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Abstract. The combination of variability and proper motion constraints (VPM search) is believed to provide
an unconventional yet efficient search strategy for QSOs with selection effects quite different from conventional
optical QSO surveys. Previous studies in a field of high galactic latitude have shown that the VPM method is
indeed an efficient search strategy. In the present paper, we describe a further variability-proper motion (VPM)
QSO survey on Tautenburg Schmidt plates. The survey is based on an exceptionally large number of 162 B plates
centred on M 92 with a time-baseline of more than three decades. Further U and V plates are used to measure
time-averaged colour indices, and morphology is evaluated on a deep R plate. Proper motions with Hipparcos-like
accuracies as well as variability indices are derived for about 35000 star-like objects down to B = 20.5. With
regard to both the number of plates and the number of objects to be investigated, this is the largest VPM survey
performed so far. The present paper is focused on the description of the observational material, the data reduction,
the definition of the selection parameters, and the construction of the QSO candidate sample. Furthermore, the
selection effects of the VPM-method are discussed a priori. For the present survey, the selection effects are shown
to be dominated by the magnitude-dependence of the photometric accuracy. Down to the limiting magnitude
of the survey Bim = 19.7, we identify 62 high-priority QSO candidates and a further 57 candidates of medium
priority. Spectroscopic follow-up observations have been performed for all these candidates as well as for additional
selected candidates of lower priority; the confirmed QSOs will be presented and discussed in a forthcoming paper.
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1. Introduction

“Quasars cannot be studied until they are found”
(Weedman 1984). Optical surveys for QSOs! can yield
very high completeness rates over a large redshift range
— yet they are hampered by the small fraction of QSOs
among all objects visible in this wavelength range, with
most of the latter are foreground stars and galaxies.
A straightforward identification of all QSOs in a given
survey field, which requires spectroscopic observations of
all objects up to an adequate limiting magnitude with suf-
ficient spectral resolution and signal-to-noise ratio, would

Send offprint requests to: J. Brunzendorf,
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* Based on observations made with the 2 m telescope of the
Thiiringer Landessternwarte Tautenburg.

! In this paper, the terms quasar and QSO are used as
synonyms for star-like objects with Mp < —-23 (Ho =
50 kms™! Mpc™' and go = 0).

be a voluminous task with low efficiency. Hence, optical
QSO surveys are conducted in two steps: 1) selection of
QSO candidates from all objects in the field, based on cri-
teria that are supposed to discriminate QSOs from non-
QSOs, and 2) spectroscopic follow-up observations of all
selected candidates. The properties of the resulting QSO
samples are constrained by the selection criteria of the
survey.

Most selection criteria are based on the different spec-
tral energy distribution (SED) of QSOs compared to stars
and galaxies. The following properties have been proven
to be particularly suited for the identification of QSO can-
didates: peculiar optical colours (e.g., intrinsic UV-excess,
blue continuum), Lyman break (for QSOs with redshifts
z > 3), and prominent emission lines. Surveys based on
these criteria are known to be biased in several ways
(for an overview, see Wampler & Ponz 1985; Véron 1993;
Hewett & Foltz 1994). Here we only note that their com-
pleteness depends (among others) on the QSO redshifts,
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colour indices, and emission line equivalent widths. It is
widely believed that these conventional QSO surveys can
reach a very high degree of completeness. However, such
a claim can only be verified by means of alternative QSO
surveys which are not based on the same or similar selec-
tion criteria. In fact, it is still a matter of debate whether
conventional QSO surveys systematically overlook hith-
erto unknown and possibly substantial QSO populations
(e.g., Webster et al. 1995; Drinkwater et al. 1997; Kim &
Elvis 1999).

Due to their cosmological distances, QSOs have non-
detectable proper motions for existing observation tech-
niques. Therefore, the search for zero proper motion ob-
jects is expected to provide a bias-free QSO candidate
sample (Sandage & Luyten 1967; Kron & Chiu 1981).
However, a QSO search which is essentially based on the
zero proper motion constraint is not very efficient, since
the resulting sample will be dominated by faint galax-
ies and galactic foreground objects having insignificantly
small proper motions by chance. Optical variability is a
further general property of quasars (Ulrich et al. 1997;
Netzer 1999), and the identification of the variable ob-
jects in a given field is a further, independent QSO search
method (van den Bergh et al. 1973; Heckman 1976; Usher
& Mitchell 1878; Hawkins 1983; Trevese et al. 1989; Véron
& Hawkins 1993; Hook et al. 1994; Trevese et al. 1994;
Meusinger et al. 1994; Véron & Hawkins 1995; Cristiani
et al. 1996; Bershady et al. 1998). The combination of
these two constraints, i.e. the search for variable objects
with zero proper motion (VPM search = Variability and
Proper Motion search), should therefore provide an al-
ternative QSO search strategy which does not explicitely
rely on the SEDs of QSOs. It has been speculated that “a
search for objects which are both variable and stationary
is a powerful technique for efficiently finding QSOs with
no selection bias with regard to colour, redshift, spectral
index, or emission line equivalent widths” (Majewski et al.
1991; Véron 1993).

Apart from the experimental and comparably small
survey by Majewski et al. (1991), the only VPM QSO
survey so far is being performed by Meusinger, Scholz and
Irwin on 85 Tautenburg Schmidt plates of a field near the
North Galactic Pole (Meusinger et al. 1995; Scholz et al.
1997). According to a priori estimates, a high survey com-
pleteness of about 90%, in combination with a success rate
of about 40%, is expected, which is confirmed by the pre-
liminary results from spectroscopic follow-up observations
(Meusinger et al. 1999).

Here, we present a new VPM QSO survey, which inves-
tigates a 100° field centred on the globular cluster M 92.
This is a more ambitious project since a quasar search
in this field faces the problem of a stronger contamina-
tion by galactic foreground stars than a search at high
galactic latitudes, even though the direction of the M 92
field is well off the galactic plane (b = 35°). On the other
hand, the field is one of the “Tautenburg Standard fields”,
characterized by a very large number of available plates.
Further, this area has never been surveyed for QSOs

before. Our search is based on 208 selected, deep photo-
graphic Schmidt plates covering epoch differences of up
to 34 years. With regard to this large quantity of ob-
servational data, the present project is the largest QSO
survey based on variability and/or proper motion criteria
performed so far. The main aims of this project are to
improve the statistics of VPM-selected QSOs and to en-
large the number of known QSOs with well-sampled light-
curves measured over a time baseline of several decades.
The combined sample from both VPM fields is expected to
contain more than hundred QSOs with B < 19.5 and will
be well-suited both for the comparison with QSO samples
from more traditional methods and for statistical studies
of quasar variability on timescales of days to decades. In
addition, the present study is aimed at the detailed dis-
cussion of the selection effects of the VPM search.

The present paper is concerned with the description
of the observational material (Sect. 2), the photometric
and astrometric data reduction (Sect. 3), the definition
of suitable indices for proper motion and variability, and
the selection of the QSO candidates based on these in-
dices (Sect. 4). The selection effects will be discussed in
Sect. 5, and conclusions are summarized in Sect. 6. The
identification of the QSOs among the candidates of high
and medium priority by means of spectroscopic follow-up
observations has been completed. The resulting QSO sam-
ple will be presented in a forthcoming paper along with
the detailed discussion of the statistical properties of the
VPM QSOs and the comparison with conventional optical
QSO samples.

2. Observations

An efficient search for variable objects with zero proper
motion requires a large number of homogeneous (e.g., the
same colour system) observations of a large number of
faint objects with high astrometric and photometric accu-
racy, spanning a time-baseline of decades. These require-
ments can be matched if a substantial number of deep
archival plates from a large wide-field imaging telescope
is available. The archive of the Tautenburg Schmidt tele-
scope (134 cm free aperture, 4 m focal length, 3°3 x 3°3
unvignetted field of view) contains more than 9000 plates
taken between 1960 and 1997. For several “standard
fields”, more than hundred archival plates are available.
With epoch differences of three decades and more, this ob-
servational material is particularly well suited for a VPM
QSO search, since all plates were taken with the same
telescope, through the same filters, and onto very similar
emulsions. Moreover, thanks to its large focal length, com-
pared to other large Schmidt telescopes, the Tautenburg
Schmidt has less problems with distortions due to plate
bending and has a better scale for astrometric work (e.g.,
Schilbach et al. 1995; Scholz et al. 1993, 1994, 1996, 1997;
Meusinger et al. 1996).

For the present VPM survey, the field centred on the
globular cluster M 92 was chosen (Table 1). In preparation
for this project, 56 plates were taken in the years 1992 to
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Fig.1. Individual limiting magnitudes of all 208 selected

Schmidt plates of the M 92 field versus epoch. Different sym-
bols represent different colour bands in the Johnson system
(open circle: U, filled circle: B, plus sign: V, cross: R).

Table 1. Data on the M 92 survey field and the selected
Schmidt plates.

Q2000 = 17M17™7°

J2000 = 43°8/2

(1=168°,b=+435°)

373 x 3°3

minus 074 x 173 due to

calibration wedge

51”74 mm™*

162 B (epochs 1963-1997)
18 U (epochs 1966-1997)
18 V' (epochs 1966-1989)
10 R (epochs 1966-1968)

plate centre:

field size:

plate scale:
number of plates:

1997. Combined with the archival plates, a total number of
332 plates of the M 92 field are available. We selected 208
sufficiently deep plates in the U, B,V or R band, among
them 162 B plates (Table 1). Only the B plates are used
to measure variabilities and proper motions; the measure-
ments in the other bands only provide additional colour
information. The plates were taken in the years 1963 to
1997. Compared with our first VPM survey in the M 3
field, the present survey comprises about three times more
B plates with a better time coverage and a slightly longer
time baseline.

The limiting magnitudes and epochs of the observa-
tions are summarized in Fig. 1. Figure 2 shows the his-
togram of the epoch differences between all combinations
of two individual B plate epochs. The frequency space
is almost entirely and quite homogeneously covered for
epoch differences larger than one day. The large maxi-
mum epoch difference of 34 years, in combination with
the huge number of plates, allows the certain detection
and subsequent thorough investigation of variable objects
with variability timescales of days to decades.
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Fig. 2. Histogram of the epoch differences At for all combi-
nations between each two out of the 162 selected B plates.

3. Data reduction

All 208 selected plates have been completely digitised by
means of the Tautenburg Plate Scanner TPS. A detailed
description of the TPS is given by Brunzendorf (2000);
an overview is given by Brunzendorf & Meusinger (1999).
The resulting digital images have a linear resolution of
10 pm x 10 pm (075 x 0/5) per pixel and a resolution depth
of 4 096 grey levels (12 bit) per pixel. The digitised images
are stored on CD-ROMs. Subsequent data reduction is
done off-line.

3.1. Object search and determination of image
parameters

The object identification on the digitised plates as well as
the subsequent determination of the relevant image pa-
rameters, like (x,y)-position, internal (i.e., uncalibrated)
magnitude and size, are based on the Miinster Redshift
Project (MRSP) software package (Horstmann et al.
1989). This software requires intensities as input data.
Therefore, the measured photometric densities have to be
transformed into relative intensities of the incident light.
In principle, this transformation should be done via the
individual characteristic curve of each plate. The charac-
teristic curve can be measured if a calibration wedge is ex-
posed on, which is not the case for all plates. For the object
search, however, it is sufficient to apply a mean character-
istic curve which is estimated from least-square fits of a
suitable relation (Lehmann & Haupl 1987; Brunzendorf &
Meusinger 1999) onto the measured characteristic curves
of 94 Tautenburg Schmidt plates. In this way, the mea-
sured densities are transformed into approximate relative
intensities, which then serve only as input data for the
object search and the determination of the image param-
eters. In its original version, the MRSP software adopts
a linear transformation. The use of a non-linear transfor-
mation by means of an average characteristic curve en-
sures that the intensity profiles of star-like images are
well-approximated by a Gaussian fit. Measurements on
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a large number of Tautenburg Schmidt plates have shown
that the MRSP Gaussian fitting procedure works well for
stars over a wide magnitude range of more than 13 mag
(Brunzendorf & Meusinger 1999). The transformation of
all plates into a common photometric standard system
is done later by means of a sequence of standard stars
(Sect. 3.4).

An object is detected if its relative intensity exceeds
certain threshold levels above the background. The thresh-
old levels are measured in units of the background noise,
oBa, which is dominated by the grain noise of the plate.
The peak intensity I;,.x and the total intensity Iiota of an
object have to meet the constraints I.x > 1.6 opg and
Tiotal > 40 0. On the deepest B plates, these conditions
are satisfied by stars with magnitudes B < 21.7.

3.2. Definition of the basic sample of objects
to be investigated

After the determination of the object positions and mag-
nitudes on all selected plates, one has to decide which
objects are to be investigated further. In order to avoid
strong contamination of the object list by spurious de-
tections (grain noise, plate faults etc.) it is not efficient
to consider all detected objects. A common approach is
to declare the deepest plate as a “master plate”, and to
identify all objects measured on this plate with the basic
object sample. The disadvantage of such a procedure is,
however, that all objects not detected on the master plate
would be excluded.

In the present project, the basic object sample is de-
fined in the following way: an object is included if it is
detected both on at least two out of five selected deep
first epoch plates (epoch 1967.1 + 0.5) and on at least
two out of five selected deep second epoch plates (epoch
1994.5+0.2). Tt is easy to show by means of statistical con-
siderations, that the completeness limit (here defined as
the faintest magnitude at which 99% of all objects at this
brightness are still detected) of this sample is deeper than
for any single plate. In addition, this object sample con-
tains virtually no spurious detections. On the other hand,
the limiting magnitude is lower than for the deepest sin-
gle plates. The reason is, that on single plates the faintest
stars are detected with a low probability; the faintest ob-
jects are therefore suppressed in the final sample whereas
some of them may be measured on a single plate. For the
present study, however, a deep completeness limit is by far
more important than a deep limiting magnitude caused by
only a few faint objects detected by chance.

The final sample contains about 35000 objects in the
magnitude range 8 < B < 20.5 with a completeness limit
Beompl = 19.8. The frequency distribution of the B mag-
nitudes for the objects in the final sample is shown in
Fig. 3.

1000 I . . T

800 -
g 600 i
<
<]
g ]
o
& 400 n

200 -

0
B

Fig.3. Frequency distribution (number of objects per

0.05 mag interval) of the mean B magnitudes for the objects
in the final basic sample.

3.3. Morphological classification

Each object is to be classified as a star-like object, a
galaxy, or a merged object. Only star-like objects are to
be considered as QSO candidates, whereas the galaxies
in the field define the extragalactic astrometric reference
frame, i.e. the zero point of the absolute proper motions.
Objects classified as “merged” are rejected from further
considerations as QSO candidates since they do not al-
low accurate measurements of both variability and proper
motion. The overwhelming fraction of them will consist
of two stars with images projected by chance in nearly
the same direction with a projected distance of typically
less than 8”. Of course, star-like images in merged objects
can also include QSO images. Such QSOs, as well as those
completely hidden by images of other objects in the field,
will not be detected. This effect has to be taken into ac-
count when the surface density of the resulting QSO sam-
ple will be discussed (Paper IT). Moreover, the subsample
of merged objects can also include QSO pairs and gravita-
tionally lensed QSOs. In spite of their great importance,
the chance is exceptionally low to detect such pairs in the
present survey if their positional separation is less than
about 8”. However, it can be concluded from the statis-
tics of QSO pairs in the 2dF survey (Shanks et al. 2001)
that the probability is negligible of having one or more
pairs within the magnitude range and field of the present
study.

We also stress the importance of an accurate discrim-
ination between galaxies and merged objects, since any
stellar contamination of the galaxy sample leads to a sys-
tematic non-zero absolute proper motion of the astromet-
ric reference frame.

The morphological classification is performed on the
deepest R plate (plate 2787) which contains about 60%
more objects than the deepest B plates and which allows
in particular a better identification of faint galaxies. The
classification is done in two steps: 1) manual identifica-
tion of the galaxies by visual inspection, and 2) automatic
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Table 2. Photometric standard sequences in the Johnson
UBYV bands around M 92, which served as reference system
for the photometric calibration in the present work. The refer-
ences, in the first column, are: (1) Sandage & Walker (1966),
(2) Sandage (1969), (3) Sandage (1970), (4) Christian et al.
(1985), (5) Stetson & Harris (1988).

ref.  type magnitude range number of stars

B U B |4
(1) photoelectric 11.3...17.2 44 45 45
(1)  photographic 14.5...16.1 - 14 15
(2)  photoelectric 15.3...16.0 - 1 11
(3)  photoelectric 16.9...224 30 40 40
(3)  photographic 18.1...19.5 - 3 3
(4)  photoelectric 14.8...18.2 -9 9
(5) CCD 14.8...22.4 — 286 286
total 11.3...224 74 408 409

identification of all objects which have a nonstellar im-
age profile, i.e. galaxies and merged objects. The visual
inspection yields 1366 galaxies. Image profile parameters
are determined for the overwhelming majority of these
galaxies from the automatic classification. Hence, these
galaxies can be used to check the results from the auto-
matic classification and to define the morphological selec-
tion criteria. Moreover, 534 of these galaxies are identified
with objects in the final basic object sample (Sect. 3.2)
and are used to define the astrometric reference system
(Sect. 3.5). All remaining galaxies are, on the B plates,
either too faint and/or too extended and/or too fuzzy to
serve as astrometric reference points.

For the automatic classification, two different meth-
ods are applied. The first one is based on the separation
between resolved and unresolved objects on the radius-
magnitude diagram. We define a nonstellar index

o W

where r is the effective radius provided by the MRSP soft-
ware and r,(R) is the median of the r distribution at
the given R magnitude. The standard deviation o,(R)
of the scatter of the individual r(R) around ry(R) is
exclusively derived from objects with 7(R) < ry(R) in
order to exclude galaxies and merged objects. Objects
with Tnonstellar > 60 are considered nonstellar. The sec-
ond automatic classification method is based on the pro-
file residuum parameter ¥ as described by Maddox et al.
(1990). Using this parameter, all objects with ¥ > 2000
are considered to be nonstellar.

Inonstellar =

3.4. Photometric calibration

An accurate photometric calibration of each plate is cru-
cial for the present study. The MRSP software provides
internal magnitudes mjntern for all objects in the uncali-
brated photometric system of the individual plates. A pho-
tometric calibration by standard stars has to be applied

in order to transform Mmiytern into the photometric stan-
dard system m (e.g., Johnson UBYV system). In the vicin-
ity of M 92, several sequences of photometric standard
stars have been published (Table 2). The combination of
these sequences covers the entire magnitude range of the
present study, and was used as photometric reference sys-
tem in this work. Only those standard stars whose data
obviously did not fit into the general sequence (due to
whatever reason) on several different plates have been ex-
cluded from the reference sample. The number of stars
in the final sample of photometric standards is listed in
Table 2.

The Tautenburg photographic UBV system is known
to match very closely the Johnson UBV system (van
den Bergh 1964; Borngen & Chatchikjan 1967; Andruk &
Kharchenko 1994). The deviations are generally smaller
than the measurement uncertainties. This result is con-
firmed by the measurements of standard stars in the
present study. Hence, a colour correction of the photo-
metric data is not essential. This is a major advantage,
since colour equations are calibrated onto stars and are,
therefore, not simply transferable to QSOs with their fun-
damentally different spectral energy distribution (see also
Hewett et al. 1995).

On the other hand, geometrical terms have to be
included in the photometric calibration (Andruk &
Kharchenko 1994). Since there are no published standard
stars in the outer parts of our field, i.e. outside M 92, the
calibration is done in three steps:

1. individual calibration of each plate using the M 92
standard stars as reference system;

2. calculation of the mean magnitude of each object in
the field by averaging over the measurements from all
plates;

3. a second, improved calibration of each plate including
geometrical terms using the system of the mean mag-
nitudes of all objects as reference system.

Because the internal magnitudes Mmintern Were derived
adopting a mean characteristic curve (Sect. 3.1), instead
of that for the individual plate, the relationship miptern =
f(m) is nonlinear (Fig. 4a). A good approximation of f is
given by

Mintern = f(m) & (1 = w) (ag+a1m) +w Y _eim’, (2)
=0

where a; and ¢; are coefficients, n =5...9, and w(m) is a
weight-function expressed by

1 vm § Mmin
_ 1 1 M—"Mmin .
w = 5 + 5 COS (Wm) mem < m < Mmax (3)
0 Vm > Mmax-

This expression takes into account that the photomet-
ric accuracy degrades towards fainter magnitudes, which
must result in a lower degree of the polynomial fit
compared to brighter magnitudes in order to avoid an
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Fig. 4. Photometric calibration of the plate No. 8629: internal magnitudes mintern @) and calibrated magnitudes b), respectively,
versus catalogued magnitudes By for 331 standard stars. The solid lines represent the best fit. The data marked by plus signs

are not included in the regression.

overfitting of the data. The choice of My, and Mmyay de-
pends on the limiting magnitude my;, and on the indi-
vidual goodness of fit of the approximation, with mpyax =
Miim — (0...1) mag and muyin = Mmax — (2.5...4) mag.
The faint end of f is linear, whereas the fit is a polynomial
one at brighter magnitudes. Thus, the desirable increasing
stiffness of the fit towards fainter magnitudes is achieved.
The regression between mjntern and m has to be calculated
in the form Mmiptern = f(m), since the random variable is
Mintern, and not m. For the photometric calibration, the
inverse function m = f~(Mingern) is derived from f by
a spline interpolation. Figure 4a illustrates the photomet-
ric calibration for the example of the B plate No. 8629.
A good approximation can be achieved, in principle, over
the magnitude range B = 8...21 (Fig. 4b). In the present
study, the calibration is restricted to the relevant magni-
tude range B = 13... Blinm-

After the individual calibration of all plates, the mean
magnitude of each object is calculated. These magnitudes
then serve as the reference system for the second photo-
metric calibration which is done in the same way as the
first one, except for the additional inclusion of geometrical
terms

4 4
Am(x,y) = Zai l‘i +ZbL yi. (4)
i=1 i=1

The values for the coefficients a; and b; are determined
for each plate separately by multiple linear regression.
The geometrical correction term Am reaches values up
to 0.5 mag, which confirms its importance for an accurate
photometric calibration.

The accuracy of the photometric calibration, which is
limited by the grain noise of the emulsion, can be ex-
pressed by the standard deviation o of the calibrated mag-
nitudes of non-variable objects measured on all plates. The

1.0 , ;

op [mag]

Fig.5. Standard deviation op of the magnitudes B; measured
for each object on the plates i versus mean B magnitude. The
continuous line represents the median value.

dependence of o on the mean B magnitudes is shown
in Fig. 5. The photometric accuracy op is better than
0.1 mag for 12 < B < 18 and better than 0.07 mag for
14 < B <17.5.

The U and V plates were calibrated in exactly the same
way as the B plates. The resulting photometric accuracies
are similar, yet the limiting magnitudes are lower than for
the B plates (Viim < 20.5 and Uy, < 19.5; Fig. 1). Thus,
U magnitudes were available for only 2/3 of all objects.
For this reason, 11 deep U plates were digitally co-added
to produce a deeper U band image. A detailed description
of the digital stacking technique is given by Froebrich &
Meusinger (2000). The object search, the determination
of the object parameters, and the photometric calibration
were performed on the stacked plate in the same way as
on ordinary single plates. Figure 6 illustrates the good
accuracy of the resulting calibrated U magnitudes derived
from the co-added plate. Within the measuring accuracies,
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Fig. 6. Photometric calibration of the co-added U plates: de-
rived magnitudes Uaqaq versus published values Ui, of the pho-
tometric standard stars.

the U magnitudes derived from single plates agree with the
photometric data derived from the stacked plate.

3.5. Astrometric calibration

For the determination of proper motions, only deep B
plates were used (Bpm > 19) taken at zenith distances
less than 45°, and having no large plate faults. Among
the 162 selected B plates, there are 135 plates found to
match these constraints. The plate-to-plate transforma-
tion between the measured coordinate mapping on a given
plate and the reference system, defined by a master plate,
is modelled by two-dimensional second-order polynomi-
als. Higher order polynomials and/or the introduction of
magnitude- and/or colour-dependent terms do not signifi-
cantly improve the fit. The advantage of low-order polyno-
mials is that the fit is rigid and is not sensitive to small-
scale systematic proper motions in the field. Eventually
remaining small-scale systematic residuals are averaged
out due to the large number of plates.

The relative proper motion vector i of a given ob-
ject is calculated from the linear least-square fit of the
positions (x(¢;), y(t;)), measured on the plate ¢, as a func-
tion of the epoch t;. The residuals o, between the posi-
tions of a given object measured on the individual plates
and the mean positions as calculated from the linear re-
gression are used as a measure of the positional accuracy.
Figure 7 displays o, as a function of the mean B magni-
tude. The residuals are smaller than 0’1 for the major-
ity of stars with B < 18 and smaller than (//2 for most
stars with B < 19.5. The median accuracy o,,., of the de-
rived relative proper motions is 0.5 masyr~! for objects
with 13 < B < 17.5 and 1.0 masyr—! for objects with
B <19.7.

10 . . . ' ——

or [pm]
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Fig. 7. Distribution of the total astrometric least-square errors
o, of all objects versus mean B magnitude. Continuous line:
median value.
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Fig. 8. Components of the relative proper motions vectors ftyel
of all objects in the field with distances r > 8’ from the centre
of M 92 (gray dots). Visually identified galaxies are shown as
black bullets.

The vector point diagram of the derived relative proper
motions iy is shown in Fig. 8. Due to their peculiar
velocities, a considerable fraction of the star-like objects
have large proper motions of more than e.g. ~10 masyr—!
and are, therefore, easily recognised as galactic foreground
stars. Stars are clearly much more scattered in this dia-
gram than galaxies. Moreover, a systematic offset of the
relative proper motions of the galaxies relative to the bulk
of the field stars is clearly indicated. (For the stars in the
M 92 cluster area, i.e. within a given distance from the
cluster centre, we find a strong concentration on the vec-
tor point diagram, as well. The proper motion of M 92,
however, will be the subject of a separate paper.)

The absolute proper motion of a given object with re-
spect to the reference frame calculates as

(5)

= (pta COSO, 115) = Hrel — Href
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Fig. 9. Frequency distribution of the accuracy o, of the mea-

sured absolute proper motions p, shown for four magnitude
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Fig. 10. Frequency distribution of the proper motion indices
I,, of all galaxies in the field. The continuous line indicates the
probability density of the parameter-free Weibull distribution
f(ly) =dp/dly.

with the accuracy

Op = o'(.u'rel) + U(Nref)- (6)
The relative proper motion of the extragalactic reference
system piof is derived from the accuracy-weighted mean
of the relative proper motions of the 534 galaxies (see
Sect. 3.3) in the basic object sample. We find

et = (3.430 £ 0.097, 4.130 £ 0.093) masyr~'. (7)
The frequency distribution of the accuracies o, = |o,| is
shown in Fig. 9 for four different magnitude intervalls. It
should be noted that we reach Hipparcos-like accuracies
of 6, ~ 1.5 masyr~! (mean value) for a complete sample
of stars up to B = 19.7.

100 &

10 &

0.1

Fig.11. Proper motion index I, of all objects in the basic
object sample (gray dots) versus B magnitude. The horizontal
lines indicate the limits above which proper motions are to
be considered as significantly non-zero: I,, > 3 (dashed) and
I, > 4.3 (solid). Galaxies are marked as black dots.

4, Selection of the QSO candidates
4.1. Proper motion index

The probability p for an object to have a non-zero proper

motion is measured by the proper motion index

I, = - (8)
Ou

For stationary objects, the probability p follows a Weibull-

distribution

p=1-e*l, (9)

if the accuracies o, and o, of the measured object posi-
tions (x, y) on the individual plates are limited by random,
Gaussian-distributed errors, as is expected in the present
study. Indeed, the measured /,, distribution of the galaxies
is found to be in good agreement with the density distri-
bution f(I,) = dp/dI, of the (parameter-free) Weibull-
distribution (Fig. 10). A closer inspection of Fig. 10,
however, reveals a relative overabundance of observed
galaxies with large I,,. Most of these galaxies are close
to the borders of the field, which suggests to exclude the
border region from further considerations.

The proper motion indices of all objects as a function
of B are shown in Fig. 11. According to Eq. (9), the proba-
bility p for an object with measured I,, > 3 to have a non-
zero proper motion is p > 0.99; for an object with I, > 4.3
the probability for non-zero proper motion is p > 0.9999.
Both limits are indicated in Fig. 11. The vast majority of
the objects with B < 18.5 have measured I, well above
these limits. At fainter magnitudes, the mean I,, decreases
due to the increase of o, (Eq. (8)). Nevertheless, signifi-
cant proper motions I, > 3 (4.3) are measured for 86%
(76%) of the star-like objects with B < 19. These objects
are to be excluded from the QSO candidate list.

4.2. Variability indices

The procedure of separating optically variable objects
from the non-variable ones is different from the separation
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of stationary objects as described in the previous subsec-
tion. Since the variability of a given object is not a priori
known (in contrast to the proper motion, which must be
zero for QSOs), the approach cannot be to exclude all
objects which do not satisfy a given variability criterion.
Instead, we have to accept those objects for the candidate
list which exhibit a significant variability. This different
approach is unavoidable, yet causes a significant selection
bias (Sect. 5).

Generally speaking, there are two different ways to
identify variable objects. The external method compares
the measured brightness fluctuations op of different yet
comparable objects and identifies those objects with sig-
nificantly enhanced o 5. The internal method, on the other
hand, is based on the analysis of the light-curve of each
object to search for systematic structures which can not
be explained by random noise and which are, therefore,
taken as indications for variability. In the present study,
both appoaches are followed up.

4.2.1. Overall variability index

A useful measure of the variability is given by the weighted
standard deviation Iyaiap Of the measured magnitudes B;
on the plates 7 in units of the photometric random errors
0;(B;) of plate i at magnitude B;:

n — 2
1 Bi—B
2 = - ’
Ivariab - n—1 Z ( O'L(B'L) )
=1

For non-variable objects, Iyariab =~ 1. In the general case,
the measured standard deviation oyota; of a given object
may be due to both the photometric uncertainties, ex-
pressed by oons(B) (Fig. 5), and the intrinsic variability
Ointrin Of this object. Hence, Eq. (10) can be generalized

(10)

to

o2 . 1(B) Tintrin )
I\%aria _ Ztotal =14 < intrin ) 11

b Tope(B) Tobs(B) 1D
An object is significantly variable if
2

anl,a

I\%ariab Z n—1 ) (12)

where x7_; , is the value of the x?-distribution for n —1
degrees of freedom and the chosen significance level a. For
large n (n 2 5), the value of X%—l,a can be approximated
by

1 2
X?L—l,a = 5 (V 2n—3+ \I](a))

(Gohler 1987), where ¥(a) = z, is the inverse of the
Gaussian probability function ®(z,) = «. By combining
Egs. (10), (12), and (13), we obtain the definition of a new
variability index

I, =¥ (a) = /2(n — 1) Lyariab — V20 — 3,

which we call the overall variability index, since it reg-
isters variability modes of different timescales with the

(13)

(14)

same sensitivity (as long as the timescale does not exceed
the baseline of the observations). The index I,, is identical
with the inverse Gaussian probability function ¥(«) and
is, therefore, directly related to the probability « that the
object is variable. In particular, the probability for vari-
ability is a > 0.95 if I, > 1.645, and o > 0.98 if I, > 2,
respectively. Note that the test is one-sided.

4.2.2. Long-term variability index

For the thorough evaluation of light-curves, a number of
different techniques have been proposed, including the cor-
relation function analysis (e.g., Edelson & Krolik 1988)
and the structure function analysis (e.g., Simonetti et al.
1985, 1985), up to complex nonlinear methods, like multi-
fractal or chaos analysis (e.g., Vio et al. 1992). Here, we
present a different approach since we primarily aim at a
measure which expresses the probability that a given light-
curve shows indications for any variability at all.

From the statistical point of view, the hypothesis of a
random distribution of the data points can be disregarded
by means of significance tests. A simple yet powerful trend
test is provided by the evaluation of the mean square suc-
cessive differences A? of the data points (Neumann et al.
1941; Moore 1955): if a light-curve exhibits brightness fluc-
tuations on timescales longer than the typical epoch dif-
ference of successive data points, then the square of the
differences between successive data points

1 n—1

A% = Z (B; — Bi1)?

n—14%

=1

(15)

tends to be smaller than the square of the differences be-
tween randomly chosen data points (for illustration see
Fig. 12). The latter term can be expressed in units of the
standard deviation o,

1 « —
nflz(BiiB)Q’

i=1

0'2:

(16)

of the time series. For uncorrelated data points, A% ~ 2 ¢2.
If there is, however, a long-term trend in the data, i.e. the
data points are correlated, then A? < 202, The trend is
significant if

AQ
? < Un,om (17)
with Uy, o being the limit for n Gaussian distributed data
points B; at the significance level «, which can be approx-

imated as (Sachs 1992)

n—2

R R VY

U(a). (18)

Since the data points B; of the light-curve of a given object
do not have all the same accuracy, Egs. (15) and (16) have
to be modified by introducing individual weighting factors
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Fig. 12. Light-curve of the most variable object in our basic object sample, the Seyfert galaxy RXS J17220+4-4315. The measured
B magnitude are shown as a function of the epoch a) and of the running number of the photometric data sorted by the epoch
b), respectively. In panel b), the data within the epochs 1966-1968, 1973-1976, 19801983, 1989.4-1989.5, and 1992-1997 are

interconnected for the sake of clarity.

which are equal to the inverse square of the photometric
erTors o;:

n—1

(Bi B,+1)
A2 — Z Titoin
o nz—:l 1 (19>
o1 ool
and

n —\ 2

B,—B

2 ’L; ( Ti )

By combining Egs. (17)—(20

index
AQ
|
(1-)

which measures predominantly long-term trends and in-
creases with the variability timescale (cf. Fig. 23). In the
following, we will call I, therefore, the long-term variabil-
ity index. As for I, the long-term variability index Ia is
directly related to the probability a that an object is long-
term variable. In particular, the probability for long-term
variability is a > 0.95 if I > 1.645, and o > 0.98 if
In > 2, respectively.

), we obtain the variability

(n—1)(n+1)

IA:\II(Q)Z n—9

; (21)

4.3. QSO candidate list

From the original list of about 35000 objects in the field
(Sect. 3.2), all objects are excluded from further investi-
gations which do not match one or several of the following
constraints:

— B magnitude 13 < B < 19.7,;

— star-like morphology (Inonstellar < 6, ¥ < 2000,
and no visual identification as a galaxy),
distance to the field border » > 10 mm;

— distance to the centre of M 92 r > 6/;

— n > 20 photometric data points.

The reduced sample comprises 19819 star-like objects in
an 8.580° field on the sky. Among these objects, the
QSO candidates are selected according to their proper
motion and variability indices. It should be emphasized
that both variability indices, I, and Ia, are applied. The
long-term variability index Ia is particularly important
for the efficiency of the survey since QSOs are known to
vary on long timescales (e.g., Angione 1973; Hawkins 1983;
Smith et al. 1993; Hook et al. 1994; Meusinger et al. 1994;
Smith & Nair 1995; Véron & Hawkins 1995; Sirola et al.
1998; Meusinger et al. 1999). According to Smith & Nair
(1995) the average observed base-level timescale for radio-
quiet QSOs is about one decade. It has been suggested by
Hawkins (1983) to reduce the stellar contamination of a
QSO variability survey by searching for objects with vari-
ability timescales of about 1 yr or longer. A combination
of an overall variability index and a long-term variabil-
ity index has been applied for the VPM search in the M 3
field as well, but the indices used there were different from
those defined in the present paper.

The QSO candidate sample is sub-divided into three
subsamples of different priority. The low-priority sample
comprises all stationary star-like objects with 13 < B <
19.7. It is reasonable to expect that all of the QSOs in
the specified magnitude range are included in this sample.
Those objects from this sample with variability indices in-
dicating significant variability (v = 0.95) are regarded as
QSO candidates of medium priority, objects with highly
significant (o = 0.98) variability and highly significant
zero-proper motion (o = 0.9999) are QSO candidates
of high priority. The selection criteria for these three
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Fig. 13. Long-term variability index Ia versus overall variability index I, for the QSO candidates of the high-priority (filled
circles), medium-priority (open circles), and low-priority (dots) subsample, respectively. The most variable object, the Seyfert
galaxy RXS J17220+4315 (I, = 118, Ia = 10.8), is outside the scale of this plot.

Table 3. Selection of the QSO candidates.

criterion high-priority medium-priority  low-priority
QSO candidates QSO candidates QSO candidates

proper motion 1, <3 1, <43 1, <43

overall variability I, >2 I, > 1.645 -

long-term variability Ian > 2 Ia > 1.645 -

B magnitude 165 < B<19.7 165<B<19.7 13<B<19.7

number of objects in list 62 57 (+62) 5709 (+62457)

subsamples are summarized in Table 3 along with the cor-
responding numbers of candidates. The variability prop-
erties of the QSO candidates are shown in Fig. 13.

The efficiency of the various selection criteria as well
as combinations of them are summarised in Table 4. As
already noticed in Sect. 1, the proper motion selection is
less efficient than the combined variability selection crite-
ria. The efficiency of the proper motion selection depends
strongly on the measuring uncertainties and is higher at
brighter magnitudes. Nevertheless, the combination of the
variability search with the zero-proper motion constraint
reduces the sample by a further factor of about three.
In addition, the proper motion criterion is essentially
bias-free.

In addition to the constraints listed in Table 3, both
the medium- and the high-priority candidate samples have
been confined to objects fainter than B = 16.5. This is
motivated by the low surface density of QSOs with B <
16.5 (Kembhavi & Narlikar 1999). Moreover, bright QSOs
tend to have low redshifts (Wisotzki 2000), and should
be, therefore, easily detectable by their typical UV excess.
However, there is no UV excess object (U — B < —0.4)
among the low-priority candidates with B < 16.5.

For our search field, the catalogue of Quasars and
Active Galactic Nuclei by Véron-Cetty & Véron (2000)
lists four QSOs (brighter than Mp = —23). One of
them (Q1715+4316) is located in the immediate clus-
ter region and is therefore excluded from our object list.
The high-redshift QSO FIRST J1709+4201 (z = 4.23)
is too faint in B for the present survey. The remaining
two QSOs, B31707+420 (z = 0.307, Mp = —23) and
RXS J1715044429 (z = 0.154, Mp = —23), are both de-
tected in the present study as high-probability candidates
with the following properties (I, I, Ia) = (1.4,31.4,8.2)
and (2.0,26.9,8.6). The catalogue by Véron-Cetty &
Véron comprises two Seyfert galaxies in our field, FIRST
J17184-4249 and RXS J17220+44315. Both galaxies have
also been identified as stationary and highly-variable ob-
jects with (I, I, In) = (3.4,19.1,6.2) and (2.1,118,10.8)
and are therefore high-priority QSO candidates in the
sense of the present survey. With Ihonstear = 5.4 and
U = 2018, the optical counterpart of the radio source
FIRST J1718+4-4249 is, however, slightly above the demar-
cation between stellar and nonstellar objects.

We have also cross-correlated the QSO candidate list
from the Asiago-RASS/ESO survey (Grazian et al. 2000)
against our basic object sample. Only one object from
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Table 4. Fraction of star-like objects in the current sample that match the different selection criteria.

magnitude proper motion overall variability long-term variability variability all

1, <43/ 1,<3 I,>1645 /1, >2 Ian>1.645/1In >2 combined combined
16.5 < B < 19.7 35% / 20% 12% / 9% 10% / 6% 1.9% / 1.0% 0.8% / 0.4%
165 < B <19 24% / 13% 1% / ™% 10% / 6% 2.0% / 1.1% 0.6% / 0.3%
16.5 < B <18 4% / % 10% / 6% 10% / 6% 24% / 1.4% 0.4% / 0.2%
13.0 < B<16.5 8% |/ 4% 20% / 17% 15% / 11% 7.9% / 5.8% 0.8% / 0.2%
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Fig. 14. Colour-colour diagram of the QSO candidates (sym-
bols as in Fig. 13).

the former catalogue, 1RXS J171935.94424518, is located
within our survey field. This source is clearly identified
with a non-variable (I, = —0.76, In = —1.99) foreground
star (B =16.23, B—V = 0.76, U — B = 0.33) with highly
significant proper motion (I, = 15).

The colour-colour diagram of all QSO candidates is
shown in Fig. 14. The time-averaged colour indices were
derived from the U, B,V magnitudes measured on the
plates from the epoch 1968.2 + 2. The colour distribu-
tion of both the high- and medium-priority candidates is
similar to that for the QSO candidates from the VPM
search in the M 3 field (Scholz et al. 1997; their Fig. 16).
It should be emphasized that we do not use colours for can-
didate selection but merely as a way of checking on how
the VPM search compares with more traditional methods.
The colours suggest that a large fraction of the VPM-
selected candidates are typical QSOs such as those which
would be selected in more traditional surveys. A UV ex-
cess of U — B < —0.4 is found for more than 70% of the

high-priority candidates and for more than 20% of the
medium-priority candidates. The two-colour QSO selec-
tion criterion U — B < —0.75(B — V') — 0.05 (see Scholz
et al. 1997) is matched as well by more than 70% of the
high-priority QSO candidates. On the other hand, we find
a substantial fraction of red QSO candidates, among them
a few objects with very red colours. To clarify the na-
ture of these objects is obviously of particular interest in
the context of the present project. As shall be described
in detail in Paper II, follow-up spectroscopy revealed 65
QSOs/Seyfert 1s, but none of them is found to be unusu-
ally red.

5. Selection effects of the VPM survey

The selection criteria of the present survey are based on
the following properties: B magnitude, image structure,
proper motion, and B band variability. In this section, we
will discuss the influence of each criterion on the resulting
QSO sample.

5.1. Magnitude

For objects with redshifts z < 0.55, the present QSO
survey is complete with regard to magnitude limitations.
This results simply from the definition of QSOs (i.e.,
Mp < —23) in combination with the completeness limit
By = 19.7 for the candidate samples (Table 3). For larger
z, the survey is consequently magnitude-limited, where the
limiting absolute magnitude is given by

Mg tim = Biim +5 — Kp(z) — Ap — Am, (22)

with
cz 2(1—qo)
Am,=-51o — |1+ ,
810 [HO ( \/1+2qoz+1+q02>}

Ap = (Ry+1) Eg_v = 0.08 (Ep_v = 0.02; Sandage 1969
and Ry = 3.1), and adopting Hy = 50 kms~! Mpc~! and
qo = 0. Since the values of the K-correction in the Johnson
B-band were not available for the entire relevant redshift
range, we calculated Kp adopting a mean SED of QSOs
as given by Francis et al. (1991). The results are shown in
Fig. 15.

Due to the low fraction of high-luminosity QSOs with
Mp < —28, the redshift limit of the survey is estimated
to z1im ~ 3. In addition, the detection of QSOs with z > 3
suffers from the strong decrease of the B magnitudes when
the Lyman-break is shifted into the B band.
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Fig. 15. K-correction for the Johnson B system as a function
of redshift z.

5.2. Morphology

As in most optical QSO surveys, we exclude objects with
significant nonstellar morphology from the candidate list.
In order to estimate whether this criterion leads to a sig-
nificant incompleteness or not, we have to consider the
possibility that low-redshift QSOs appear nonstellar on
Tautenburg Schmidt plates.

According to Eq. (22), QSOs with B > 16.5 must have
redshifts z > 0.12. The morphological classification pa-
rameters as defined in Sect. 3.3 correspond to a nonstel-
lar classification for objects with intrinsic full-width at
half-maximum (FWHM) diametres dpw gy > 3", cor-
responding to a linear FW HM diametre of more than
10 kpc at z > 0.12. Therefore, it can not be completely
ruled out that a low luminosity QSO in a giant galaxy
at low redshift may be excluded due to the morphology
criterion. From the local QSO density (e.g., Kembhavi &
Narlikar 1999) we expect less than two QSOs with z < 0.2
in our survey field. Therefore, a possible selection effect
introduced by the morhological classification is statisti-
cally insignificant for the resulting QSO sample, yet may
be important for lower-luminosity AGNs. On the other
hand, low-redshift QSOs are expected to have a strong
UV excess U — B < —0.4. Among the nonstellar objects
in the M 92 field with B < 16.5, only two have such a
UV excess. These two objects are catalogued low-redshift
galaxies (NGC 6323 and PGC 060118) with absolute mag-
nitudes Mp > —21 (Marzke et al. 1996).

5.3. Proper motion

The fraction of QSOs erroneously excluded from the can-
didate list due to their proper motion index is 1% or
less for the high-priority sample (I, < 3), and 0.01% or
less for the medium- and low-priority sample (I, < 4.3)
(Sect. 4.1). Compared to the selection effects due to the
variability criterion (Sect. 5.4), the incompleteness intro-
duced by the proper motion criterion is negligible. In ad-
dition, such an effect does obviously not depend on the
apparent magnitudes, redshifts, or intrinsic properties of

the QSOs. It is expected, therefore, that the proper mo-
tion selection does not produce a significant selection bias.

5.4. Variability

The selection of variable objects introduces a significant
bias. The most important factors are the photometric
accuracy, the number of observational epochs, and the
timescales and amplitudes of the QSO variability. These
items will be discussed separately below.

5.4.1. Number of epochs

The dependence of the variability indizes I, and I
on the number n of epochs can be expressed easily by
the Taylor series of the corresponding definition relations

(Egs. (14), (21)):
\/Q(Ivariab — 1) n1/2 + \/5 (z — %Ivariab) 77,71/2

+0(n""?)

I, =

1 Ointrin 2
~ 23
7 (i) v &)
and
A? )
_ = 1/2 —1/2 —3/2
In = <1 202) [n +n 72+ 0(n )}
A2
~ (1 — ﬁ) \/ﬁ . (24)

Both I, and Ia are proportional to \/n. Figure 16 illus-
trates the tight correlation between the apparent magni-
tude B of the objects and their number n of observations.
The mean number of observations decreases by a factor
of two from n = 150 for B < 18 down to n =~ 73 for
Biim = 19.7. Thus, the magnitude-dependent decrease of
n results in a decrease of the variability indices by 40%.
According to Eq. (23), the minimum intrinisic vari-

ability oin ~a QSO needs to reach the detection limit
I = 1,645 scales with 2%~ n~ "/, Hence, QSOs at

the limiting magnitude By, = 19.7 must exhibit a 20%
higher intrinsic variability than bright QSOs (B < 18) to
exceed the variability detection limit.

5.4.2. Intrinsic variability and photometric accuracy

For a given detection limit I™™® and number n of epochs,
the minimum intrinsic variability o = above which
QSOs are regarded to be significantly variable, is directly
proportional to the photometric accuracy oobs (Eq. (23)).
The latter one is a function of the apparent magnitude B.
In the magnitude range of the present survey, the mean
photometric accuracy changes by a factor of five (Fig. 5,
solid line). Hence, the detection limit for intrinsic vari-
ability is changed by 500% due to the variation of ogps,
compared to 20% due to the variation of n (see previous
subsection).
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Fig.16. Number of observations n for each object as a func-
tion of its mean apparent magnitude B. The tight correlation
is illustrated by the median curve (solid). The dashed vertical
line indicates the survey limit Bji, = 19.7.
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Fig.17. Standard deviation of the intrinsic magnitude fluc-
tuation, intrin, for the QSOs from Hook et al. (1994) versus
apparent mean B magnitude (plus signs). The curves indicate
the detection limits o/ = of the present survey for I, > 2
(dashed) and I, > 1.645 (solid), respectively; the dotted curve
represents the case I, > 1.645 if a constant number of n = 153
measurements per object is assumed.

In order to discuss the influence of o4,s on the com-
pleteness of the present survey, we use Eq.(23) to cal-
culate the detection limit of2i% (B) for variability index
limits ™ = 1.645 and ™ = 2, respectively, assum-
ing a mean number n(B) of observations according to
Fig. 16 (solid line) as well as n = 153. The results (Fig. 17)
show that, for B = 16, objects with an intrinsic variabil-
ity Ointrin = 0.03 mag can still be detected as variables.
The limit increases to 0.05 mag at B = 17.8, 0.1 mag at
B =18.8, and 0.2 mag at B = By, = 19.7.

Now, let us confront the detection limits with the
measured intrinsic variabilities oijnin Of a real sample
of QSOs. For this aim, the variability data provided by
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Fig. 18. Fraction n(B) of the QSOs from Fig. 17 with intrinsic
variabilities Gingrin > Oinirin for I» > 2 (dashed curve) and I, >
1.645 (solid curve). The binning interval is [B — 0.2, B + 0.2].

Hook et al. (1994) for a large sample of 332 QSOs in a field
near the South Galactic Pole are well suited. This sample
(which is called hereafter the “Hook-sample”) was taken
from several optical surveys which did not use variability
as a selection criterion. For the sake of a simple estimation,
we assume that the observed ojnirin of the Hook-QSOs are
comparable to those of the QSOs in the present survey de-
spite the shorter time-baseline (16 years vs. 34 years) and
the smaller number of epochs in the former study. Hence,
the ratio of the number of Hook-QSOs above the variabil-
ity detection limit to the total number of Hook-QSOs at
a given B illustrates the local completeness rate n as a
function of B expected for the present survey. As can be
seen from Fig. 18, the incompleteness due to the limited
photometric accuracy is insignificant for B < 18, yet in-
creases strongly for fainter B. At the limiting magnitude
Biim = 19.7 of the present survey, the local completeness
rate amounts to 1(Blm) =~ 30%.

The number of QSOs with I > ™" which will be
detected up to the limiting magnitude By, is given by

Biim
N(Biim, ") = A w(B)n(B, I™™)dB,

B=—0c0

(25)

where A is the effective size of the search field, and u(B) is
the mean QSO surface density at the mean magnitude B.
A significant difference between our VPM survey and
most conventional QSO surveys is that we consider mean
QSO magnitudes time-averaged over more than three
decades instead of time-dependent magnitudes at a sin-
gle epoch. The surface densities p(B) out of single-epoch
magnitudes would lead to an over-completeness due to the
QSO variability. We estimate the corresponding correction
factors according to Kembhavi & Narlikar (1999)

2

AuB) = U—(a In10)2

wB) 2
for a given slope a of the log u-B relation and based on
the frequency distribution of the oiptrin of the Hook-QSOs.

(26)
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Fig.19. Expected total completeness €(Biim) of the present
survey up to a given limiting magnitude Biim, estimated from
Eq. (27) for the data shown in Fig.17. It is assumed that the
QSO candidate selection is based on the I, criterion only with
I, > 2 (dashed curve) and I, > 1.645 (solid curve), respec-
tively.

For a = 0.31...0.88 (Kembhavi & Narlikar 1999) and a
mean variance of the Hook-QSOs ¢2 = 0.053mag?, the
over-estimation factor Au(B)/uw(B) = 1.4...11% with
the higher limit being valid for bright QSOs and the lower
limit for faint ones. We therefore note that a direct com-
parison of the surface densities derived in this paper with
uncorrected ones derived by single-epoch surveys is not
advisable. For Eq. (25), we adopt the mean surface den-
sities given by Hartwick & Schade (1990), which were de-
rived from single-epoche observations but were corrected
by these authors for the over-estimation. Their correction
factors may differ from the values derived above by a
few per cent which is however negligible for the further
estimations.

Adopting n(B) from Fig. 18, we estimate N = 62
for the present survey with A = 8.580°, By, = 19.7,
and [™" = 1.645. This number is to be compared with
the total number of 93 QSOs expected from Eq. (25)
for n(B) = const = 1. Hence, the selection criterion
I, > 1.645 yields a total survey completeness of 67%
(cf. Fig. 19). The completeness is only marginally influ-
enced by the choice of I™" (Figs. 18 and 19); a decrease
of the detection limit below 1.645 does not significantly in-
crease the completeness rate yet leads to a rapid increase
in the contamination rate of the candidate sample. The
total survey completeness € as a function of the limiting
magnitude Biiy,

Biim
w(B)n(B)dB
B=—
Biim

€(Biim) =
w(B)dB
B=—oc0
is shown in Fig. (19).
With regard to further variability-based QSO surveys,
it is of general interest to derive an estimator for the
expected completeness rate as a function of both the
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Fig.21. Fraction of Hook-QSOs with significant variability
I, > 1.645 as a function of a given photometric accuracy oobs
and number of observations n (see Eq. (23)).

photometric accuracy oops and the given number of epochs
n. We take for granted that such a survey has a sufficiently
long time-baseline, i.e. two decades or more. We construct
the distribution N (oiptrin) of the intrinsic variabilities of
the Hook-QSOs, assuming that ojerin 1S not correlated
with B (cf. Fig. 17). Now, the completeness n(oi ) is
given by the fraction N(ointrin > o )/Niot and is de-
rived again from the Hook-sample where Ny is the total
number of all Hook-QSOs. The results (Fig. 20) can be
used, in combination with Eq. (23), to derive the frac-
tion of QSOs with a variability probability o > 0.95, i.e.
I, > 1.645 (Fig. 21).

The interpretation of Fig. 21 is straightforward: let us
assume that a photometric accuracy of e.g. oops = 0.2 mag
is reached (at a given magnitude, or for the whole sur-
vey). With n = 16, we have oops/+/n = 0.1 mag, which
corresponds to a completeness of n = 61% (Fig. 21).
With n = 64, however, the completeness rate is raised
to n = 91%. The same high completeness rate is reached
for n = 16 if the photometric accuracy is oops = 0.1 mag.
In general, if a variability-based QSO survey aims at a
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Fig.22. Fraction of Hook-QSOs with significant variability
I, > 1.645 (solid line) and I, > 2 (dashed line) as a function
of the redshift z. Only objects with B < 19.7 are considered.
The effect is due to the magnitude-dependent completeness
n(B) (see text).

completeness rate n = 90% or more, it has to meet the
requirement

Tobs/ ¥V < 0.05 mag.

Obviously, the completeness of the survey can be im-
proved by the co-addition of plates of similar epochs, since
the gain in the photometric accuracy, which o,ps scales
with y/n, outweighs the loss in the number n of observa-
tions (Eq. (28)). A variability survey based on co-added
Schmidt plates was proposed for the first time by Hawkins
(1994).

It was noticed by Hook et al. (1994) that surveys using
a variability selection criterion will be biased. This can be
demonstrated by the comparison of the z distribution of
all Hook-QSOs with the distribution of the variable Hook-
QSOs with I, > 1.645. If the sample of Hook-QSOs can
be taken as representative, the result (Fig. 22) illustrates
the selection function of the present variability search in
the redshift space. A bias against high-luminosity, and
therefore high-redshift QSOs is expected as a consequence
of the anticorrelation between variability and luminosity.
However, we have also to consider the fact that the two
subsamples have different completeness functions 7(B)
and therefore different distributions of apparent magni-
tudes B. Hence, let us compare the redshift distribution
of the subsample of variable Hook-QSOs (I, > 1.645)
with randomly-drawn subsamples of Hook-QSOs which
have the same local completeness rate n(B) and hence
the same B distribution as the former one, yet are not se-
lected by a variability criterion. The comparison was done
by means of the parameter-free Wilcoxon paired signed
rank test (Sachs1992) which provides a sensitive statis-
tical test to evaluate whether two subsamples are drawn
from the same distribution or not. We do not detect sig-
nificantly different redshift distributions at the 90% signif-
icance level. This obviously means that the resulting QSO
sample is primarily determined by the completeness func-
tion n(B), i.e. by the photometric accuracy of the survey,

(28)

rather than by the intrinsic relationship between variabil-
ity and luminosity.

5.4.3. Timescales of variability

We discuss the dependence of In on the variability
timescales by means of a simple model assuming a sinu-
soidal light-curve superimposed on Gaussian noise repre-
senting the photometric errors. It is, of course, well-known
that the light-curves of real QSOs are irregular and non-
periodic. However, we argue that any QSO light-curve can
be approximated by a Fourier series of sinusoidal curves,
and that the present simple model can be regarded as
such a series truncated after the first term. In this sense,
In and I, were derived from the numerically simulated
light-curves as functions of the period T' (observer frame)
and the amplitude @ = Gintrin/Tobs Of the variability for
n = 153 epochs. The results (Fig. 23) confirm that I, is
indeed independent of T', while Ia increases with T', as
was expected (Sect. 4.2).

An intrinsic variability amplitude @ = 0.44 corre-
sponds to the I, = 1.645 detection threshold of the
present survey. As can be seen from Fig. 23, the corre-
sponding Ia exceeds the long-term veriability threshold
In = 1.645 only for T' 2 1 yr. Thus, the present survey
is constrained by the long-term variability index Ia for
variability timescales T < 1 yr and by the overall vari-
ability index I, for objects with T" > 1 yr. The charac-
teristic variability timescales of typical optically selected
QSOs samples were found to be of the order of 1 yr (Hook
et al. 1994, and references therein). A sample-averaged
timescale of more than 1 yr in the quasar-frame, corre-
sponding to about 4 yr in the observer frame, have been
derived by Meusinger et al. (1994) for a small sample of
QSOs with a time-baseline comparable to that one of the
present study. A similar result was found by Sirola et al.
(1998) for a larger sample with a shorter baseline.

The fraction of QSOs which match the I, > 1.645
criterion was estimated to about 2/3 of all QSOs in the
field with B < By, = 19.7 (Sect. 5.4.2). The simula-
tions discussed above suggest that the present QSO se-
lection is constrained by I, and Ia on approximately the
same level. Hence, the total fraction of QSOs in the field
with B < 19.7, which meet both the I, > 1.645 and the
In > 1.645 criterion, is estimated to be (2/3)*. This corre-
sponds to a total number of 42 QSOs expected among
the QSO candidates in the high-priority and medium-
priority candidates, whereas about 50 further QSOs obvi-
ously failed to match both variability criteria. These lat-
ter QSOs are expected to be comprised completely in the
low-priority sample having magnitudes close to the survey
limit.

6. Conclusions

In this paper, we have presented the basic observational
data, the data reduction, and the selection of QSO candi-
dates by means of a variability and proper motion search.
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(Ia 2 IX™) is detected only for T > 1 yr.

The survey uses a large number of 208 digitised Schmidt
plates covering a time-baseline of more than three decades.
This long baseline is important for the detection of QSO
long-term variability, but also for the accurate measure-
ment of proper motions. Due to proper motion data with
Hipparcos -like accuracy, the combination of the variabil-
ity search with the zero-proper motion constraint yields a
substantial enhancement of the efficiency.

The selection criteria of a VPM survey are funda-
mentally different from those of conventional optical sur-
veys. The main observational selection effect is due to the
magnitude-dependent accuracy of the photometric mea-
surements. As a rule of thumb, a completeness of 90%
(80%) is reached, when for a given number of obser-
vations n the ratio gobs/v/n does not exceed 0.05 mag
(0.07 mag). For the present survey, the a priori estima-
tion suggests a number of 42 QSOs (Mp < —23) to
be contained in the high- and medium-priority candidate
samples. The low-priority sample is expected to comprise
the remaining QSOs. The resulting QSO sample from the
high- and medium-priority candidates is expected to be bi-
ased against higher redshifts (z = 1.5), mainly due to the
strong magnitude-dependence of the completeness func-
tion n(B).

The follow-up spectroscopy of the candidates from
the high-priority and the medium-priority subsamples has
been completed. The properties of the discovered VPM
QSOs will be discussed in Paper II of this series.
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