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ABSTRACT
We present VIRAC version 1, a near-infrared proper motion and parallax catalogue of the
VISTA Variables in the Via Lactea (VVV) survey for 312 587 642 unique sources aver-
aged across all overlapping pawprint and tile images covering 560 deg2 of the bulge of the
Milky Way and southern disc. The catalogue includes 119 million high-quality proper motion
measurements, of which 47 million have statistical uncertainties below 1 mas yr�1. In the
11 < Ks < 14 magnitude range, the high-quality motions have a median uncertainty of 0.67
mas yr�1. The catalogue also includes 6935 sources with quality-controlled 5� parallaxes with
a median uncertainty of 1.1 mas. The parallaxes show reasonable agreement with the Tycho-
Gaia Astrometric Solution, though caution is advised for data with modest signi�cance. The
SQL data base housing the data is made available via the web. We give example applications
for studies of Galactic structure, nearby objects (low-mass stars and brown dwarfs, subdwarfs,
white dwarfs) and kinematic distance measurements of young stellar objects. Nearby objects
discovered include LTT 7251 B, an L7 benchmark companion to a G dwarf with over 20
published elemental abundances, a bright L subdwarf, VVV 1256�6202, with extremely blue
colours and nine new members of the 25 pc sample. We also demonstrate why this catalogue
remains useful in the era of Gaia. Future versions will be based on pro�le �tting photometry,
use the Gaia absolute reference frame and incorporate the longer time baseline of the VVV
extended survey.

Key words: parallaxes � proper motions � brown dwarfs � stars: kinematics and dynamics �
Galaxy: kinematics and dynamics � solar neighbourhood.

1 INTRODUCTION

In recent years, the astronomical community has undertaken several
large projects that aim to measure the structure and dynamics of the
Milky Way, e.g. the Gaia astrometric mission (Gaia Collaboration
et al. 2016), the optical spectrographs 4MOST (de Jong et al. 2016)
and WEAVE (Dalton et al. 2016) and the infrared spectrographs

� E-mail: l.c.smith@herts.ac.uk

APOGEE I-II (Majewski et al. 2017; Majewski et al. 2016) and
MOONS (Cirasuolo et al. 2014). The VISTA Variables in the Via
Lactea (VVV) survey (Minniti et al. 2010) complements this ef-
fort by providing time series Ks photometry of a 560 deg2 region
of the Galactic disc and bulge, much of which is hidden from the
view of optical surveys. Although originally planned to measure
3D Galactic structure using standard candles (RR Lyrae, red clump
giants, Cepheids), it has become apparent that VISTA has excel-
lent astrometric properties that enable proper motion measurements
across the Galaxy, either using VISTA alone (Libralato et al. 2015;
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Cioni et al. 2016) or in combination with other data sets (Cioni
et al. 2014) such as the Two Micron All-Sky Survey (2MASS;
Skrutskie et al. 2006).

VVV data comprise typically between 50 and 80 epochs of Ks
photometry over �ve years (2010 to 2015). In addition, VVV in-
cludes two epochs of Z, Y, J and H photometry taken at the beginning
and end of the survey. Each epoch is subdivided into independent
images that are treated separately in our astrometry.

In this paper, we present version 1 (V1) of the VVV Infrared
Astrometric Catalogue (VIRAC), based on the standard products
provided by the v1.3 pipeline of the Cambridge Astronomical Sur-
vey Unit (CASU). This VIRAC V1 catalogue provides relative
proper motions and parallaxes for all stars for which they could
be measured in the individual pointings (pawprints) of VVV. The
catalogue is available at vvv.herts.ac.uk, and it will be made avail-
able in the VISTA Science Archive (VSA; Cross et al. 2012, see
horus.roe.ac.uk/vsa) and the ESO Archive.

Following the release of the Gaia 2nd Data Release, the VVV
team also plans to provide VIRAC V2, a deeper catalogue based
on pro�le �tting photometry of the VVV data set that will pro-
vide astrometry on the Gaia absolute reference frame. The work of
Contreras Ramos et al. (2017) is an excellent example of the power
of pro�le �tting for NGC 6544. We will also explore the possibility
of further increasing the depth of VIRAC using a shift-and-stack
algorithm, as has been done by the ALLWISE project (Kirkpatrick
et al. 2014). The VVV project has been extended by a new survey,
VVVX, that continues to survey the original VVV area approxi-
mately nine times up to 2020, while extending the area to cover
an additional 1100 deg2 of the Galactic disc and bulge at 25�40
epochs. We plan to incorporate VVVX data into future astrometric
products.

Here we describe our proper motion and parallax methodology
and present initial results. These include nearby high proper motion
stars and brown dwarfs and an illustration of how VIRAC can be
used at large distances across the Milky Way. Our results include
a complete catalogue of visually con�rmed sources with proper
motion, µ > 200 mas yr�1, complementing the VVV high proper
motion catalogue recently published by Kurtev et al. (2017) for
relatively bright stars with magnitudes Ks < 13.5.

In Section 2, we describe the data set and data selection. Sec-
tion 3 details the source matching and the proper motion and par-
allax calculations. In Section 4, we describe our quality checks and
quality �ags for the proper motion catalogue, using internal self-
consistency, visual inspection and comparison to both Tycho-Gaia
Astrometric Solution (TGAS; Michalik, Lindegren & Hobbs 2015)
and the results of Kurtev et al. (2017). This section also describes
our table of visually con�rmed high proper motion stars (the ta-
ble itself can be found in the appendices) and new proper motion
companions to TGAS stars. In Section 5, we describe the paral-
lax catalogue and parallax quality checks using TGAS. In Sec-
tion 6, we describe discoveries of note from the parallax data set
and high proper motion sources. In Section 7, we demonstrate ap-
plications at large Galactic distances, including measurement of
the Galactic rotation curve and the motion of the Sagittarius dwarf
galaxy.

2 DATA DESCRIPTION AND SELECTION

The VISTA Infrared Camera (VIRCAM) is the current largest
near-infrared (NIR) imager in astronomical use, consisting of six-
teen 2048 × 2048 pixel mercury cadmium telluride arrays. The
VISTA/VIRCAM combination gives a total viewing area of 0.6 deg2

for each pointing or �pawprint� of the telescope. Detectors are placed
in a 4 × 4 grid with spacing of 0.9 detector widths in the y direc-
tion and 0.425 detector widths in the x direction. The conventional
tiling pattern used in VVV consists of six separate pawprints (three
positions in x, two in y) that produce a �lled �tile� covering �1.�4 ×
1.�1, with most positions observed twice due to the substantial over-
lap in the x direction. However, the six pawprints must be treated
separately for precise astrometric work. VISTA and VIRCAM are
described in great detail by Sutherland et al. (2015). Pipeline data re-
duction, catalogue generation and calibration of the photometry and
astrometry are provided by the CASU, see Lewis, Irwin & Bunclark
(2010) and casu.ast.cam.ac.uk/surveys-projects/vista/technical. The
VSA provides further processing (band-merging, production of light
curves, etc.) and curation of VVV data and makes it available to
the community as an SQL data base, providing an alternative to the
ESO Archive.

The raw VVV FITS �le catalogues were processed by a modi�ed
version of a FORTRAN routine FITSIO_CAT_LIST (originally provided
by CASU) ported to PYTHON. This modi�ed version unpacks the
binary tables for each extension in the FITS �le and calculates
calibrated magnitudes from the �uxes. It also �ags and computes
approximate magnitudes for saturated sources using a ring-shaped
aperture, removes columns that are surplus to our requirements and
outputs the resultant tables as a single extension FITS �le.

The �ux/magnitude aperture size we selected was aperMag2
(radius = 1/

�
2 × 1 arcsec). This relatively small aperture pro-

duces more reliable magnitudes in crowded �elds (Lucas et al. 2008)
than the more commonly used aperMag3, and aperMag2 bene-
�ts from more precise aperture corrections than aperMag1 (ra-
dius = 1/2 × 1 arcsec). Note that the typical full width at half-
maximum seeing for VVV observations is 0.75 arcsec.

For observation quality evaluation, we stripped a subset of the
header information from each catalogue, including airmass, seeing
and the source counts for each chip. We compute the seeing for
each pawprint as the median of the individual array seeing values
multiplied by their plate scale (calculated from the astrometric �t
coef�cients of each array).

Coincident pawprints (pawprint sets) were identi�ed by match-
ing the telescope pointing coordinates of all pawprints using an
internal sky match with a 20 arcsec matching radius with the TOPCAT

software package (Taylor 2005). This yielded 2100 pawprint sets,
corresponding to 6 pawprint sets for each of 346 VVV tiles and 12
pawprint sets for each of 2 VVV tiles (d015 and b390) for which
the telescope pointing positions were >1 arcmin from their usual
positions at a number of epochs. These two tiles were subject to
a change in pointing coordinates due to guiding problems caused
by non-stellar pro�les of guide stars used by the telescope guiding
system. Because of this, observations before and after the change
in pointing coordinates are treated separately by our astrometric
pipeline, until the �nal stage of averaging over the independent
astrometric solutions.

We rejected pawprints based on the following criteria.

(i) Deprecated (i.e. �agged as poor quality) by the quality control
procedures used in the public data releases available at the VSA.

(ii) Seeing >1.2 arcsec.
(iii) One or more of the 16 arrays contained fewer than 25 per cent

of the median source counts, computed for all spatially coincident
arrays not already rejected.

(iv) The median rms astrometric residual of reference stars used
in the CASU pipeline global astrometric solution (FITS keyword:
STDCRMS) across all arrays is greater than 0.2 arcsec.
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(v) The median average stellar ellipticity (FITS keyword:
ELLIPTIC) across all arrays is greater than 0.2.

3 ASTROMETRIC METHOD

3.1 Source matching

Many factors need to be considered when devising a suitable match-
ing strategy across the many epochs of data for each pawprint set.
With many epochs, we are not limited by the quality of the worst
epoch but we need to consider that not all sources will be detected
at every epoch.

We settled on a strategy of identifying groups of epochs separated
from other groups by at least 90 d, then identifying a primary epoch
in each group (which we designate the P2 epoch). Most often the
separations between groups correspond to the separations between
observing seasons. The P2 epoch in each group is the observation
with the best seeing that also has higher than median source counts
for observations in the group. The remaining epochs we refer to
as secondary epochs. The P2 epochs from consecutive groups are
then matched with a 1 arcsec OR match using the STILTS software
package1 (Taylor 2006). The secondary epochs are matched to the
closest chronological P2 epoch with a 1 arcsec match in STILTS such
that all P2 epoch catalogue rows are returned matched to the closest
secondary epoch row. Each secondary epoch row is matched only
once and unmatched P2 epoch rows are also retained.

The main strengths of this matching process are as follows. For
a source to be retained through matching, it need only be detected
in one of the P2 epochs. Clearly, for a proper motion to be mea-
sured, we must have a second detection but this may come from any
other P2 or secondary epoch. This means the theoretical maximum
proper motion detection limit is constrained by the 1 arcsec match-
ing radius and the shortest epoch baseline between any P2 epoch
and any other epoch. We later reject all sources detected in fewer
than �ve epochs, so in reality, our maximum proper motion detec-
tion limit is constrained by the shortest epoch baseline between any
P2 epoch and its fourth closest additional epoch. For 99.7 per cent
of pawprints, this value is less than 36.5 d, which is equivalent to a
maximum proper motion detection limit of 10 arcsec yr�1 or greater
with our 1 arcsec matching radius (see Fig. 1). This is suf�cient to
include any very nearby stars or brown dwarfs in the VVV area.

3.2 Coordinate transformation

For each pawprint set, we select the observation with the best seeing
as the overall primary epoch (which we designate the P1 epoch); to
this we �t the remaining epochs. We perform the �t by selecting an
initial pool of astrometric reference sources that meet the following
criteria in the P1 epoch:

(i) 12.5 < Ks < 16.0
(ii) classi�ed as stellar
(iii) �Ks < 0.15 mag
(iv) ellipticity less than 0.3
(v) location >6 pixels from the edge of the array in both the x

and y dimensions.

1 We found that when performing an internal match of crowded UKIRT
Infrared Deep Sky Survey or VISTA catalogues, a 1 arcsec matching ra-
dius typically returned only self-matches whereas >1 arcsec matching radii
returned signi�cant numbers of additional matches.

Figure 1. A histogram of the number of pawprints versus their maximum
proper motion detection limit. The maximum proper motion detection limit
comes from our 1 arcsec matching radius and our requirement that a source
be detected in one P2 epoch and at least four other epochs. The equivalent
epoch baseline in days is shown on the upper x-axis.

We split each array into a 5 × 5 grid of sub-arrays (25 sub-arrays
per array, 400 per pawprint); the coordinate �tting and transforma-
tion is performed on this smaller scale. The purpose of this is to
aid in correcting smaller scale non-uniformity in the focal plane
(see e.g. Libralato et al. 2015). The coordinate transformation �t-
ting also incorporates astrometric reference sources from a 20 pixel
wide boundary outside the sub-array. This boundary helps by pro-
viding some additional reference sources in more sparse regions.
While this is not necessary in the majority of the VVV, which has
very high source densities, we prefer to treat the entire survey in a
homogeneous manner. Additionally, the 20 pixel boundary reduces
potential edge effects, though these should be minimal with the
straightforward linear �t we use.

We then �t a linear transformation of array coordinates (x, y)
for each epoch to its P1 epoch using CURVE_FIT.2 We apply the
computed transformation and remove sources with residuals greater
than 3� from the reference source pool. We repeat the �tting�
transformation�rejection procedure until the reference source set
does not change, leaving us with our �nal transformed coordinates.

3.3 Proper motion and parallax fitting

For a proper motion measurement, the array coordinates are �t-
ted against epoch using a robust non-linear least-squares method
provided by CURVE_FIT. For the robust aspect, we used the trust re-
gion re�ective algorithm with an arctan loss function and the default
f_scale parameter. Testing of the different loss functions and f_scale
parameters on various VVV tiles indicated that while there was
little difference between them, the arctan loss function produced
marginally lower statistical uncertainties while still producing con-
sistent results between the overlapping areas of adjacent pawprint
sets. Comparison with an unweighted least-squares �t shows that

2 CURVE_FIT is part of the optimization and root �nding submodule OPTI-
MIZE, itself a part of the open-source mathematics, science and engineer-
ing PYTHON module SCIPY, see docs.scipy.org/doc/scipy-0.17.0/reference/
generated/scipy.optimize.curve_�t.html
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Table 1. Fractions of proper motions that agree between
overlapping pawprints of four VVV tiles to within 1� , 2�
and 3� uncertainties.

Tile Dimension 1� 2� 3�

b216 �cos � 0.691 0.955 0.997
� 0.683 0.951 0.996

b332 �cos � 0.682 0.945 0.994
� 0.683 0.944 0.994

d069 �cos � 0.680 0.945 0.995
� 0.686 0.948 0.995

d079 �cos � 0.689 0.954 0.997
� 0.684 0.951 0.996

this robust method usually delivers essentially the same result as
the latter. The main effect is to improve results for sources having
unusually large residuals to the �t. The �t on each axis produces
a proper motion, uncertainty and the epoch 2012.0 position in the
P1 array coordinate frame. We experimented with calculation of a
�2

red goodness-of-�t statistic for every solution but we found that
the positional uncertainties at each epoch were not suf�ciently well
de�ned to do this accurately, especially for bright stars.

We perform a zenith polynomial projection of these positions,
proper motions and uncertainties in the P1 epoch array coordinate
frame using the astrometric parameters contained in the header of
the original FITS �le catalogue of the P1 epoch.

We �t parallaxes only for sources with proper motion greater
than 20 mas yr�1 and detections at more than 10 epochs. We �rst
perform the zenith polynomial projection of all positions and uncer-
tainties as before and then �t their � and � positions in the tangent
plane to the parallax equations in the two dimensions using the
same procedure and parameters as for the proper motion �ts. This
produces parallaxes, proper motions and epoch 2012.0 positions in
both dimensions.

It is important to note that for the moment we have not corrected
for the average motion of the astrometric reference sources used. All
proper motions and parallaxes are therefore relative to the average
motion of sources within a few arcminutes. While an approximate
relative-to-absolute correction can be made using a Galactic pop-
ulation model or by measuring motions of galaxies in some bulge
�elds (see later), this cannot be done uniformly across the survey
without introducing substantial uncertainty, due to the lack of pre-
cise 3D extinction maps in the Galactic plane. Such information
is needed in order to be con�dent about the median distances and
motions of stars used as astrometric references.

We �nd in Section 4.1 that the difference in average motion
of partially overlapping reference frames is essentially indistin-
guishable. Care must be taken however, if one wishes to use these
data to e.g. investigate Galactic motion across larger scales (see
Section 7.1). For practical purposes, the changes in the astrometric
reference frame can typically be neglected on scales of approxi-
mately a VVV tile, though there may well be exceptions to this in
mid-plane �elds with highly structured extinction (which affects the
distance and motions of the reference stars).

4 PROPER MOTION RESULTS

4.1 Self-consistency

The VVV observation method enables a check for self-consistency
between overlapping pawprint sets. Overlaps on the sky between
pawprint sets are either between different arrays or different

Figure 2. A 2D histogram showing proper motion uncertainty versus mag-
nitude for one pawprint set of tile b216 before averaging of measurements
from overlapping pawprint sets. Note the rapid increase in proper motion
measurement errors at the bright and faint limits, and the presence of some
sources in the middle of the plot with unusually large proper motion uncer-
tainties for their magnitude. The red lines show the magnitude range outside
which we �ag poorly measured sources (epm �ag = 1). The green line is
the trace above which we �ag sources as proper motion uncertainty outliers
(epm �ag = 2). The numbers indicate the epm �ag assigned to each region
(the overlap of epm �ag = 2 and epm �ag = 1 gives epm �ag = 3).

sections of the same array, in different parts of the focal plane.
Since the volume of data is so great, we select a sample of sources
from tiles b216 (outer bulge), b332 (inner bulge, very high source
density), d069 (inner disc, containing the Westerlund 1 compact
young cluster) and d079 (outer disc) to test self-consistency. On
these tiles, we perform a 1 arcsec internal match on their 2012.0
positions to identify coincident detections of sources between mul-
tiple pawprint sets. We compare proper motions for sources with
solutions in two pawprint sets and no proper motion error �ags (see
Section 4.2) and �nd that in each case the random errors in the
proper motion measurements are described well by Gaussian distri-
butions with the statistical uncertainties provided by CURVE_FIT (see
Table 1).

4.2 Proper motion quality flagging

Fig. 2 shows the magnitude versus proper motion uncertainty range
for one pawprint set of VVV tile b216. Note the rapid increase
in proper motion uncertainties at the bright and faint end, and the
spread due to some sources in the middle with uncharacteristically
large proper motion uncertainties for their magnitudes. For indi-
vidual pawprint sets, we use a proper motion error �ag, epm flag,
that identi�es these regions, in which reliability of proper motion
measurements is generally low. This is most often a result of sat-
uration of bright stars, low signal-to-noise ratio for faint stars or
most notably blending, as evidenced by relatively high ellipticity of
sources in these regions (see Fig. 3).

After averaging the multiple solutions for each source (see
Section 4.3), the epm flag information is used to set a simple reliable
�ag (1 is reliable, 0 is not) to facilitate selection of the most reliable
VIRAC proper motion measurements.

To de�ne epm flag for each pawprint set, we group sources by
Ks magnitude in bins with 500 sources. Bins narrower than 0.5 mag
are joined with neighbouring bins. We interpolate over the median
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Figure 3. The ellipticity distributions of the separate resultant groups from
the epm �agging routine of a single pawprint set of tile b216. Sources with
an epm �ag greater than 0 tend to have a higher ellipticity (suggestive of
blending). Only sources with epm flag = 0 in all pawprint sets, and solutions
in at least two pawprint sets, are given the reliable �ag, see Section 4.3.

proper motion uncertainties versus median magnitudes for each
group and identify the bright and faint limits outside which the
median proper motion uncertainty exceeds 5 mas yr�1. These rep-
resent the points at which the reliability of the results signi�cantly
decreases and such results are given epm flag = 1. We also identify
sources in each bin with proper motion uncertainties larger than
the median proper motion uncertainty plus three times the spread,
de�ned as the larger of 0.3 mas yr�1 and the median absolute devi-
ation. Sources with proper motion uncertainty above this threshold,
determined by interpolation of the thresholds across adjacent bins,
are given epm flag = 2. The 0.3 mas �oor is imposed in order to
avoid �agging sources with errors that are no more than about dou-
ble the typical error in the magnitude bin. In the cases where both
conditions are true, we give sources epm flag = 3. Where no �ags
are set epm flag = 0. Fig. 2 illustrates these selections made on one
pawprint set of tile b216.

4.3 The catalogue: averaged proper motions

The tile and pawprint pattern of the survey is such that, with the
exception of the very edges of the survey, all sources should be
observed in at least two pawprint sets and therefore have a proper
motion measurement in each. Additionally, due to the matching
method we employ, some sources (e.g. faint or very high proper
motion stars) are not matched between consecutive P2 epochs and
hence will also have a proper motion measured for multiple epoch
groups within each pawprint set. To produce a catalogue of unique
sources, we identify groups of proper motion measurements by
matching epoch 2012.0 positions to within 1 arcsec, and average
their proper motions using inverse variance weighting. This match-
ing and averaging is performed across tiles as well as pawprint sets,
and VIRAC proper motions are split into tile catalogues (d001 to
d152, b201 to b296) with sources common to two or more tiles
usually assigned to the catalogue with the smallest tile number.

For each proper motion measurement, we report a Ks magni-
tude and uncertainty as the median and median absolute devia-
tion (respectively) across all epochs that go into the proper motion
measurement. For a source morphological classi�cation, we report

the modal classi�cation across those epochs. When we come to
combine multiple measurements, we give the inverse variance-
weighted average Ks magnitude and simply the number of proper
motion measurements that have a modal stellar classi�cation. The
epm �ags applied to each proper motion measurement are retained
as counts; these are incorporated into a simple reliable �ag. To be
�agged as reliable, a source must have a minimum of two proper
motion measurements; all proper motion measurements must be
from different pawprint sets, and there must be no error �ags set for
any proper motion measurement.

The combination of multiple proper motion measurements as
above yielded 312 587 642 unique sources. Fig. 4 shows the area
covered and the source density and compares this to the Gaia DR1.
Fig. 5 shows proper motion uncertainty versus magnitude distribu-
tion of the 119 million sources we consider to have the most reliable
proper motions.

4.4 Comparison to a visually confirmed proper motion sample

Kurtev et al. (2017) produced a visually con�rmed sample of 3003
proper motion sources in the VVV area. For most sources, they
provide a 2MASS-to-VVV proper motion solution, covering a time
baseline between 10 and 15 yr. Their sample covers proper motions
typically in the range 50�1000 mas yr�1, and magnitudes from the
brightest end of the VVV survey to Ks � 13.5. We removed � Sagit-
tarii (source 2679) from the Kurtev et al. (2017) list as it is far too
bright for any meaningful VVV detection (2MASS Ks = �1.55)
and a further 151 sources for which proper motion was not given
in their catalogue because their inclusion was based on previous
proper motion measurements. Among the remaining sources, we re-
moved a further four duplicates: 1064/1065, 1134/1135, 1892/1893,
2394/2395. This left a total of 2847 sources that we should be able
to recover in VIRAC. On cross-matching this list to our full results
table (i.e. allowing sources not �agged as reliable), we recover all
2847 objects. Fig. 6 shows the Kurtev et al. (2017) 2MASS�VVV
total proper motion versus those of VIRAC for these objects.

We used this sample of 2847 bona �de high proper motion stars
to evaluate our epm flag system, at least for the brighter end of our
results. Fig. 7 shows the breakdown of sources with any epm flag by
magnitude. As one might expect, sources at the very brightest end of
the survey have an epm flag indicating that their magnitude bin has
median proper motion uncertainty greater than 5 mas yr�1 (epm flag
= 1) consistent with them saturating. The presence of many sources
with an epm flag = 2, meaning their proper motion uncertainties are
signi�cantly higher than normal for their magnitude, is interesting.
We visually inspected a sample of these sources ourselves and
found that overwhelmingly the reason for their higher-than-normal
proper motion uncertainties was blending with a background source.
Another reason for epm flag = 2 to be set for high proper motion
sources is that many will have signi�cant parallactic motion that
would cause large scatter about a linear �t of position versus time
(i.e. proper motion alone). This suggests that if one is looking for
a complete selection of sources, it is advisable to ignore our source
reliability �ag and include sources with epm flag = 2.

4.5 Visually confirmed high proper motion stars

To assess the reliability of high proper motion source detections,
we selected sources with at least two proper motion measure-
ments, proper motion, µ, measured with at least 5� signi�cance
and µ > 200 mas yr�1. We rejected the very brightest and very
faintest sources (sources with an epm flag = 1 or 3 in any proper
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VVV Astrometric Catalogue 1831

Figure 4. Upper: our VVV proper motion catalogue area coverage, with grey-scale showing the 10 < Ks < 16 source density. Middle: the Gaia DR1 source
density in the VVV survey area for comparison. Lower: the Ks versus J � Ks colour�magnitude diagram of VIRAC sources in VVV tile d084 (l � 305.�67, b �
0.�52). We cross-matched these against the Gaia DR1 catalogue; the contours show the regions inside which 10 per cent, 50 per cent and 90 per cent of VIRAC
sources were detected by Gaia.

motion measurement, see Section 4.2) but we retain sources with
epm flag = 2 in one or more solutions (hence not �agged as reliable)
so as to include sources that might otherwise be excluded due to
parallactic motion or blending. This yielded 14 921 sources. Their
proper motion uncertainty versus magnitude distribution is shown
in Fig. 8 for the 6796 with �µ < 30 mas yr�1. We visually inspected
the 687 sources in this sample with �µ < 10 mas yr�1, of which
255 have epm flag = 2 and would be expected to be less reliable.
The 687 sources are identi�ed in Fig. 8 by coloured pluses and dots
for those identi�ed as genuine and false, respectively.

All of the 432 �reliable� sources with epm flag = 0 were visually
con�rmed as genuine, save for one ambiguous case. This shows that
this criterion is indeed useful for making a reliable selection. The
ambiguous source emerged from a blend with a background source
over the 2010�2015 period: it appears to have a genuine motion but
could perhaps be explained as a gradually brightening variable star.

Fig. 8 shows that the catalogue contains a locus of candidate
high proper motion sources at faint magnitudes with large proper
motion errors and epm flag = 2 in one or more solutions (due to
the large proper motion uncertainties for their magnitude bin). Our
visually inspected sample grazes the bottom of this distribution of
sources: we found that all sources inspected that might reasonably be
considered to be part of this group had false motions, predominantly
due to mismatching caused by blending. Note that a gradual shift
from predominantly genuine to predominantly false occurs at �µ �
5 mas yr�1, see the lower panel of Fig. 9. The presence of genuine
high proper motion sources with and without epm flag = 2 in Fig. 8
again highlights the need to ignore this particular �ag if a complete
selection is required.

The 555 visually con�rmed high proper motion sources with
µ > 200 mas yr�1 and �µ < 5 mas yr�1 are presented in Table A1.
Note that we do not remove sources we have identi�ed as having
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