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ABSTRACT

Context. The astrometry towards the Galactic bulge is hampered by high stellar crowding and patchy extinction. This effect is partic-
ularly severe for optical surveys such as the European Space Agency satellite Gaia.
Aims. In this study, we assess the consistency of proper motion measurements between optical (Gaia DR3) and near-infrared
(VIRAC2) catalogues in comparison with proper motions measured with the Hubble Space Telescope (HST) observations in sev-
eral crowded fields towards the Galactic bulge and in Galactic globular clusters.
Methods. Assuming that the proper motion measurements are well characterised, the uncertainty-normalised proper motion differ-
ences between pairs of catalogues are expected to follow a normal distribution. A deviation from a normal distribution defines the
inflation factor r. By multiplying the proper motion uncertainties with the appropriate inflation factor values, the Gaia (VIRAC2)
proper motion measurements are brought into a 1σ agreement with the HST proper motions.
Results. The inflation factor (r) depends on stellar surface density. For the brightest stars in our sample (G < 18), the dependence
on G-band magnitude is strong, corresponding to the most precise Gaia DR3 proper motions. We used the number of observed Gaia
DR3 sources as a proxy for the stellar surface density. Assuming that the HST proper motion measurements are well determined and
free from systematic errors, we find that Gaia DR3 proper motion uncertainties are better characterised, having r < 1.5 in fields with
a stellar number density with fewer than 200 Gaia DR3 sources per arcmin2, and are underestimated by up to a factor of 4 in fields
with stellar densities higher than 300 sources per arcmin2. For the most crowded fields in VIRAC2, the proper motion uncertainties are
underestimated by a factor of 1.1 up to 1.5, with a dependence on J-band magnitude. In all fields, the brighter sources have the higher
r value. At the faint end (G > 19), the inflation factor is close to 1, meaning that the proper motions already fully agree with the HST
measurements within 1σ.
Conclusions. In the crowded fields common to both catalogues, VIRAC2 proper motions agree with HST proper motions and do
not need an inflation factor for their uncertainties. Because of the depth and completeness of VIRAC2 in these fields, it is an ideal
complement to Gaia DR3 for proper motion studies towards the Galactic bulge.
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1. Introduction

The Galactic bulge1 is the only inner region of a large galaxy in
which individual stars can be resolved from the ground. There-
fore, the Galactic bulge provides the possibility of studying
stellar interactions in high-density environments on galactic
scales. As galaxies form inside-out, studies of the stellar popula-
tions in the Galactic bulge provide links to the early formation of
the Milky Way (e.g. Barbuy et al. 2018; Zoccali 2019; Fragkoudi
et al. 2020). However, the highly variable reddening and stellar
crowding mean that characterising this is a difficult task. Many
studies thus focused on specific low-reddening windows in the
bulge (e.g. Zoccali et al. 2003; Clarkson et al. 2008; Johnson
et al. 2011; Bernard et al. 2018) or on areas of particular interest,
such as the Galactic centre with its supermassive black hole
(Gillessen et al. 2009; GRAVITY Collaboration 2018, 2020)
and the nuclear star cluster (e.g. Pfuhl et al. 2011; Schödel
et al. 2014; Feldmeier-Krause et al. 2015; Chatzopoulos et al.

1 Throughout this work, the bulge includes the 300 deg2 region in
−10 deg < l < 10 deg and −10 deg < b < 5 deg, comprising a radius
of ∼2.5 kpc around the Galactic centre.

2015; Nogueras-Lara et al. 2020). Surveys of the inner Milky
Way including the bulge led to global reddening and stellar
crowding maps (Gonzalez et al. 2012, 2013; Nidever et al. 2012;
Schultheis et al. 2014; Nataf et al. 2016; Surot et al. 2020;
Nogueras-Lara et al. 2021; Zhang & Kainulainen 2022; Sanders
et al. 2022), from which more detailed and accurate morphology
and structural parameters of the bulge could be derived (Wegg
& Gerhard 2013; Portail et al. 2017; Simion et al. 2017; Clarke
et al. 2019). It is now established that in addition to the thick bar
(Stanek et al. 1994; Babusiaux & Gilmore 2005), the Galactic
bulge also presents an X-shape (McWilliam & Zoccali 2010;
Nataf et al. 2010; Gonzalez et al. 2015; Ness & Lang 2016) in a
composite structure that is challenging to unravel because many
components overlap (Zoccali & Valenti 2016; Kunder et al.
2016; Lucey et al. 2021; Wylie et al. 2022; Marchetti et al. 2022;
Rix et al. 2022).

The different stellar populations in the bulge exhibit different
kinematics. Proper motions are thus a valuable tool for distin-
guishing bulge and disc stars and for identifying structures such
as streams or globular clusters (Horta et al. 2021; Kader et al.
2022; Garro et al. 2022). They can also be used to characterise
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structures such as the nuclear star cluster or the nuclear stel-
lar disc (Clarke & Gerhard 2022; Shahzamanian et al. 2022;
Nogueras-Lara 2022).

Recent near-infrared (NIR) surveys have revolutionised our
understanding of the Galactic bulge. The Vista Variables in
the Via Lactea (VVV) and its extension, the VVV eXtended
survey (VVVX), created maps of the Galactic bulge and of
the southern part of the disc (−130 deg < l < 20 deg and
−15 deg < b < 10 deg), covering ∼1700 deg2 in five NIR pass-
bands: Z(0.87 µm), Y(1.02 µm), J(1.25 µm), H(1.64 µm), and
Ks(2.14 µm) (Minniti et al. 2010; Saito et al. 2012; Alonso-
García et al. 2018). The VVV observations started in 2010
and continued with VVVX until 2022, collecting many tens of
epochs in the Ks band. Some areas in the central parts have >100
epochs, enabling proper motion measurements over a baseline
of more than ten years. In the following, we use VVV to denote
observations within the central bulge area that were collected
within the original VVV survey as well as its extension VVVX.

VIRAC2 (Smith et al., in prep.) is the second data release of
the VVV Infrared Astrometric Catalogue (VIRAC; Smith et al.
2018). VIRAC2 is 90% complete up to Ks ∼ 16 across the VVV
bulge area (Sanders et al. 2022). Its proper motions are anchored
to the Gaia absolute reference frame.

In addition to the NIR surveys, Gaia presents an impres-
sive amount of data that are a valuable source for studies of
all Galactic components. The third data release (DR3) of the
Gaia survey (Gaia Collaboration 2022) includes the astro-
metric and photometric data for ∼1.5 billion sources spanning
34 months of observations (Gaia Collaboration 2021). Gaia
DR3 astrometry is given in the International Celestial Reference
System (ICRS) with the 2016.0 reference epoch. However, the
survey has a completeness below 60% for sources at G ∼ 19
or fainter, and the completeness in stellar densities is about
5 × 105 stars deg−2, which happens in crowded fields such as
those within globular clusters. The completeness of Gaia DR3
is below 20% even for brighter sources in fields with stellar
densities of about 106−107 stars deg−2, which also includes the
Galactic bulge (Fabricius et al. 2021; Everall & Boubert 2022;
Cantat-Gaudin et al. 2023).

As for any type of measurement, the Gaia data are sub-
ject to systematics coming from the instrument itself or from
the data processing. The systematics affect both photometry and
astrometry. The systematic offset in parallax or proper motion
(i.e. zero-points) can be obtained by a comparison with sources
whose parallax and proper motion are known, such as quasars
or binaries. The zero-point can depend on magnitude, colour,
and position (see Lindegren et al. 2021a; Riello et al. 2021).
The systematics could lead to an over- or underestimation of
measurements and their uncertainties.

The underestimation of the uncertainty estimates for posi-
tions, parallaxes, and proper motions (i.e. the astrometric solu-
tion) is a known caveat since Gaia DR1, where a formula for an
inflation factor for the parallax formal uncertainties is provided
(Lindegren et al. 2016). The underestimate of astrometric uncer-
tainties of sources in crowded regions has been presented by
Arenou et al. (2018). For Gaia DR2, the formula for the parallax
uncertainty underestimation factor includes both the systemat-
ics and the formal (catalogue) uncertainties (Lindegren et al.
2018). In DR2, the underestimation factor for the parallax is
between 2 and 3 for most sources. While DR3 improves this, the
parallax formal uncertainties are underestimated for faint stars
and stars in crowded fields (see Fabricius et al. 2021); these
stars might also present a larger underestimation in their proper
motion uncertainties.

Several studies have investigated the accuracy of Gaia proper
motion and parallax measurements, which led to correction fac-
tors (e.g. Fabricius et al. 2021; El-Badry et al. 2021; Vasiliev
& Baumgardt 2021; Maíz Apellániz et al. 2021; Babusiaux
et al. 2023). Here we provide an independent study that has
been triggered by our search for hypervelocity stars in the inner
bulge (Luna et al. 2019). Hypervelocity stars are objects that are
unbound from the Galactic potential, and they are extremely rare.
We wish to identify outliers in a large distribution. Therefore, it
is particularly important to know how reliable the measurements
and their errors are. In this study, we aim to validate the use of
Gaia DR3 and VVV astrometry in crowded fields by comparing
them to different sets of accurate and precise proper motions of
HST observations.

2. Cross match of the data sets and catalogues

The measurements of the stellar positions based on the HST
photometry are very precise. The ACS/WFC plate scale of
50 mas pixel−1 can result in proper motion measurements as
accurate as 0.3 mas yr−1 with observations spanning a baseline of
two years (Clarkson et al. 2008). The plate scale of WFC3 UVIS
channel is 40 mas pixel−1 , enabling similar precision for proper
motion measurements (Brown et al. 2009). With a more extended
observing baseline of more than nine years, Calamida et al.
(2014) reported a proper motion measurements accuracy of about
0.1 mas yr−1 for stars as faint as F606W ∼ 25.5 mag, for which
they combined data from both cameras. For comparison, the typ-
ical precision2 of Gaia DR3 proper motions is 0.1 mas yr−1 at
G = 18 and 0.5 mas yr−1 at G = 20. Gaia DR3 proper motions
are superior for brighter stars, but these proper motions are close
to the saturation of the WFC/ACS detector in the HST data
sets that cover the dense bulge fields with multi-epoch observa-
tions. A more detailed comparison between the two instruments
is given in del Pino et al. (2022) and Massari et al. (2020).

As a benchmark, we used the WFC3 Galactic bulge Treasury
Program: Populations, Formation History, and Planets (BTP)3

(Clarkson et al. 2008; Brown et al. 2009, GO-11664; PI: Brown,
T. M.), which consists of observations of four low-reddening
windows that map different environments in the Galactic bulge:
the SWEEPS, Stanek, Baade, and Ogle29 windows (see Table 1
for their location and extinction). The BTP was created to study
resolved stellar populations using the WFC3 on the HST. The
BTP provides a deep astrometric and photometric catalogue,
reaching F606W∼ 26, which is several magnitudes below the
main-sequence turn-off (MSTO), around F606W∼ 20. The stars
included in the BTP are field stars because there are no stellar
clusters in these fields of view (FoV).

To cross-match the HST sources with Gaia DR3 and then
compare their proper motions, we first transformed the BTP
proper motions, which are provided in the catalogue in units of
pixel per baseline, into proper motions components along RA
and DEC using a 30 mas pixel−1 scale, as reported in the BTP
catalogue description4 (Brown et al. 2009). We note that the
images and proper motions are oriented north-east. The base-
line for the SWEEPS window is 6.2 yr, with observations from
2004 to 2010, while for the Stanek, Baade, and Ogle29 windows,
the baseline is two years, with observations from 2010 to 2012.
The longer baseline for the SWEEPS window is possible through

2 https://www.cosmos.esa.int/web/gaia/
science-performance
3 Version 2 high-level science products from GO-11664.
4 https://archive.stsci.edu/prepds/wfc3bulge/
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Table 1. Galactic coordinates, extinction coefficient, and the final number of matched sources (N f ) used for the analysis of the four BTP low-
reddening windows; the outskirt fields of ωCen, F1, F2, and F3; and the globular cluster NGC 6652.

Field l (deg) b (deg) Av (mag) N f Gaia-HST N f VIRAC2-HST

SWEEPS +1.26 −2.65 2.0 97 557
Stanek +0.25 −2.15 2.6 110 1559
Baade +1.06 −3.81 1.6 30 –
Ogle29 −6.75 −4.71 1.5 227 171
ωCen F1 −51.12 +14.81 0.4 369 –
ωCen F2 −51.04 +14.84 0.4 817 –
ωCen F3 −51.11 +15.01 0.4 982 –
NGC 6652 +1.53 −11.38 0.37 978 –

a previously observed programme in addition to the BTP (Sahu
et al. 2006; Clarkson et al. 2008).

After we computed the proper motions in mas yr−1, we
cleaned the data set by examining the quality flags in the cat-
alogues. The BTP positions and proper motions come from a
point spread function fit that uses three different photometric
methods, depending on the brightness of the source. Within the
BTP catalogue, the parameter qual indicates the fit quality and
ranges between 0 and 1. We selected the sources with the best
quality fit, hence the best-characterised photometry and astrom-
etry, restricting 0.9 ≤qual≤ 1. This selection excludes bright
sources close to the saturation of the WCF/ACS detector.

Following Battaglia et al. (2022)5, we selected sources
for Gaia DR3 with a complete astrometric solution
(astrometric_params_solved ≥ 31) that were not flagged
as a duplicated source, and having a renormalised unit weight
error (RUWE) < 1.4 (Lindegren et al. 2018). The RUWE is an
indicator of the quality of the astrometric fit. This threshold was
set to select single sources with good astrometric measurements.
In crowded fields, RUWE values may be underestimated. In
principle, the requirement of RUWE < 1.4 might therefore be
relaxed and the statistics thus increased.

The positions of stars in the BTP catalogue, given in equa-
torial coordinates (J2000 epoch), were propagated to 2016.0, the
Gaia DR3 reference epoch. We performed an initial cross match
within 0.′′5 tolerance in position using the astropy package
SkyCoord.match_to_catalog_sky, which uses a KD-tree to
find the nearest neighbour. The HST astrometric reference frame
is offset ≤0.′′3 with respect to Gaia DR1 (Clarkson et al. 2018) in
each coordinate, and a similar offset may still be present in Gaia
DR3 (Kozhurina-Platais & Martlin 2021). To take systematic
effects into account, we searched for trends between the proper
motions and other parameters such as Gaia DR3 colours, mag-
nitude, or position (e.g. Massari et al. 2020, 2018). There is no
clear trend with any of the parameters, however.

Then, the cross match was refined by comparing the source
G-band magnitude and the HST F555W (or F606W) magni-
tude, excluding in this way the spurious matches. Figure 1 shows
the magnitude difference for the SWEEPS window. The cor-
rect matches lie below the red line. The cross match was made
individually in the different studied fields, and the separation dis-
tribution of cross-matched sources in each field was centred at
∼0.′′2 with a standard deviation of 0.′′4.

5 The authors propose an additional cut: the absolute value of the cor-
rected excess factor (phot_bp_rp_excess_factor) within 5σ at the
corresponding G-band magnitude (see Eqs. (6) and (18) of Riello et al.
2021). However, this cut pertains to photometric reliability, and because
we deal with astrometry in this study, we decided not to take it into
account in order to increase the statistics.

Fig. 1. Gaia DR3 G-band and HST F555W magnitude difference. The
initial position cross match is refined with a selection of stars that have
similar magnitudes. The good matches are below the solid red line at
F555W −G = 1.

Throughout the text, the comparison between Gaia DR3 and
the BTP windows is illustrated using the BTP-SWEEPS window
with its corresponding figures. The same method was applied for
all BTP windows, and their figures can be found in Appendix A.
In the case of Baade’s window, there are 371 cross-matched
sources within 0.′′5, but most of them are spurious matches, with
a large G-band and F555W magnitude difference. Because the
final sample of well-matched sources in Baade’s window con-
sists of only 30 sources, we do not consider this field in the rest
of this work.

Although the main HST data sets have 104−105 sources, with
103 Gaia DR3 sources in the same FoV, the final data set after the
cross match has only a few 102 sources per field. Figure 2 illus-
trates the decrease in the number of sources when the different
quality cuts and cross-match refinements were applied. From top
to bottom of Fig. 2, sources from Gaia DR3 catalogue are plotted
in the right panels, and sources in the HST-BTP-SWEEPS win-
dow are plotted in the left panel. The panels in the second row
show the sources after the quality cuts described in the previous
paragraphs. The final two panels show the cross-matched sources
within 0.′′5 of the tolerance in position (grey), and in the bottom
panel, the final sample used for the study (orange). The orange
points correspond to the orange points in Fig. 1. The number
of sources remaining in each step of this cross-matching proce-
dure for the HST-BTP-SWEEPS field is shown above each panel
in Fig. 2.
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Fig. 2. Number of sources in Gaia DR3 and HST-BTP in the SWEEPS
field. From top to bottom: Initial sample in the same FoV after applying
the quality cuts described in Sect. 2, after a cross match between the
data sets with a tolerance of 0.′′5, and the final sample used for the study.
The position of the sources in the final sample is plotted in orange. In the
second row, the lack of sources in the corners of the BTP data set arises
because they did not have a proper motion value in the BTP catalogue.
This is due to small differences in the field orientation between different
epoch exposures.

The low number of final cross-matched sources is largely a
consequence of the different survey depths. While HST reaches
magnitudes well below F606W=24 and mostly detects the main-
sequence stars, Gaia is limited to stars brighter than G = 20 mag.
In the bright end, Gaia is more complete, but HST begins to
saturate, with its bright detection limit around F606W = 18 mag.
This is illustrated in Fig. 3, showing the colour-magnitude
diagrams (CMDs) of Gaia DR3 and HST in the SWEEPS field.

In addition to the comparison of the HST and Gaia proper
motions in high-density fields in the bulge using the BTP cata-
logue, we also compared the HST and Gaia DR3 proper motions
in three fields in the outskirts of ωCen (GO-14118 and GO-
14662; PI: Bedin, L. R. catalogues: Bellini et al. 2018; Scalco
et al. 2021; Libralato et al. 2018) and in NGC 6652 (GO-13297;
PI: Piotto, G. Catalogue: Libralato et al. 2022), a globular cluster
in Baade’s window.

Finally, we also validated the proper motion uncertainties of
the VIRAC2 catalogue with respect to the HST proper motions

Fig. 3. Colour-magnitude diagrams of Gaia DR3 and HST in the
SWEEPS window. The orange points correspond to the location of the
cross-matched sources after the quality cuts and a 3σ clipping in the
uncertainty normalised proper motion difference. The black dots are
the total sources in the field after the quality cuts. The two catalogues
overlap in a short magnitude range.

in three bulge fields: the SWEEPS, Stanek, and Ogle29 win-
dows. The comparison was made for the J band in VIRAC2 and
F110W in HST. The data sets were cross-matched and cleaned,
for which we adopted the same quality flags as described
above for Gaia . As a quality cut in VIRAC2, we selected
sources with a complete (five-parameter) astrometric solution,
non-duplicates, and sources that were detected in at least 20%
of the epochs. As an additional quality parameter, we selected
sources with a unit weight error uwe< 1.2, which is a thresh-
old to select single sources with good astrometric measurements
(L. C. Smith, priv. comm.). The rest of the cross match was made
following a procedure similar to that described for the Gaia-BTP
comparison. The cross-matched sources have a mean separation
of 0.′′25. From the VIRAC2 initial sample of 5199, 5623, and
3856 in the SWEEPS, Stanek, and Ogle29 windows, the final
sample used for the comparison resulted in 557 sources in the
SWEEPS field, 1515 sources in the Stanek field, and 171 in the
Ogle29 field. The larger number statistics in the SWEEPS and
Stanek fields are a result of the better matching magnitude range
between the VVV and Gaia DR3. The H − J versus J CMDs of
the initial and final data sets are given in Appendix B.

3. Inflation factor

When we assume the proper motions in two different uncorre-
lated catalogues µ1 and µ2 with their corresponding uncertain-
ties σ1 and σ2, and when they follow a Gaussian distribution,
their uncertainty-normalised difference (∆µ/σ∆µ) should follow
a normal distribution. If the proper motion and/or its uncertain-
ties in one of the catalogues are under- or overestimated, the true
proper motion uncertainty would be

σ2
e = r2σ2

1, (1)

with r being the inflation factor needed to bring µ1 into a 1σ
agreement with µ2.

Then, the variance of the uncertainty-normalised proper
motion difference is

K2 = Var

 µ1 − µ2√
σ2

1 + σ
2
2

 = σ
2
e + σ

2
2

σ2
1 + σ

2
2

. (2)
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Thus

r2 =
K2(σ2

1 + σ
2
2) − σ2

2

σ2
1

, (3)

where r is the individual inflation factor for each star in the
sample, which depends on the individual uncertainties σ1 and
σ2, and the standard deviation K of the uncertainty normalised
proper motion difference of the parent population.

We took µ1 and σ1 as the reported Gaia measurements
and µ2 and σ2 as the HST measurements, where we assumed
that the HST proper motion measurements are true values with
well-determined uncertainties that are neither under- nor overes-
timated. Because we know that this is not the case for the BTP
catalogue, we looked for systematics in the HST data, as dis-
cussed for example in Bellini et al. (2011) and Libralato et al.
(2022), but found none. For globular clusters, we used HST
proper motions that were corrected for HST systematics (see
Sect. 4.3 and 4.4).

In this way, we incorporated the proper motion uncertainty
underestimation completely into Gaia DR3, even though HST
proper motions are not free of systematics. Our goal was to set
an upper limit on the true underestimation of the Gaia DR3
proper motion uncertainties. To complement this, we include
in Appendix D an analysis of the change in the inflation fac-
tor when systematics in addition to the HST proper motions are
introduced. We show that for the SWEEPS window, r varies by
20% within the sampled range, but for the Stanek and Ogle29
windows, r decreases up to 50% with larger PM uncertainty. The
inflation factor was derived independently for the proper motion
components in RA and Dec. Therefore, the correlation parame-
ter between the RA and Dec components in Gaia DR3 does not
influence the analysis.

Any systematic errors in Gaia values must be subtracted
from the reported formal uncertainties to obtain the true uncer-
tainties. When the systematic errors σs are accounted for, the
true Gaia uncertainties would be

σ2
e = r2σ2

1 + σ
2
s . (4)

Lindegren et al. (2021b) derived Gaia DR3 parallax and
proper motion systematics through the angular covariance func-
tions V(θ), which describe the spatial correlation of errors in
astrometric quantities and which depend on the angular separa-
tion in degree of two sources. The authors estimated the system-
atics from a quasar sample and found V(θ)µ ∼ 550 µas2 yr−2,
which is in the short-separation limit (0◦ < θ < 0.125◦). This
corresponds to a systematic error of σS = 0.017 mas yr−1.
Vasiliev & Baumgardt (2021) extended this analysis for shorter
separations with stars in Galactic globular clusters and reported
V(θ)µ ∼ 700 µas2 yr−2 in the short-separation limit. This cor-
responds to a systematic error of σS = 0.026 mas yr−1. These
numbers indicate the maximum precision of the proper motion
measurements. This is an improvement with respect to DR2,
where the systematic was constrained to 0.066 mas yr−1 for
sources with G > 16 in Gaia DR2 (Lindegren et al. 2018). The
value of σs can otherwise be obtained as the zero-point of the
proper motion of quasars or other absolute proper motion refer-
ence frame tracers, which we lack in this comparison. Hence, our
approach can only constrain the inflation factor r, which absorbs
part of the systematic errors.

Taking σs into account, the individual inflation factor is
given by

r2 =
K2(σ2

1 + σ
2
2) − σ2

2 − σ
2
s

σ2
1

, (5)

Fig. 4. Normalised proper motion difference distribution for the
SWEEPS field. The dashed curves are the initial distributions in each
coordinate component. The solid curves are the distributions after
Gaia DR3 proper motion uncertainties are multiplied by the inflation
factor r. The standard deviation of the distribution before and after
applying the inflation factor is labelled K and σ, respectively.

where σs = 0.026 mas yr−1 because the data set areas are within
the short-separation limit.

4. Results of the fit

In this section, we present the procedure and results of
a Gaussian mixture model (GMM) fit to the uncertainty-
normalised proper motion difference. The same GMM fitting
procedure that was applied to the BTP data set was then also
applied to assess the consistency of the proper motion for other
data sets with respect to Gaia DR3.

4.1. BTP

Due to the lack of sources in the bulge that can be used to
transform the proper motions into an absolute reference frame,
the proper motions of the BTP fields are relative to the median
of a sample of bulge stars in the MSTO and fainter (Clarkson
et al. 2018). We transformed the proper motions into absolute
proper motions anchored to Gaia by subtracting the mean of the
µBTP−µGaia DR3 proper motion distributions. The BTP catalogue
does not provide individual proper motion uncertainties, but an
upper limit of 0.3 mas yr−1, which we assumed as the uncertainty
value for the cross-matched sources. To assess the impact of this
assumption on the results of our study, we explored the extended
SWEEPS catalogue (Calamida et al. 2014), which contains indi-
vidual proper motion uncertainties for all measured sources. The
results from the analysis of the extended SWEEPS catalogue
are consistent with those of the SWEEPS-BTP window. This is
further discussed in Sect. 4.2, and the corresponding plots are
provided in Appendix E.

We compared the uncertainty normalised distributions of
proper motion differences separately in RA and Dec and fit them
with a Gaussian (see Fig. 4), keeping only the stars within 3σ
of the distribution in each coordinate. With K being the stan-
dard deviation of ∆µ/σµ, we applied Eq. (3) independently in
each coordinate to obtain the individual inflation factor r of each
source, which was to be multiplied by its Gaia proper motion
uncertainty.
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Fig. 5. Dependence of the inflation factor r on the G-band magnitude of the studied HST fields. The points represent the medians of the magnitude
bins, and for r, the error bars are the 16th and 84th percentiles. The bars in G indicate the magnitude distribution in a given bin, where the marker
is the median. The plotted data are listed in Table 2.

In Fig. 4 we show ∆µ/σµ in RA (left panel) and Dec (right
panel) for the 97 sources in the final sample in the BTP-SWEEPS
window. The standard deviations of the ∆µ/σµ distribution
before and after applying the inflation factor are labelled K and
σ, respectively. The value was 2.98 in RA and 2.57 in Dec, and
after applying the median inflation factor, this reached ∼1 in both
cases. The dashed Gaussian corresponds to the initial ∆µ/σµ
distribution, and the solid-coloured Gaussian corresponds to the
distribution after the inflation of the Gaia DR3 proper motion
uncertainty. The equivalent of Fig. 4 for the studied fields is
provided in Appendix C.

The standard deviation of the distribution after the inflation
of the Gaia DR3 uncertainties is not exactly one because we used
the median value of r instead of an individual value for each
star. The inflation factor r depends strongly on the magnitude, as
shown in Fig. 5. This is further described in Sect. 5.

4.2. Extended SWEEPS catalogue

Calamida et al. (2014) published the extended baseline of obser-
vations of the SWEEPS window covering nine years (GO-9750
and GO-12586; PI: Sahu, K.C.) and derived proper motions
in Galactic coordinates with precision around 0.1 mas yr−1 at
F606W = 25.5 mag and around 0.5 mas yr−1 at F606W = 28
mag. Based on these proper motions, they revealed the white
dwarf cooling sequence in the Galactic bulge. We analysed this
data set as well because it offers an independent validation of
the results based on the BTP data by extending observations of
the same field (SWEEPS) over a longer baseline and presenting
individual uncertainties for all sources in the HST data set, rather
than an average upper limit.

To compute the inflation factor and compare it with the
results for the BTP windows, we transformed the proper motions
and their uncertainties from Galactic coordinates into equatorial
coordinates, assuming that the proper motions are not correlated.
The catalogue includes no correlation coefficient.

The median inflation factor for the full-SWEEPS is consis-
tent with the median inflation factor of the BTP-SWEEPS for
every magnitude bin except for G < 18.5 (see Appendix E).
This bright end of the magnitude overlap between Gaia DR3
and HST includes only a few sources. Because the full-
SWEEPS catalogue lacks quality flags, it is possible that a few

unreliable astrometric measurements affect the sources in the
bright bin.

4.3. ωCen

The outer fields of ωCen (F1, F2, and F3) have a lower density
than the BTP windows. In this case, the value of r is closer to
one (Fig. 5). This indicates that the uncertainties of the Gaia
DR3 proper motions are mostly consistent with those from the
HST catalogues. This shows that our procedure is consistent with
previous findings such as Maíz Apellániz et al. (2021), Vasiliev
& Baumgardt (2021), and Babusiaux et al. (2023).

We tried to analyse the core of ωCen with the HST data
provided in Bellini et al. (2017). However, the severe crowd-
ing in its core prevents any well-behaved measurement with
Gaia. The majority of the Gaia DR3 sources in this region
have a RUWE > 1.4 and were thus rejected based on the
quality cuts.

4.4. NGC 6652

Recently, Libralato et al. (2022) published a homogeneous pho-
tometric and astrometric catalogue of 56 globular clusters in the
Galaxy. One of them is NGC 6652, a globular cluster of partic-
ular interest for this study because it is located within Baade’s
window in the bulge, and because its data have been processed
following the same procedure as the outer ωCen fields. The
inflation factor is larger than the one derived for the ωCen out-
skirt fields, but lower than the bulge fields, indicating that their
proper motions are better characterised than those of the BTP
fields (Fig. 5).

Comparisons with the HST globular cluster were also used
to validate Gaia DR2 astrometry (Arenou et al. 2018) and DR3
(Fabricius et al. 2021). The normalised dispersion of the differ-
ences in ωCen is close to one, indicating that the uncertainties
are correctly estimated (Arenou et al. 2018).

4.5. VIRAC2

As VIRAC2 covers the inner part of the bulge, we have data
for three of the seven studied fields: the SWEEPS, Stanek,
and Ogle29 windows. VIRAC2 proper motions are given in
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Fig. 6. Normalised proper motion difference distribution for VIRAC2
vs. SWEEPS-BTP (top), VIRAC2 vs. Stanek-BTP (middle), and
VIRAC2 vs. Ogle29-BTP (bottom). The dashed curves are the initial
distributions in each coordinate component. The solid curves are the
distributions after the VIRAC2 uncertainties are multiplied by the infla-
tion factor r.

equatorial coordinates and are anchored to the Gaia DR3 abso-
lute reference frame. Hence, we transformed the HST-BTP
proper motions into absolute proper motions in the same manner
as before by subtracting the mean of the µBT P − µVIRAC2 proper
motion distributions independently in RA and Dec. For the
BTP uncertainties, we assumed an upper limit of 0.3 mas yr−1.
Figure 6 is equivalent to Fig. 4, where the original ∆µ/σµ in
each coordinate are plotted as dashed Gaussians, and the solid
Gaussians are the distributions after the inflation of the VIRAC2
proper motion uncertainties. The top panels correspond to the
comparison of VIRCAC2 versus HST in the BTP-SWEEPS
field, the middle panels compare VIRAC2 and BTP-Stanek,

Table 2. Median inflation factor (r) in a given G-band magnitude range
for the seven studied fields.

SWEEPS
G-band magnitude rRA rDec N

17.78 ≤ G < 18.49 4.45 4.91 56
18.50 ≤ G < 18.94 3.57 3.48 41

Stanek
G-band magnitude rRA rDec N

17.64 ≤ G < 17.97 3.90 5.56 12
18.00 ≤ G < 18.49 3.06 4.13 52
18.52 ≤ G < 19.11 2.59 3.20 46

Ogle29
G-band magnitude rRA rDec N

17.74 ≤ G < 18.46 2.26 3.32 23
18.50 ≤ G < 19.49 1.63 2.04 111
19.50 ≤ G < 20.09 1.48 1.60 93

ωCen F1
G-band magnitude rRA rDec N

16.59 ≤ G < 17.96 1.16 1.63 15
18.01 ≤ G < 18.47 1.11 1.38 30
18.51 ≤ G < 19.00 1.12 1.33 42
19.01 ≤ G < 19.49 1.10 1.30 64
19.51 ≤ G < 19.99 1.09 1.26 83
20.00 ≤ G < 20.79 1.08 1.24 133

ωCen F2
G-band magnitude rRA rDec N

16.16 ≤ G < 16.93 2.83 2.04 18
17.06 ≤ G < 17.48 1.87 1.57 26
17.53 ≤ G < 18.00 1.71 1.50 58
18.02 ≤ G < 18.49 1.59 1.45 90
18.51 ≤ G < 18.99 1.60 1.45 145
19.00 ≤ G < 19.50 1.50 1.38 175
19.51 ≤ G < 19.99 1.45 1.35 177
20.00 ≤ G < 20.66 1.44 1.34 123

ωCen F3
G-band magnitude rRA rDec N

16.05 ≤ G < 16.97 1.58 1.68 21
17.03 ≤ G < 17.50 1.30 1.45 29
17.51 ≤ G < 17.99 1.27 1.34 82
18.00 ≤ G < 18.49 1.24 1.30 144
18.50 ≤ G < 19.00 1.23 1.30 174
19.01 ≤ G < 19.49 1.21 1.26 202
19.50 ≤ G < 20.00 1.20 1.24 172
20.01 ≤ G < 20.80 1.20 1.23 152

NGC 6652
G-band magnitude rRA rDec N

16.12 ≤ G < 16.99 1.91 2.04 29
17.01 ≤ G < 17.49 1.86 1.84 37
17.50 ≤ G < 18.00 1.81 1.83 47
18.01 ≤ G < 18.49 1.81 1.78 73
18.50 ≤ G < 19.00 1.76 1.74 195
19.01 ≤ G < 19.49 1.76 1.73 239
19.50 ≤ G < 20.00 1.75 1.72 217
20.01 ≤ G < 20.58 1.75 1.72 138

Notes. N is the number of sources used to compute the median inflation
factor in a given bin (see Fig. 5).
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Fig. 7. Dependence of the inflation factor r on the number density defined for sources found in the Gaia DR3 catalogue in a given field. The
median r for the different fields is plotted with different colours. The error bars correspond to the 16th and 84th percentile in the distribution of r
across the magnitude range of a given field. The shade is the 1σ uncertainty on the fit. The plotted data are listed in Table 3.

Table 3. Number of sources in Gaia DR3 in a given field, area of the field, and median values of the inflation factor r.

Field N(Gaia) Area (arcmin2) Median rRA Median rDec

SWEEPS 2773 9.01 4.15+0.86
−0.73 4.24+1.18

−0.94

Stanek 2737 8.91 2.82+0.46
−0.30 3.68+1.02

−0.56

Ogle29 2774 9.82 1.57+0.26
−0.10 1.87+0.58

−0.29

ωCen F1 847 14.02 1.09+0.03
−0.01 1.26+0.12

−0.03

ωCen F2 2181 14.89 1.50+0.25
−0.06 1.38+0.18

−0.03

ωCen F3 2438 15.09 1.22+0.05
−0.02 1.27+0.13

−0.04

NGC 6652 3714 14.14 1.76+0.04
−0.01 1.73+0.05

−0.01

Notes. The 16th and 84th percentile in r is indicated (see Fig. 7).

and the bottom panels correspond to the comparison with the
BTP-Ogle29 field.

5. Analysis and discussion

In the catalogue validation of Gaia DR3, Fabricius et al. (2021)
found an offset in the unit weight error of the parallax with
respect to their uncertainty. The offset for the bulk of the sources
is 1.05 for a five-parameter (positions, parallax, and proper
motions) astrometric solution and 1.22 for a six-parameter astro-
metric solution, where the sixth parameter is the pseudo-colour,
which is the astrometrically estimated effective wave number
when the source colour GBP − GRP was not available. Sources
with a six-parameter solution show more systematics and spu-
rious solutions (Lindegren et al. 2021a; Fabricius et al. 2021).
An additional underestimation factor depends on the G-band
magnitude (Figs. 20 and 21 in Fabricius et al. 2021).

del Pino et al. (2022) applied the offsets (1.05 or 1.22)
derived specifically for parallax uncertainties as underestima-
tion factors also to correct for the uncertainties for all astro-
metric parameters (positions, parallax, and proper motions) in
GaiaHUB. This code uses HST observations as an additional
epoch for Gaia. They showed that this resulted in an improved
proper motion accuracy for the case studies.

This is not the only case in which an inflation factor to correct
for the underestimation of Gaia uncertainties has been derived
for different cases with success. El-Badry et al. (2021) found that

Gaia DR3 parallax uncertainties are underestimated up to 50%
by comparing the parallax of binary components in a catalogue
they constructed assuming that the pairs are bound. Maíz
Apellániz et al. (2021) derived inflation factors for the parallax
in globular clusters by forcing the parallax distribution to be
normal. The inflation factor is larger for stars in the magni-
tude range of 12 < G < 18. They reported similar values as
Fabricius et al. (2021). Following the same procedure, Babusiaux
et al. (2023) derived an inflation factor for the radial velocity
uncertainty in a sample of open clusters. They fit a two-order
polynomial to the factor as a function of magnitude (GRVS ) and
effective temperature and in this way, provided a formula for the
uncertainties inflation.

Furthermore, the astrometric solution of a source may not be
reliable depending on its position. Rybizki et al. (2022) devel-
oped a classifier for accurate astrometric solutions in Gaia DR3
and reported that the majority of sources in the direction of the
bulge have a spurious astrometric solution. They compared Gaia
DR3 proper motions with OGLE IV proper motions and found
that the uncertainties are underestimated for either one or both
of them. The scanning law could amplify the disturbance of a
close neighbour, which would have a larger effect in a crowded
field such as the bulge. This in turn would result in spurious
astrometric solutions.

As a result of selecting the sources with the best quality and
the difference in crowding of the studied fields, the final sample
of our data sets covers different magnitude ranges, as shown in
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Fig. 8. Dependence of the inflation factor on the Gaia and HST uncer-
tainty ratio. The vertical line marks σGaia = σHST. For sources with
σGaia > σHST, the inflation factor asymptotically reaches a minimum
value that corresponds to the standard deviation K of the parent popu-
lation. This behaviour follows the functional form of Eq. (3).

Fig. 5. For the different studied fields, Table 2 lists the median
inflation factor and the number of sources (N) we use to com-
pute it in a given bin. The number of sources in each magnitude
bin ranges between ∼20 in the brightest magnitude bins and
>100 at G < 18 for some fields, such as the ωCen fields. To
verify whether the low number statistics and the individual
sources with outlying r may affect the median value of r, we
performed a bootstrap sampling.

To account for the influence of the low number statistics in
the results and to estimate the uncertainty of the inflation factor
derivation, we performed a bootstrap sampling with 1000 itera-
tions of N − 5 elements, where N is the number of sources in the
parent sample. The error bars for r in Fig. 5 are smaller than the
marker in most cases.

Figure 7 shows the dependence of r on stellar surface den-
sity, where the proxy for the density is the number of Gaia
DR3 sources per arcmin2 in a given field (N), that is, before
any quality cut and for the entire magnitude range. Gaia uncer-
tainties are more strongly underestimated as the stellar surface
density increases, such as for the SWEEPS and Stanek fields.
This dependence follows the relation

ri = 1.004 Nαi , (6)

where i = RA, Dec; and α = −0.46 ± 0.38 in RA and α =
−0.27 ± 0.38 in Dec.

Table 4. Median inflation factor (r) in a given J-band magnitude range
for the seven studied fields.

SWEEPS
J-band magnitude rRA rDec N

14.83 ≤ J < 15.46 1.17 1.01 20
15.55 ≤ J < 15.99 1.16 1.01 18
16.02 ≤ J < 16.48 1.16 1.01 70
16.50 ≤ J < 16.99 1.16 1.01 101
17.00 ≤ J < 17.49 1.16 1.01 210
17.50 ≤ J < 18.04 1.16 1.01 138

Stanek
J-band magnitude rRA rDec N

14.69 ≤ J < 15.0 1.47 1.3 31
15.01 ≤ J < 15.5 1.44 1.28 91
15.50 ≤ J < 15.99 1.41 1.26 163
16.00 ≤ J < 16.5 1.39 1.25 231
16.50 ≤ J < 16.99 1.38 1.24 300
17.00 ≤ J < 17.49 1.38 1.24 419
17.50 ≤ J < 18.24 1.37 1.24 324

Ogle29
J-band magnitude rRA rDec N

14.83 ≤ J < 15.99 1.11 1.13 6
16.02 ≤ J < 16.50 1.09 1.11 15
16.52 ≤ J < 17.00 1.09 1.11 32
17.01 ≤ J < 17.48 1.09 1.11 64
17.51 ≤ J < 18.29 1.09 1.11 54

Notes. N is the number of sources used to compute the median inflation
factor in a given bin (see Fig. 9).

The dependence of the inflation factor on density has a trend
that follows Eq. (6). This trend is plotted as a dashed grey line in
Fig. 7. Vasiliev & Baumgardt (2021) studied the dependence of
the parallax uncertainty inflation factor on the stellar density of
several Galactic globular clusters. They reported that the paral-
lax inflation factor follows an exponential function that depends
on the stellar number density (see their Fig. 5). Although there
is a similarity between the shape of their relation and ours, it
is not directly comparable because our approach, in contrast
to Vasiliev & Baumgardt (2021), compares Gaia to other cata-
logues. It might be expected that NGC 6652, as a globular cluster
in the Galactic bulge, has a higher stellar density than the Ogle29
field. However, the blending that affects Gaia may result in a
lower count of sources and hence cause the similar location of
both fields in Fig. 7.

The difference between the inflation factor in RA and Dec
can be explained as a result of the Gaia scanning law (Gaia
Collaboration 2021) because the survey is more precise perpen-
dicular to the ecliptic where the satellite has more transits. We
note that the Ogle29 field presents the largest difference between
the inflation factor values for RA and Dec when compared to
other BTP windows. In this location, the Dec component is
oriented close to being perpendicular to the ecliptic and is there-
fore more precise. The median σDec is 0.25 mas yr−1, while the
median σRA is 0.46 mas yr−1.

The inflation factor r shows a strong dependence on mag-
nitude. As the precision in Gaia DR3 increases for brighter
sources, a larger r is needed to bring the uncertainty-weighted
proper motions into a 1σ agreement with the HST measure-
ments. Figure 5 shows the behaviour of the median inflation
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Fig. 9. Dependence of the inflation factor r on VIRAC2 J magnitude. The proper motion comparison was made between VIRAC2 and the HST-BTP
SWEEPS, Stanek, and Ogle29 windows. The points are the median values of J in each magnitude bin, and the error bars indicate the magnitude
distribution at a given bin. In r, the error bars are the 16th and 84th percentile.

factor versus G-band magnitude: The median inflation fac-
tor increases towards the bright end. The higher-density fields
have overall higher inflation factor values, but the trend with
magnitude is similar between the fields.

Although in general, the inflation factor r ranges between
1–2 in the lower-density fields F1, F2, and F3 in ωCen and
in NGC 6652 (see Fig. 5), its value increases in the bright bin
(G < 17) in ωCen F2 field on RA. The reason is the low num-
ber of stars (18) in that magnitude bin, which is reflected by the
larger error bar for r.

As Gaia DR3 measurements become more precise and HST
starts to reach the saturation point, the bright sources whose
proper motions diverge from the HST need a larger multiplica-
tive factor to bring them into concordance. Figure 8 shows that
from the functional form of Eq. (3), r steeply increases for
sources with σGaia < σHST. The vertical line in Fig. 8 represents
the point when σGaia = σHST. At the faint end (G > 17), where
σGaia > σHST, the photon noise dominates the uncertainties on
the systematics (Fabricius et al. 2021). Therefore, the inflation
factor has an asymptotic behaviour that tends to the standard
deviation (K) of the parent population.

Comparison of VIRAC2 and HST. The precision of the
VIRAC2 proper motions is comparable to that of the HST.
Table 4 lists the median inflation factor at a given J-band mag-
nitude bin shown in Fig. 9. Figure 9 presents the dependence
of the inflation factor r as a function of J-band magnitude for
the comparison of VIRAC2 with respect to the HST data in the
SWEEPS, Stanek, and Ogle29 BTP fields. In contrast with the
results for the inflation factor for the Gaia DR3 proper motion
uncertainties (Fig. 7), the comparison with the Stanek window
results in a larger inflation factor than for the SWEEPS window.
Furthermore, within the range of magnitudes that can be probed,
r is nearly constant and does not depend on the brightness. In
RA, the VIRAC2 proper motion uncertainties in both fields are
slightly underestimated, while the inflation factor in Dec is low,
that is, close to one. This analysis shows that the proper motions
uncertainties of VIRAC2 and HST are consistent within 1σ.

6. Conclusions

We presented an analysis of Gaia DR3 and VIRAC2 proper
motion uncertainties in comparison with the HST proper

motions in seven fields that present different levels of crowd-
ing. Three fields are located in the direction towards the Galactic
bulge: the SWEEPS, Stanek and Ogle29 BTP windows. Further-
more, we included three outskirt fields in the globular cluster
ωCen, and the globular cluster NGC 6652. Our main findings
concerning the comparison between Gaia DR3 and HST data
sets are summarised below.

To bring the Gaia DR3 proper motions into a 1σ agreement
with those from the HST, we need an inflation factor to account
for the underestimation of their uncertainties and the systematic
errors. HST proper motions are not free of systematics, and part
of the underestimation may well belong to them. At the moment,
we cannot quantify this underestimation in HST proper motions.
We therefore imposed the underestimation to Gaia as a way to
extend its capabilities and take the inflation as an upper limit on
the true underestimation.

The inflation factor dependends on stellar surface density, as
indicated by the number of sources in Gaia DR3 catalogue per
arcmin2. The dense BTP fields also strongly depend on G-band
magnitude, which is driven entirely by the sources for which
Gaia DR3 is more precise than HST. These are the brightest
sources in the samples.

The dependence of the inflation factor on stellar surface den-
sity follows an exponential function with a factor of −0.46 in RA
and −0.27 in Dec (see Eq. (6)).

In the most crowded fields, such as the BTP windows, the
inflation factor ranges from a factor of two for G ∼ 19 to a
factor of five at G < 18. In less dense fields, such as the out-
skirts of the globular clusters ωCen and NGC 6652, the inflation
factor is lower than two, indicating a better agreement of the
measurements and their uncertainties.

The large inflation factor in the dense bulge fields implies
that the proper motion uncertainties for the brightest sources are
underestimated either for the HST or for Gaia DR3, while the
proper motion measurements for the globular cluster fields agree
much better between the HST and Gaia DR3 catalogues. We
note that all of the sources in the final sample of the BTP-Gaia
DR3 cross-match have a six-parameter astrometric solution,
whereas for the ωCen outskirt fields F1, F2, and F3, the percent-
age of six-parameter sources is 38, 59, and 60%, respectively. For
the globular cluster NGC 6652, it is 62%. This then supports the
conclusion that the underestimation of the proper motion uncer-
tainties more likely affects Gaia than the HST measurements in
the bulge fields.
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VIRAC2 is deeper and more complete than Gaia DR3 in the
BTP fields. There is no need for an inflation factor because the
VIRAC2 proper motion uncertainties agree well with those of
the HST. For these crowded bulge fields, we therefore recom-
mend using VIRAC2 proper motions as a complement of Gaia
DR3 proper motions either to increase the statistics or in the case
that the astrometric solution for the Gaia DR3 proper motions is
poorly behaved.

The main limitation of this study was the low number statis-
tics due to the different depths of the fields. The quality of
the measurements appears to be insufficiently characterised in
the overlapped magnitude ranges. While we acknowledge the
advantage of the NIR data for the highly extincted and crowded
Galactic bulge fields, Gaia data are nevertheless very valuable.
They provide an independent check on the proper motion mea-
surements, potentially extend the baseline and magnitude range,
and provide the possibility of studying outliers in the proper
motion distribution and thus of searching for hypervelocity stars,
which was our original goal that motivated this study. Gaia
proper motion uncertainties will improve as the observational
time baseline increases. An improvement of a factor of ∼2 can be
expected in future releases6. This will allow us to further charac-
terise Gaia versus VIRAC2 astrometric uncertainties and exploit
the full capabilities of both surveys.
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Appendix A: Color-magnitude diagrams of the
studied fields

Fig. A.1: Colour-magnitude diagrams of Gaia and HST in the Stanek
window. The orange points correspond to the location of the cross match
after the quality cuts and 3σ clipping.

Fig. A.2: Colour-magnitude diagrams of Gaia and HST in the Ogle29
window. The orange points correspond to the location of the cross match
after the quality cuts and 3σ clipping.

In this section, we show the HST and Gaia DR3 CMDs for the
remaining fields analysed in this study: the BTP-Stanek win-
dow, the BTP-Ogle29 window, ωCen F1, ωCen F2, ωCen F3,
and NGC 6652. The black points are all the sources in a given
field after the quality cuts described in Sect. 2, and the orange
points are the final cross-matched sources we used for the study.
The figures are the equivalent to Fig. 3, where the left and
right panels correspond to the CMD in HST and Gaia DR3 fil-
ters, respectively. In addition, we also show the CMD for the
Baade’s window BTP catalogue in comparison with Gaia. This
field was not used for the analysis because it contains too few
cross-matched sources.

Fig. A.3: Colour-magnitude diagrams of Gaia and HST in the Baade
window. The orange points correspond to the location of the cross match
after the quality cuts and 3σ clipping.

Fig. A.4: Colour-magnitude diagrams of Gaia and HST in the ωCen F1
field. The orange points correspond to the location of the cross match
after the quality cuts and 3σ clipping.

Fig. A.5: Colou-magnitude diagrams of Gaia and HST in the ωCen F2
field. The orange points correspond to the location of the cross match
after the quality cuts and 3σ clipping.
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Fig. A.6: Colour-magnitude diagrams of Gaia and HST in the ωCen F3
field. The orange points correspond to the location of the cross match
after the quality cuts and 3σ clipping.

Fig. A.7: Colour-magnitude diagrams of Gaia and HST in the globular
cluster NGC 6652. The orange points correspond to the location of the
cross match after the quality cuts and 3σ clipping.

Appendix B: Color-magnitude diagrams of the
studied fields with VIRAC2

In this section, we show the HST and VIRAC2 CMDs for the
BTP SWEEPS, Stanek, and Ogle29 fields. The black points are
all the sources in a given field after the quality cuts described
in Sect. 2, and the orange points are the final cross-matched
sources we used for the study. The figures are the equivalent to
Fig. 3, where the left and right panels correspond to the HST and
VIRAC2 CMDs, respectively.

Fig. B.1: Colour-magnitude diagrams of VIRAC2 and HST in the
SWEEPS window. The orange points correspond to the location of the
cross match after the quality cuts and 3σ clipping.

Fig. B.2: Colour-magnitude diagrams of VIRAC2 and HST in the
Stanek window. The orange points correspond to the location of the
cross match after the quality cuts and 3σ clipping.

Fig. B.3: Colour-magnitude diagrams of VIRAC2 and HST in the
Ogle29 window. The orange points correspond to the location of the
cross match after the quality cuts and 3σ clipping.
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Appendix C: Proper motion comparison between
Gaia DR3 and HST.

In this section, we show the uncertainty normalised proper
motion differences (∆µ/σµ) between Gaia DR3 and HST for the
BTP-Stanek window, the BTP-Ogle29 window, ωCen F1, ωCen
F2, ωCen F3, and NGC 6652. Figures C.1, C.2, C.3, C.4, C.5,
and C.6 are the equivalent to Fig. 4, where the left and right
panels correspond to ∆µ/σµ in RA and Dec, respectively.

Fig. C.1: Same as Fig. 4, but for the Stanek window.

Fig. C.2: Same as Fig. 4, but for the Ogle29 window.

Fig. C.3: Same as Fig. 4, but for the ωCen F1 field.

Fig. C.4: Same as Fig. 4, but for the ωCen F2 field.

Fig. C.5: Same as Fig. 4, but for the ωCen F3 field.
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Fig. C.6: Same as Fig. 4, but for the globular cluster NGC 6652.

Appendix D: Variation of r in the BTP

We explored the variation in the inflation factor when we adopted
an upper limit in the BTP PM uncertainties different than
0.3 mas yr−1, within the range 0.3 − 1 mas yr−1. This was to
account for HST systematics, which we cannot quantify in the
data. For the Stanek and Ogle29 data sets, the inflation factor
is reduced up to 20% when we assume a BTP PM uncer-
tainty of 0.6 mas yr−1, and up to 50% when we assume a BTP
PM uncertainty of 1 mas yr−1. However, for the SWEEPS data
set, the inflation factor is reduced by only 25% assuming a
PM uncertainty of 1 mas yr−1. The results are summarised in
Figure D.1.

Fig. D.1: Variation in r in the BTP fields for different upper limits of
PM uncertainties. The PM uncertainty is given in mas yr−1. The points
are the median r at a given σµ, and the vertical lines mark the range
between the 16th and 84th percentiles.
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Appendix E: Comparison of other fields with the
extended SWEEPS catalogue

In this section, we extend the discussion of Sect.4.2. The
extended SWEEPS catalogue (Calamida et al. 2014) is based
on observations of the BTP-SWEEPS window with additional
epochs that extended the time baseline, which led to more accu-
rate measurements with well-characterised individual uncertain-
ties. This data set provides an opportunity to internally validate

the BTP-SWEEPS data. The median inflation factor of the
SWEEPS extended catalogue computed in different magnitude
bins is labelled SWEEPS C14 in Fig. E.1. The median infla-
tion factor is consistent with that of the BTP-SWEEPS window
adopting a PM uncertainty upper limit of 0.3 mas yr−1. The
exception is found for the brightest bin in the Dec component
(G < 18.5), where some sources may have poor quality, but
we cannot filter them because the extended SWEEPS catalogue
lacks quality flags.

Fig. E.1: Dependence of the inflation factor r on G-band magnitude of the studied HST fields. Same as Fig. 5, but with the addition of the SWEEPS
extended catalogue (SWEEPS C14 in the label). The points represent the medians of the magnitude bins, and for r, the error bars are those of the
16th and 84th percentiles. The bars in G indicate the magnitude distribution in a given bin, where the marker is the median.
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