: selection criterion of W1-W2 > 0.8 presented by Stern et al. (2012)
as the dashed line and the selection wedge defined by Mateos et al. (2012) as the dotted line.

spectroscopically as stars in our work were flagged as quasars
in their work. This specific UVX selection thus also has a com-
pleteness of 92%, with a selection efficiency of ~100% within
the survey limit.

A complementary approach for identifying quasars, which is
less sensitive to dust or Lyman-a forest blanketing, is based on
the observed K-band excess (KX; Warren et al. 2000) of quasars.
To examine this selection, the middle panel of Fig. 7 shows
the demarcation line separating quasars and stars as defined by
Maddox et al. (2008, 2012) in g — J versus J — K colour-colour
space together with all of the zero proper motion sources for
which a near-infrared counterpart was detected. Only two of
the spectroscopically confirmed quasars (3%) have colours that
are inconsistent with the bulk of the quasar population (i.e. are
located to the left of the demarcation line). There were five addi-
tional Gaia-identified sources with no near-infrared counterpart,
which is likely due to their intrinsic faintness. Including these,
we thus estimate the completeness of the KX method to be about
90% for sources that are brighter than G < 20 mag.

Another approach to identify quasars, which is also less
biased against extremely dust-obscured sources compared to
optical surveys, is via a selection based on mid-infrared colours.
This has the added advantage that quasar candidates can be
selected from the all-sky WISE survey. In the right panel of
Fig. 7, the Gaia-selected sample is compared to the WISE selec-
tion criteria of Stern et al. (2012) and Secrest et al. (2015). Stern
et al. (2012) used a simple criterion of W1-W2 > 0.8 to iden-
tify quasars (shown as the dashed line in the figure), whereas
Secrest et al. (2015) adopted the W1-W2 versus W2—-W3 selec-
tion wedge defined by Mateos et al. (2012) (dotted line). We
find that 55 of the spectroscopically confirmed quasars (86%)
meet the criteria that W1-W2 > 0.8 of Stern et al. (2012) and
56 (88%) would be selected following the same W1-W2 ver-
sus W2—-W3 colour criteria as Secrest et al. (2015). In addition,
one confirmed quasar does not have a WISE detection in any of
the W1, W2, or W3-bands (GQ124752+273018). Including this
source, we thus estimate a survey completeness of ~85% using
typical mid-infrared WISE selection criteria for quasars that are
brighter than G < 20 mag.

4.3. Improving the astrometric selection

In Paper I we found that few of the sources with apparent proper
motions on the sky had significant parallax measurements, indi-

cating that they were likely stars. To quantify this, Fig. 8 shows
the significance on the proper motions versus the parallaxes of
all of the sources within the NGP field. The inset zooms in on
the sources we followed up on spectroscopically in this work.
From the figure, it is clear that a large fraction of the classi-
fied stellar sources have significant parallaxes. Requiring that
the parallaxes be consistent with zero within 20" (similar to the
proper motion cut) yields a total sample size of 89 sources, of
which 61 are classified as quasars and 28 are classified as stars.
Imposing this additional zero-parallax criterion, without intro-
ducing any biases, would therefore increase the quasar selection
efficiency from 61% to 69%. We caution that this extra crite-
rion would still make the sample less complete, though only in
a statistical sense (i.e. not related to any specific intrinsic quasar
properties).

Motivated by the preliminary study of Heintz et al. (2015),
we have built the sample of zero proper motions sources around
the NGP to limit the contamination of stellar sources. Here,
we now assess the actual selection efficiency as a function of
Galactic latitude b based on the Gaia-DR2 astrometric data. To
quantify the selection efficiency, we extract a representative set
of sources from the Gaia-DR2 catalogue with proper motions
and parallaxes consistent with zero (again within 207) and cross-
match it to the UKIDSS DR10 LAS catalogue. We then apply
the KX selection (see Sect. 4.2) to separate the candidates that
are most likely stars or quasars. In Fig. 9 we show the fraction of
quasars to the total number of sources with zero proper motions
and parallaxes as a function of b, ranging from b = 30-90deg
in steps of Ab = 5deg. At b > 85 deg, we find that the selection
efficiency of a purely astrometric selection is 73 + 14%, which is
consistent with the confirmed fraction of quasars within the NGP
3.14 square degree sample. However, already at b < 80deg,
the selection efficiency drops to ~50%. Closer to the Galactic
plane at b = 30-50deg, only ~20% of the sources with zero
proper motions and parallaxes are likely quasars. We expect a
similar trend between the selection efficiency and Galactic lat-
itude going from the south Galactic pole to the Galactic disc
(see also Heintz et al. 2015). A purely astrometric selection
of quasars based on the measurements from Gaia-DR2 is thus
mainly efficient at high Galactic latitudes, |b| > 80 deg. We note,
however, that with the release of future Gaia data with more
sensitive measurements of the proper motions, the fraction of
recovered quasars to stars will increase as the measurement error
decreases.
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Fig. 9. Fraction of likely quasars to the total number of sources with zero
proper motions and parallaxes as a function of Galactic latitude b. The
quasars are identified via their K-band excess (see Sect. 4.3). The frac-
tions are shown in bins of Ab = 5deg. The horizontal errorbars show
the widths of the bins and the vertical errorbars indicate the 10~ Poisson
errors for each bin. A selection efficiency of Ngso/Nw > 50%, using
a purely astrometric identification for quasars, can only be reached at
b 2 80deg.

5. Summary and outlook

In this work, we have presented a spectroscopically complete
sample of quasar candidates, which have been identified purely
from their apparent zero proper motion on the sky. The targets
were extracted from the Gaia-DR2 catalogue, and we find a total
of 104 sources to be brighter than G = 20 mag within a 3.14
square degree survey area around the NGP. Based on spectro-
scopic data of the full set of candidates, we classified 63 of the
sources as quasars and 41 as stars. This yields a surface density
of quasars with G < 20 mag of 20 deg~2. Based solely on the
zero proper motion criterion, we thus estimated a quasar selec-
tion efficiency of ~60% based on the astrometric measurements
from Gaia-DR?2 close to the NGP. Imposing an additional astro-
metric cut, requiring parallaxes consistent with zero (within a 20
confidence level), increases the selection efficiency to *70%. We
found that the fraction of quasars to the total number of sources
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to z = 3.5 and peaks at z ~ 1.5. The observed fraction of quasars
that are significantly reddened by dust was found to be 13f§%
in this sample, but the intrinsic red fraction is at least a factor of
3—4 higher.

Based on the complete Gaia-selected quasar sample, we then
investigated the relative efficiency of other, more common pho-
tometric selection techniques. Particularly, we inferred the com-
pleteness of selecting quasars based on their UV excess, K-band
excess, and typical red mid-infrared colours. We found that the
UVX and KX methods would identify ~90% of the confirmed
quasars, whereas the mid-infrared selection was complete at up
to ~85%. Inferring the basic properties of the underlying sam-
ple of quasars based on a photometrically-selected quasar sam-
ple would therefore only yield a biased census, typically missing
either quasars at high-z or with significant amounts of dust.

For now, the main advantage of a Gaia-based astrometric
search for quasars seems to be the ability to reject stellar con-
tamination from candidate quasar lists. As we have demonstrated
here, the use of astrometric information can reduce the number
of stellar sources by several orders of magnitude. While the effi-
ciency of a purely astrometric selection is still not feasible for
a large fraction of the sky, the current release of the Gaia sur-
vey is still very valuable for other objectives, such as identifying
heavily obscured BAL quasars, quasars with dusty and metal-
rich foreground galaxies, or rare lensed systems (Pindor et al.
2003; Lemon et al. 2017, 2019; Geier et al. 2019; Delchambre
et al. 2019; Fynbo et al. 2020).
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The present paper is based on the Gaia DR2 data from 22
months of observations. The next data release, DR3, will be
based on 34 months of data and is expected to be released in
late 2020 with smaller errors on proper motions by a factor of
two. This will translate into a reduced selection radius around
zero proper motion by the same factor, resulting in approxi-
mately a factor of four decrease in the number of contaminating
stars, assuming a homogeneous distribution of proper motions
at these scales (see also Fig. 1 of Heintz et al. 2015). This will
reduce the number of contaminating stars from the 41 (29 includ-
ing the zero-parallax cut) observed here to ~10 (7) within the
same surveyed sky region. Since the number of quasars with zero
proper motions (63 in this work) is expected to stay constant,
this will result in a quasar selection efficiency, that is the frac-
tion of quasars relative to the total number of stationary point
sources, of ~85-90% (at high Galactic latitudes) for a purely
astrometric selection based on Gaia DR3 data. The ideal astro-
metric selection would be a more precise (at least by a factor of
ten), preferably deeper all sky mission observing in the infrared
(Heintz et al. 2015). Such a “Gaia NIR” mission is currently
under consideration (McArthur et al. 2019; Hobbs et al. 2019).
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Appendix A: Spectroscopic data

In this section we provide figures for the full set of spectroscop-
ically observed quasars and two examples of the stellar spectra.
For each quasar, we overplot the best-fit dust-reddened quasar

template.

GQ124820+264225 7 GQ124804+265836
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Fig. A.1. Two examples of stellar spectra from our survey. Here, we have chosen the hottest and the coolest star in the sample (FO and M5,
respectively). The plots show the observed spectra in blue and the template spectra from PyHammer in orange.
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Fig. A.2. Spectra of all the newly identified quasars in this study. The observed spectra are shown in blue and the redshifted composite model
from Selsing et al. (2016) is shown in red. We have given the derived redshift and extinction in the upper right corner of each sub-figure. For the
spectra secured with ISIS, we have interpolated across the gap between the two arms of the spectrograph. We have also interpolated across the

atmospheric absorption band at 7600 A.
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Fig. A.2. continued.
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Fig. A.2. continued.
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Fig. A.2. continued.
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Fig. A.3. continued.
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Fig. A.4. Spectra of two previously known quasars (redshifts can be found in Crampton et al. 1987) for which spectra could not be located in the

literature.
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Appendix B: Additional tables
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Table B.1. Observing log ordered by telescope and date.
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Source RA Dec TAB Telescope/ Observation date  Exp. time
J2000) (J2000) (mag) Instrument (s)
GQI125518+270034 12:55:18.6 +27:00:34.3 19.7 GTC/OSIRIS 2019-02-06 2 x 500
GQ124728+272742  12:47:28.6 +27:27:42.5 20.3 GTC/OSIRIS 2019-12-01 4 x 300
GQ124935+265906  12:49:35.2  +26:59:06.4 199 GTC/OSIRIS 2019-12-02 2 x 720
GQI125312+4265355  12:53:12.1 +26:53:55.7 20.0 GTC/OSIRIS 2019-12-02 2 x 900
GQ124922+265938 12:49:22.2 +26:59:389 19.7 GTC/OSIRIS 2019-12-02 1 x 720
GQ124902+262014  12:49:02.2 +26:20:14.7 19.7 GTC/OSIRIS 2019-12-04 2 x 400
GQI1247314270622 12:47:31.5 +27:06:22.2 19.8  GTC/OSIRIS 2019-12-19 3 x 400
GQ124734+270615 12:47:34.4 +27:06:15.2 20.3 GTC/OSIRIS 2019-12-19 3 x 900
GQ125007+274709 12:50:07.9 +27:47:09.4 19.8 GTC/OSIRIS 2019-12-20 2 x 700
GQI125159+280446  12:51:59.1 +28:04:46.3 19.9 GTC/OSIRIS 2019-12-27 2 x 720
GQI125516+265049  12:55:16.1 +26:50:49.0 19.8  GTC/OSIRIS 2019-12-28 2 x 600
GQ124804+265836 12:48:05.0 +26:58:36.1 20.7 GTC/OSIRIS 2019-12-30 2 x 1600
GQ125420+274609  12:54:20.0 +27:46:09.6 20.0 GTC/OSIRIS 2020-01-02 2 x 720
GQ125050+272448 12:50:50.2 +27:24:484 20.1 GTC/OSIRIS 2020-01-02 2 x 900
GQ125248+263805 12:52:48.3 +26:38:05.6 20.1 GTC/OSIRIS 2020-01-03 2 x 1000
GQI125308+273331 12:53:08.5 +27:33:31.2 204  GTC/OSIRIS 2020-01-03 3 x 900
GQ124945+264953  12:49:45.5 +26:49:53.3 19.8  GTC/OSIRIS 2020-02-02 2 x 750
GQ125107+271451  12:51:08.0 +27:14:51.5 194  GTC/OSIRIS 2020-02-05 2 x 480
GQ125043+271934  12:50:44.0 +27:19:34.3 20.1 GTC/OSIRIS 2020-02-06 2 x 600
GQ124728+272742  12:47:28.6 +27:27:42.5 20.3 GTC/OSIRIS 2020-02-15 4 x 300
GQ125241+275942  12:52:42.0 +27:59:4277 20.6 GTC/OSIRIS 2020-02-15 3 x 1200
GQ125239+280127 12:52:39.2 +28:01:27.2 19.5 GTC/OSIRIS 2020-02-15 3 x 1200
GQI125158+271304 12:51:58.6 +27:13:04.1 19.7 GTC/OSIRIS 2020-03-07 1 x 750
GQ125149+265349 12:51:49.2 +26:53:50.0 19.8 GTC/OSIRIS 2020-04-28 2 x 450
GQ125543+270714  12:55:43.7 +27:07:14.1 19.7  GTC/OSIRIS 2020-04-28 2 x 500
GQ124814+271603  12:48:14.5 +27:16:03.6 19.2 GTC/OSIRIS 2020-05-15 2 x 350
GQ124728+272742  12:47:28.6 +27:27:42.5 20.3 GTC/OSIRIS 2020-05-18 2 x 1000
GQ124835+263759 12:48:35.0 +26:37:59.8 19.9 WHT/ISIS 2020-01-03 3 x 720
GQ125353+273405 12:53:53.7 +27:34:059 19.8 WHT/ISIS 2020-01-03 3 x 1800
GQ125008+274001 12:50:08.6 +27:40:01.5 199 WHT/ISIS 2020-01-03 3 x 1200
GQ125043+271934  12:50:44.0 +27:19:34.3  20.1 WHT/ISIS 2020-01-04 2 x 1350
GQ125104+273341  12:51:04.1 +27:33:41.2 19.8 WHT/ISIS 2020-01-04 2 x 1000
GQI125312+4275524  12:53:12.1 +27:55:24.6  19.3 WHT/ISIS 2020-01-04 2 x 1600
GQ125230+275410  12:52:30.1 +27:54:10.0  19.0 WHT/ISIS 2020-01-04 2 x 1200
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Source RA Dec r'AB Telescope/ Observation date  Exp. time
(J2000) (J2000) (mag) Instrument (s)
GQ124921+264446 12:49:21.2 +26:44:46.8 19.6 WHT/ISIS 2020-01-05 2 x 1000
GQI125107+271451 12:51:08.0 +27:14:51.5 194 WHT/ISIS 2020-01-05 2 x 1000
GQ125042+274012  12:50:42.4 +27:40:13.0 19.7 WHT/ISIS 2020-01-05 2 x 1200
GQ125033+274519 12:50:33.6 +27:45:19.1 19.7 WHT/ISIS 2020-01-05 2 x 1000
GQI124915+274554  12:49:159 +27:45:54.8 193 WHT/ISIS 2020-01-05 2 x 900
GQ124955+275657 12:49:55.4  +27:56:577 19.3 WHT/ISIS 2020-01-05 2 x 1250
GQ124958+275703 12:49:58.1 +27:57:03.7 194 WHT/ISIS 2020-01-05 2 x 1250
GQI125456+263623 12:54:56.8 +26:36:23.8 19.6 NOT/ALFOSC 2019-01-28 2 x 600
GQ125510+263724  12:55:10.1 +26:37:25.0 199 NOT/ALFOSC 2019-01-28 2 x 600
GQ125424+264833  12:54:24.6 +26:48:33.8 19.7 NOT/ALFOSC 2019-01-28 2 x 600
GQI125453+263721  12:54:53.0 +26:37:21.8 19.5 NOT/ALFOSC 2019-01-28 2 x 600
GQ125133+264550 12:51:33.7 +26:45:50.4 194 NOT/ALFOSC 2019-01-28 2 x 600
GQ125008+263658 12:50:09.0 +26:36:58.6 19.3 NOT/ALFOSC 2019-01-28 2 x 450
GQI125054+264353  12:50:55.0 +26:43:53.6 19.6 NOT/ALFOSC 2019-01-28 2 x 720
GQ124941+265314  12:49:41.0 +26:53:14.8 19.7 NOT/ALFOSC 2019-01-28 2 x 600
GQ125359+272014  12:53:59.8 +27:20:14.8 20.3 NOT/ALFOSC 2019-01-28 2 x 900
GQI125327+273733  12:53:27.1 +27:37:33.1 19.8 NOT/ALFOSC 2019-01-28 2 x 600
GQ125241+272550 12:52:41.1 +27:25:50.8  20.7 NOT/ALFOSC 2019-01-29 2 x 1800
GQ125211+272803  12:52:11.9 +27:28:03.8 204 NOT/ALFOSC 2019-01-29 2 x 1200
GQI125031+261953  12:50:31.6  +26:19:53.7 19.3 NOT/ALFOSC 2019-04-01 2 x 300
GQ124715+265528 12:47:15.9 +26:55:28.1 18.9 NOT/ALFOSC 2019-04-01 4 %200
GQI125027+263048 12:50:27.3 +26:30:48.1 19.0 NOT/ALFOSC 2020-01-21 2 x 1000
GQI125357+271630 12:53:57.5 +27:16:30.6 189 NOT/ALFOSC 2020-01-21 2 x 1000
GQ124955+271335 12:49:55.7 +27:13:353 193 NOT/ALFOSC 2019-01-29 2 x 300
GQI125005+280041 12:50:05.2 +28:00:41.9  20.0 NOT/ALFOSC 2020-03-20 2 x990
GQI124959+261949  12:49:59.0 +26:19:49.3 199 NOT/ALFOSC 2020-03-20 2 x 1050
GQ125421+265454  12:54:21.0 +26:54:54.7 19.6 NOT/ALFOSC 2020-03-20 2 x 900
GQI124746+264709 12:47:46.5 +26:47:09.8  20.0 NOT/ALFOSC 2020-03-20 2 x 1080
GQI124721+265728 12:47:21.3 +26:57:289  19.7 NOT/ALFOSC 2020-03-20 2x 1125
GQ124814+271603 12:48:14.5 +27:16:03.6  19.2 NOT/ALFOSC 2020-03-20 2 % 1800
GQI124958+273317 12:49:58.2 +27:33:17.5 19.8 NOT/ALFOSC 2020-03-20 2 X 550
GQ124901+274330 12:49:01.8 +27:43:30.2 19.8 NOT/ALFOSC 2020-03-20 2 x 1050
GQ125005+280041 12:50:05.2 +28:00:41.9  20.0 NOT/ALFOSC 2020-03-20 2 x990
GQI125503+264502 12:55:03.8 +26:45:02.7 19.6 NOT/ALFOSC 2020-03-21 2 x 900
GQ125249+280356  12:52:49.1 +28:03:56.4 19.2 NOT/ALFOSC 2020-03-21 1x673
GQ125441+264637 12:54:41.3 +26:46:37.8 19.3 NOT/ALFOSC 2020-03-28 2 x 900
GQ124820+264225 12:48:20.6 +26:42:25.1 19.4 NOT/ALFOSC 2020-03-28 2 x 1000
GQ125134+272000 12:51:34.4 +27:20:00.2 19.7 NOT/ALFOSC 2020-03-28 2 x 9100
GQ124809+271650 12:48:09.4 +27:16:50.1 19.7 NOT/ALFOSC 2020-03-28 2 x 800
GQI125013+273256  12:50:13.7 +27:32:56.4  19.6 NOT/ALFOSC 2020-03-28 2 x 900
GQ125126+261346 12:51:26.6 +26:13:46.9 194 NOT/ALFOSC 2020-03-28 2 x 600
GQ124758+272556  12:47:58.7 +27:25:56.2 17.1  WHT/DOLORES 2020-04-28 5% 100
GQI125109+263505 12:51:09.8 +26:35:05.3 17.5 WHT/DOLORES 2020-04-28 3 x 100
GQI125006+265939 12:50:06.3 +26:59:39.9 19.5 WHT/DOLORES 2020-04-29 5 %300

Al17, page 20 of 22



K. E. Heintz et al.: Astrometric selection of quasars using Gaia DR2

Table B.2. Classification of the stationary sources identified as quasars.

Source (S/N)y  (S/N)pix u—g J-K W1-w2 Zprev. Zihiswork Ay (mag) Survey
GQ125005+263107 0.63 0.19 -0.04 0.98 1.06 2.044 - 0.00 SDSS
GQ125219+264053 1.07 1.56 - - - 1.287 - -0.05 SDSS
GQ125209+265018 1.17 -0.96 1.51 - 0.59 3.441 - 0.03 SDSS
GQ125358+262453 0.49 -1.48 0.75 - 0.87 3.100 - -0.02 SDSS
GQ125302+270519 1.67 -1.15 2.18 1.00 0.83 2.988 - -0.05 SDSS
GQ125019+274443 1.75 0.02 0.84 1.47 1.03 2.665 - 0.31 SDSS
GQ124816+265235 1.05 -1.78 0.62 1.19 0.72 2514 - -0.07 SDSS
GQ125202+275018 0.66 0.80 0.53 1.32 1.16 2.485 - 0.04 SDSS
GQ125302+261711 0.46 -0.05 0.59 1.50 0.44 2.316 - -0.07 SDSS
GQ125257+274542 1.61 1.26 0.31 0.89 1.37 2.004 - -0.08 SDSS
GQ125150+263900 0.86 0.39 0.12 0.92 0.92 1.913 - 0.19 SDSS
GQ125039+272904 1.16 -0.85 0.60 1.23 1.19 1.890 - 0.37 SDSS
GQI124816+264712 0.60 1.08 -0.04 0.94 1.37 1.856 - -0.03 SDSS
GQ124943+261629 0.53 0.36 0.05 0.90 0.11 1.843 - 0.02 SDSS
GQ125015+264337 0.21 -0.85 0.06 1.09 1.46 1.787 - -0.10 SDSS
GQ125206+272717 1.69 -1.63 0.07 0.84 1.23 1.680 - -0.04 SDSS
GQ125429+270003 1.25 1.61 0.19 1.11 1.25 1.635 - -0.07 SDSS
GQ125332+272225 1.69 0.87 0.27 - 1.32 1.627 - —-0.11 SDSS
GQ125424+263941 1.19 —-0.64 0.23 1.08 1.57 1.601 - -0.17 SDSS
GQ124846+271722 0.79 -1.43 0.36 1.07 1.35 1.514 - 0.21 SDSS
GQ125023+265328 0.21 -0.23 0.36 1.09 1.10 1.490 - 0.02 SDSS
GQ125300+271234 1.16 -0.31 0.26 1.03 1.44 1.482 - -0.12 SDSS
GQ125302+262722 1.26 3.30 0.21 1.36 1.25 1.259 - —-0.06 SDSS
GQ124925+272634 0.55 -0.55 0.13 141 1.41 1.156 - -0.11 SDSS
GQ125320+270607 0.40 -0.24 0.42 1.36 1.39 1.153 - 0.21 SDSS
GQI125112+275222 0.38 -0.26 0.19 1.12 1.30 1.044 - -0.05 SDSS
GQ125528+271330 0.73 -1.45 0.15 1.42 1.30 1.026 - -0.12 SDSS
GQ124752+273018 1.37 0.63 0.39 1.23 0.70 0914 - 0.10 SDSS
GQ124725+270114 0.63 -0.36 0.45 1.23 1.04 0.804 - 0.01 SDSS
GQ124926+264101 0.64 0.09 0.43 1.28 1.09 0.667 - 0.07 SDSS
GQ124832+265312 1.14 0.72 0.41 1.92 1.09 0.585 - -0.10 SDSS
GQ125320+272116 0.59 0.89 0.25 1.50 1.03 0.512 - -0.14 SDSS
GQ125126+261346 1.14 -1.63 -0.03 0.79 1.23 1.430 1.432 -0.03 CFHT
GQ125006+265939 0.63 0.82 0.11 1.15 1.20 0.970 0.980 0.00 CFHT
GQ124915+274554 0.95 0.40 0.24 1.21 1.55 2.16P 2.160 -0.03 This work
GQ125239+280127 1.96 1.63 0.06 1.03 1.31 2.04P 2.070 0.03 This work
GQ125211+272803 0.63 -1.18 0.08 1.39 1.06 1.87P 2.044 -0.08 This work
GQ125241+272550 1.87 -1.36 0.16 1.16 1.37 0.22P 2.000 0.28 This work
GQ124958+275703 0.49 0.66 0.23 0.99 1.33 1.91P 1.960 0.03 This work
GQ124958+273317 0.48 -0.48 0.15 0.69 1.51 1.72P 1.950 —-0.05 This work
GQ124728+272742 1.28 1.60 0.58 1.15 - 0.46P 1.840 0.01 This work
GQ125054+264353 1.67 0.85 0.39 2.17 1.36 1.59P 1.760 0.04 This work
GQ125327+273733 1.32 1.65 0.07 0.24 1.03 1.96P 1.700 -0.11 This work
GQ125359+272014 1.09 1.72 0.26 - 1.55 0.08P 1.700 -0.09 This work
GQ124955+271335 0.92 -0.18 0.05 1.11 1.46 1.47P 1.500 -0.18 This work
GQ125033+274519 0.55 -1.24 0.12 1.72 1.44 1.48P 1.485 -0.07 This work
GQ125424+264833 0.84 0.46 0.20 - 1.36 1.47P 1.470 -0.17 This work
GQI125042+274012 0.16 -1.19 0.21 1.04 1.44 1.48P 1.455 0.01 This work
GQ125013+273256 0.85 -2.01 0.09 1.28 1.32 1.15P 1.423 -0.02 This work
GQ125104+273341 0.46 0.38 0.02 1.48 1.28 1.15P 1.320 0.00 This work
GQ125133+264550 1.16 -0.19 0.12 1.62 1.43 1.28P 1.280 -0.04 This work
GQI125421+265454 0.15 -2.05 0.21 1.53 1.22 1.30P 1.266 0.07 This work
GQ125230+275410 1.66 -0.73 0.11 1.87 1.05 1.04P 1.250 —-0.06 This work
GQ124835+263759 1.29 -1.23 0.03 1.26 1.18 1.15P 1.225 -0.03 This work
GQ124809+271650 0.32 —-0.69 0.24 1.33 1.16 0.95P 1.017 0.01 This work
GQ125312+275524 1.80 2.45 0.23 0.95 1.26 1.00P 0.980 -0.01 This work
GQ125249+280356 0.15 0.62 0.11 1.16 1.07 0.93P 0.944 -0.10 This work
GQ125043+271934 1.29 -0.81 0.12 1.62 0.84 0.93P 0.924 -0.17 This work
GQ125107+271451 0.90 -0.55 0.40 1.04 0.72 0.38P 0.930 0.42 This work
GQ125031+261953 0.28 -1.37 0.22 1.22 1.06 0.38P 0.860 -0.14 This work
GQ124941+265314 0.45 0.05 0.62 1.49 0.69 2.46P 0.750 —-0.02 This work
GQ125008+263658 0.93 0.32 0.39 1.44 1.04 0.68P 0.678 -0.07 This work
GQ124921+264446 0.33 -1.08 0.01 1.89 1.02 0.31P 0.300 0.19 This work

Notes. We have ordered the sources by redshift and separated the quasars that were observed spectroscopically by previous surveys and this work.
The redshifts from the SDSS archive is from the most recent DR14Q compilation (Paris et al. 2018) and the redshifts from the CFHT survey are
from Crampton et al. (1987). For the objects identified as quasars as part of this work, we also provide the photometric redshifts from Richards
et al. (2009). We include measurements of the signal-to-noise of the proper motions and parallaxes as reported in the Gaia-DR2 catalogue and the
typical optical, NIR, and MIR colours used to identify quasars.
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Table B.3. Classification of the stationary sources identified as stars.

Source S/Npm (S/Npx u—-g J-K WI-W2 Type

GQ124804+265836 1.83 348 2.59  0.66 0.15 M5 star
GQ125241+275942 1.48 2.18 2.17  0.81 0.18 MS star
GQ125543+270714 1.81 4.94 272 0.77 -0.11 MS star
GQI125518+270034 1.91 1.49 272 0.87 0.18 M4 star
GQ124734+270615 0.89 3.86 1.87 0.73 -0.31 M4 star
GQ125050+272448 1.06 -0.62 3.10 0.89 -0.02 M4 star
GQI125159+280446 1.20 3.39 1.67  0.78 -0.09 M3 star
GQI125312+265355 1.88 0.76 3.07 0.8l 0.04 M3 star
GQ125248+263805 0.69 2.20 3.21 0.88 —-0.04 M3 star
GQ125308+273331 1.44 1.27 2.14  0.87 -0.50 M3 star
GQ125007+274709 0.99 2.46 227 0.74 0.34 M2 star
GQ125420+274609 0.76 0.96 1.85 0.78 0.10 M1 star
GQ124814+271603 0.22 1.20 235 0.63 -0.05 M1 star
GQI125516+265049 1.33 -0.10 392  0.76 - MO star
GQ124945+264953 0.63 1.39 378 0.73 0.20 MO star
GQ124935+265906 1.06 1.07 3.65 0.96 -0.19 MO star
GQ125149+265349 1.78 0.97 2.17 - 0.51 MO star
GQ124715+265528 1.81 4.05 229  0.77 0.23 KO star
GQ124955+275657 1.20 -1.76 .32 0.60 0.88 K6 star
GQ124902+262014 1.44 0.28 172 0.66 0.46 K5 star
GQ125357+271630 1.75 0.69 2.25 - -0.28 K5 star
GQI125456+263623 0.49 -0.07 241 0.73 -0.02 K5 star
GQ125353+273405 1.72 -1.75 1.05 0.95 -0.03 K4 star
GQ124758+272556 1.87 6.19 1.89  0.52 0.00 G8 star
GQI125158+271304 1.53 0.67 1.38 - - G6 star
GQ125027+263048 1.05 -0.45 1.16  0.43 - G6 star
GQ124721+265728 1.19 -1.59 1.06  0.51 - G6 star
GQ124922+265938 0.83 —-0.86 1.20 - - G4 star
GQ125441+264637 1.80 -0.16 1.15  0.52 - G4 star
GQ125503+264502 0.61 —1.31 1.10 0.62 - G4 star
GQ124901+274330 0.91 -2.50 0.89  0.50 - GO star
GQ124959+261949 1.80 -0.31 0.94 - - F8 star
GQ125008+274001 1.81 -2.43 097 093 0.68 F7 star
GQ124731+270622 1.69 -1.69 0.85 - - F6 star
GQ124746+264709 1.87 0.52 1.01 - - F6 star
GQ125453+263721 1.68 -1.24 1.09 0.64 - F4 star
GQ125005+280041 1.46 0.51 0.81 - - F4 star
GQ125134+272000 0.35 -0.78 0.94 - - F4 star
GQI125109+263505 1.59 -3.75 1.09  0.81 0.13 F1 star
GQI125510+263724 1.25 0.51 0.89 - - FO star
GQ124820+264225 1.64 -1.26 1.06 - - FO star

Notes. We have ordered the objects by the stellar classifications. We include measurements of the signal-to-noise of the proper motions and
parallaxes as reported in the Gaia-DR2 catalogue and the typical optical, NIR, and MIR colours used to identify quasars.
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