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Gaia Focused Product Release:
Sources from Service Interface Function image analysis

Half a million new sources in omega Centauri *
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ABSTRACT

Context. Gaia’s readout window strategy is challenged by very dense fields in the sky. Therefore, in addition to standard Gaia observations, full
Sky Mapper (SM) images were recorded for nine selected regions in the sky. A new software pipeline exploits these Service Interface Function
(SIF) images of crowded fields (CFs), making use of the availability of the full two-dimensional (2D) information. This new pipeline produced
half a million additional Gaia sources in the region of the omega Centauri (w Cen) cluster, which are published with this Focused Product Release.
We discuss the dedicated SIF CF data reduction pipeline, validate its data products, and introduce their Gaia archive table.

Aims. Our aim is to improve the completeness of the Gaia source inventory in a very dense region in the sky, w Cen.

Methods. An adapted version of Gaia’s Source Detection and Image Parameter Determination software located sources in the 2D SIF CF images.
These source detections were clustered and assigned to new SIF CF or existing Gaia sources by Gaia’s cross-match software. For the new sources,
astrometry was calculated using the Astrometric Global Iterative Solution software, and photometry was obtained in the Gaia DR3 reference
system. We validated the results by comparing them to the public Gaia DR3 catalogue and external Hubble Space Telescope data.

Results. With this Focused Product Release, 526 587 new sources have been added to the Gaia catalogue in w Cen. Apart from positions and
brightnesses, the additional catalogue contains parallaxes and proper motions, but no meaningful colour information. While SIF CF source param-
eters generally have a lower precision than nominal Gaia sources, in the cluster centre they increase the depth of the combined catalogue by three
magnitudes and improve the source density by a factor of ten.

Conclusions. This first SIF CF data publication already adds great value to the Gaia catalogue. It demonstrates what to expect for the fourth Gaia
catalogue, which will contain additional sources for all nine SIF CF regions.

Key words. Methods: data analysis — Techniques: image processing — Astronomical data bases — Catalogs — Astrometry

1. Introduction 2019a,b); as well as combinations of Gaia data with other sur-
vey catalogues (Scalco et al. 2021; Prabhu et al. 2022), just to
On June 13, 2022, the Data Processing and Analysis Consor- mention a few.
tium (DPAC) of the European Space Agency (ESA) cornerstone
mission Gaia published Data Release 3 (DR3), containing as-
trometry and photometry for more than 1.8 billion sources (Gaia

Collaboration et al. 2021, 2023). This third Gaia data release

Generally, the completeness of the Gaia catalogue is very
high. A small number of densely populated regions, one of which
is w Cen, are an exception though. Gaia’s astrometric crowd-
ing limit is around 1050000 objects deg=? (Gaia Collaboration

provides incredible insights into our home galaxy and beyond.

The Gaia catalogue has been used for several studies in the
omega Centauri (w Cen) cluster. Examples are the the measure-
ment of the cluster parallax and calibration of the luminosity
of the tip of the red giant branch (Soltis et al. 2021); investi-
gations on stellar kinematics to describe the distribution of both
the dark and luminous mass components in the cluster (Evans
et al. 2022); analysis of the kinematics of stellar sub-populations
in the cluster (Cordoni et al. 2020; Sanna et al. 2020) and iden-
tification of a stellar stream originating in w Cen (Ibata et al.
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et al. 2016), which is about one object every 12 square arcsec-
onds. For denser areas, the readout window strategy reaches its
limitations. Therefore, for the most crowded regions in the sky,
clear holes are visible in the catalogue data. With this Focused
Product Release (FPR), the hole in the core of the w Cen clus-
ter is now filled up with half a million additional sources. These
were created with a new software pipeline, written and operated
by Gaia DPAC, exploiting so far unused two-dimensional (2D)
images of Gaia’s Sky Mapper (SM) instrument. These so-called
Service Interface Function (SIF) images were recorded for se-
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lected crowded fields (CFs) in the sky; for more details, readers
can refer to Section 6.6 in Gaia Collaboration et al. (2016) and
Section 1.1.3 in de Bruijne et al. (2022).

In standard operation, referred to as 'nominal’, Gaia uses
dedicated readout windows obtained with the Astrometric Field
(AF) instrument, the Blue and Red Photometer (BP/RP), and the
Radial Velocity Spectrograph (RVS). Compared to AF readout
windows, which are collapsed in the across-scan (AC) direc-
tion for sources fainter than 13 mag, the new pipeline profits
immensely from the availability of the full 2D information, even
though SIF images are acquired in samples binned from 2x2 pix-
els and thus of a lower quality in the along-scan direction com-
pared to the nominal Gaia data. Not being limited by a readout
window, SIF CF processing uses the full 2D information about
neighbouring sources to obtain accurate astrometry and photom-
etry. The aim of this paper is to describe the implementation of
the SIF CF pipeline and validate its performance. It starts with
information on the SIF CF images, the main input of the pipeline,
in Sect. 2, followed by a description of the SIF CF data reduction
in Sect. 3.

Most of the SIF CF pipeline is based on the nominal Gaia
software systems that have been used to produce the Gaia cat-
alogues released so far. For SIF CF processing, these software
systems were adapted to process extended 2D images: The SIF
CF image parameter determination (SIF CF IPD) registers all
source detections in an image (Sect. 3.1). The cross-match be-
tween these detections was done by SIF CF XM (Sect. 3.2) and
a coverage map was calculated from the image boundaries to
identify reliable sources (Sect. 3.3). For these, Gaia’s Astromet-
ric Global Iterative Solution (AGIS) produced valid astrometry
(Sect. 3.4), and robust photometry was obtained with a dedicated
ad hoc procedure using the Gaia DR3 photometry as a reference
(Sect. 3.5). In Sect. 3.6, we list all filters that were applied to the
SIF CF data. While a full description of the nominal Gaia soft-
ware systems can be found in the corresponding, linked papers,
here we concentrate on the adaptations implemented for the SIF
CF processing.

A validation of the SIF CF data products is provided in Sect.
4. It was done by comparing SIF CF data to nominal Gaia DR3
data and to a dedicated Hubble Space Telescope (HST) dataset
that covers the core of w Cen. After basic information regard-
ing the number of detections and sources created by the SIF CF
pipeline (Sect. 4.1), photometry was validated comparing SIF
CF statistics to nominal Gaia (Sect. 4.2). Astrometry was then
examined in terms of positional (Sect. 4.3), proper motion (Sect.
4.4), and parallax (Sect. 4.5) uncertainties. In the following sec-
tion, we describe the HST dataset and its usage (Sect. 4.6), ad-
dress the small-scale completeness of SIF CF data compared to
Gaia DR3 and HST data (Sect. 4.7), the source density and depth
(Sect. 4.8), and the reliability and completeness of the SIF CF
sample (Sect. 4.9). Known issues are discussed in Sect. 4.10.

In Sect. 5 the SIF CF data product, available in the Gaia
archive table crowded_field_source, is described. Finally, a
summary is provided in Sect. 6.

2. SIF CF images

During commissioning of the Gaia satellite in 2014, data gaps
were visible in the very dense centres of dense regions in the sky.
While in the outskirts of w Cen the star detections are usually
well separated, multiple sources overlap in the core of the clus-
ter, leading to conflicting readout windows, windows containing
multiple sources or no readout at all for the nominal processing,
see Section 3.3.8 in Gaia Collaboration et al. (2016).

A short feasibility study was conducted and showed that the
analysis of two-dimensional SM images could enhance the com-
pleteness of the Gaia catalogue in these regions by roughly two
magnitudes. Indeed, this turned out to be a conservative estimate.
Originally, full SM images were scheduled for transmission to
ground for calibration purposes only, but the improvement was
such that the DPAC Executive Board together with the Gaia Sci-
ence Team decided to record SIF images in addition to the nom-
inal readout windows for a few selected regions on the sky.

These regions include the surroundings of 230 very bright
stars (VBS) and nine crowded fields (CFs).

Table 1. Regions selected for SIF CF observation

Region Acq. Start  Area
[deg’]

Omega Centauri (NGC5139) 2015-01-01 1.83
Baade’s Window (Bulge) 2015-01-01 1.0
Large Magellanic Cloud 2016-07-01 2.22
Small Magellanic Cloud 2016-07-01 1.6
Sagittarius I (Bulge) 2016-07-01 1.1
47 Tuc (NGC 104) 2016-07-01 1.72
M 22 (NGC 6656) 2016-07-01  0.75
NGC4372 2016-07-01 1.13
M4 (NGC6121) 2016-07-01  0.95

Table 1 lists the dense regions in the sky selected for Gaia
SIF CF data acquisition together with the starting date of their
observation, see Section 1.1.3 in de Bruijne et al. (2022). From
that date onward during most scans of one of the satellite fields
of view (FOVs) containing one of the listed regions, SIF CF im-
ages were recorded. For w Cen and Baade’s Window data record
started 18 months earlier than for the other regions, because they
were selected as test regions. Additionally, Baade’s window and
Sgr I were both observed once on 15 October 2014, see again
Section 1.1.3 in de Bruijne et al. (2022).

While acquisition of SIF CF images is still ongoing, the w
Cen sources presented here were observed in images obtained
between 1 January 2015 and 8 January 2020.

Table 1 also provides the approximate sizes of the observed
areas in square degrees. The shapes of these areas vary. The total
data volume for all SIF images, including CF, VBS, and regular
calibration images amounts to roughly 60 GB / year.

SIF images are read as samples of 2 x 2 pixels, which de-
creases the possible precision of SIF CF observations compared
to fully resolved AF observations. Regarding the size of a SIF CF
image, in the AC direction it is always the same: the full read-
out of the illuminated part of the CCD detector of 983 samples.
In the along-scan (AL) direction the image size depends on the
time span of the crossing of the satellite on the selected region. It
can vary from a few seconds to more than one minute, leading to
images between 860 and 32 768 samples wide. This is possible,
because Gaia works in Time Delayed Integration (TDI) mode,
which means that charge is transferred to the adjacent pixel with
the same speed with which the image of a source moves to the
next pixel due to the satellite rotation until it reaches the read-
out register. The Sky Mapper is the first instrument to receive
the light of a star entering Gaia’s FOV, and the SM is the only
Gaia instrument for which CCDs are illuminated by a single
FOV only.

The limitation of the SIF CF processing is the absence of
colour and spectral information for the sources. All information
is based on the SM images only. The advantages of 2D SIF im-
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ages compared to nominal readout windows are obvious: SIF CF
data suffer neither from being collapsed to one dimension before
download nor from truncation of data, as can happen for over-
lapping windows, and each SIF CF image contains sources from
one FOV only.

3. SIF CF pipeline

In March 2019, a small team was assembled to analyse the SIF
CF data, and between September 2021 and August 2022 the SIF
CF pipeline had its first operational run, the results of which are
published in this FPR. It used a total run time of 22 days dis-
tributed across the various software systems involved.

Initial investigation phase The first step towards a SIF CF data
pipeline consisted of choosing a software system to be used for
source detection in the future pipeline. Well known software
packages like DAOPHOT (Stetson 1987) and SExtractor (Bertin
& Arnouts 1996), as well as an adapted version of Gaia’s nomi-
nal ’Detection and Image Parameter Determination’ (IPD) soft-
ware (Castafieda et al. 2015) were tested on a set of selected
SIF CF images. Five independent research groups from Bologna,
Groningen, Padova, Edinburgh, and Potsdam participated in the
tests.

In terms of source detection, all three software tools deliv-
ered comparable results. Roughly 80000 sources were found in
a very crowded SIF CF area. As none of the methods outper-
formed the others, it was decided to use the adapted IPD code
as the basis for the SIF CF pipeline. With comparable detec-
tion numbers, the reason for this choice was the most realistic
description of the Point Spread Function (PSF) that Gaia’s IPD
provides. A good description of the PSF is crucial for accurate
astrometry and photometry, and for IPD the PSF is based on all
SM data available and not limited to the SIF CF images them-
selves. The SIF CF source detection and Image Parameter Deter-
mination software (SIF CF IPD) was then revised and improved
regarding run time and performance for SIF CF images (see Sect.
3.1).

Basic SIF pipeline Before the SIF CF data reduction can start,
the original SIF data packets transmitted from the Gaia satellite
need to be restructured. This is done with the *BasicSifPipeline’
provided by and run at the European Space Astronomy Centre
(ESAC) in Villafranca. The BasicSifPipeline performs an initial
data transformation and rewrites the SIF image data as DPAC
datamodel, that can be read by the first SIF CF software system,
SIF CF IPD.

3.1. SIF CF IPD

The source-finding software, SIF CF IPD, is based on Gaia’s
nominal Intermediate Data Update (IDU) Detection and Image
Parameter Determination (IPD), see Section 3.3.6 in Castaneda
et al. (2022) and Castafieda et al. (2015). In the following, we
describe the modifications implemented in the SIF CF IPD code
to profit from the two dimensional image information.

Background After subtracting the bias and correcting for the
dark signal, the background is estimated on a grid of 200 x 60
samples, as an average of all samples below a certain threshold
calculated from Poisson noise and total detection noise. Between
the grid points, the background is spline-interpolated.
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Detection A first source detection run locates new sources via
cross-correlation of a PSF kernel with the SIF image. For a full
description of Gaia’s PSF model see Rowell et al. (2021) and
Section 3.3.5 in Castafieda et al. (2022). Gaia’s CCD pixels have
rectangular shapes, covering an area of 59 mas in AL and 177
mas in AC. This leads to different angular resolutions in AL and
AC direction.

Before each detection iteration, an artificial image contain-
ing the background and the PSF fits of already detected sources,
the so-called scene, is subtracted from the original image. At the
beginning of source detection, the scene contains only the back-
ground.

PSF fit Once a source is found, a simple initial estimate of
its position and flux is determined by fitting the SM PSF model
to the detection. As the SIF CF images fully cover a large sky
area, they do not contain the usual Gaia readout windows. In
order to re-use as much DPAC software and calibrations as pos-
sible though, we used artificial readout windows centred on the
detection for the PSF fitting. The PSF fit of the source is then
added to the scene. Sources are processed in order of apparent
brightness, starting with the brightest source. This is done for all
source detections one after the other, taking the already known
sources into account via the updated scene.

Adapted window size As the SM PSF is reliably defined only

for an SM window of 9 x 6 samples (equivalent to 18 x 12 CCD
pixels), these dimensions determine the maximum window size
that can be used for the PSF fit. For sources with an estimated
flux brighter than 18 mag, the full 9 x 6 sample SM PSF model
is used. For fainter sources the PSF model is restricted more and
more in the AL direction, until for detections of 18.8 mag or
fainter the minimum PSF model of 6 X 6 samples is used. This
is done, because fainter sources get progressively more affected
by their neighbours and imperfect scene estimates, thus for them
it is better to focus on the central part of the window, where the
majority of the source flux is located.

In order to place the detected source into the scene, its lo-
cation and flux estimate are used together with the full window
size PSF model for both bright and faint sources. The PSF spikes
of the brighter stars extend far beyond the area for which a reli-
able PSF calibration is available. Hence, those spikes cannot be
properly described with the available PSF model, and this leads
to steps in the scene at the borders of the PSF model window.
In the next source detection run, such a step could be interpreted
as a new source, which is itself fitted with the PSF model then.
In consequence, a set of spurious source detections are located
along the spikes of the PSF. Those spurious detections are fil-
tered out by our detection fraction filter with high efficiency (see
Sect. 3.6), since in different scans the spikes are at different ori-
entations relative to the scene.

lterations Unlike the nominal IPD, SIF CF IPD has the abil-
ity to review the source detections and PSF fits in the context
of the source surroundings. Once all sources are located and fit
for the first time, the PSF fits are repeated, starting again with
the brightest source. In this second fit iteration, the information
about the source surroundings is improved, since now even for
the brightest source there is a full scene available, consisting of
modelled sources and background.
When the second PSF fit is completed for all sources, the
source detection is run again. It now takes into account the
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knowledge about all already detected and fitted sources. This
allows the pipeline to detect fainter sources and sources closer
to bright ones. The second source detection run is followed by
another two PSF fit iterations for all sources, old and newly de-
tected ones.

Finally, a third block of one source detection and two PSF
fit runs is performed. The combination of three source detection
and six PSF fit runs turned out to be the best trade-off between
performance improvement and run time increase. In every SIF
CF image, between 100 to 700 000 source detections are found;
this extreme range is a result of the drastic differences in image
size rather than simply the source density within the images.

When source detection and PSF fit runs are completed, some
basic filters are applied to remove internal duplicates and detec-
tions located outside the CCD detectors. The full list of filters is
given in Sect. 3.6.

In short, SIF CF IPD iterates source finding and PSF fitting for
all sources in the SIF CF image ordered by source brightness.
In doing so, it takes into account an artificial image constructed
from PSF models of already detected sources and background to
create well defined new source detections.

3.2. SIFCF XM

The SIF CF Crossmatch (SIF CF XM) module assigns the SIF
CF detections to already known and new sources. During this
process, clusters of SIF CF detections belonging to the same
physical light source on the sky are formed, and a unique source
identifier is assigned to each such cluster of detections.

The SIF CF XM code is a slightly altered version of IDU
XM, see Torra et al. (2021) and Section 3.4.13 in Castaneda et al.
(2022). The SIF CF version does not include the first XM stage
(the detection classifier), which distinguishes real from spurious
detections. As explained in the previous section, SIF CF detec-
tions are found on-ground by SIF CF IPD from SIF CF images
and thus are not affected by limitations of the Gaia on-board
detection software and processing resources. The on-ground de-
tection performance significantly reduces the appearance of spu-
rious detections and their patterns do not match those from nom-
inal data. Subsequent XM stages use the same algorithms as the
IDU XM but with different parameters and source catalogue as
described below.

Parameters The main difference between nominal IDU XM
and SIF CF XM processing is the choice of input parameters
regarding detection clustering. These parameter differences are
caused by the fact that the default XM parameters are optimised
for typical source densities of the Gaia catalogue, and SIF CF
XM operates in a much denser environment for which a differ-
ent set of parameters is needed. To find the best parameter set,
SIF CF XM was run with various parameter settings, improv-
ing the clustering performance on the dense regions of SIF CF
data. The results were compared to an HST reference catalogue
(Bellini et al. 2017, see Sect. 4.6). The optimal set of parameters
increased the number of matches to the reference catalogue, and
hence decreased the number of unmatched sources from both,
SIF CF and HST.

Nominal source input Instead of providing just the SIF CF
detections as input to the SIF CF XM software, we additionally
fed a subset of nominal Gaia sources to it, that is, exactly those

nominal sources that were already published in Gaia DR3 for the
w Cen region. SIF CF detections could then be assigned to either
a newly created SIF CF source or to an existing nominal source,
and SIF CF XM returned two easily distinguishable source sets:

e Known Gaia DR3 sources together with their matched SIF
CF detections. As these sources are published in Gaia DR3
already, they are excluded from further processing in the SIF
CF pipeline, and not published again in this FPR. They are
used as input for the photometric overlap calibration though,
and also for internal validation.

e Newly created SIF CF sources with their matched SIF CF
detections. These are new sources with respect to Gaia DR3.
Astrometry and photometry are computed for them, and
these sources are published in this FPR.

Contrary to what is done in the nominal XM processing, the
nominal input sources are not altered by SIF CF XM. Therefore
the SIF CF XM configuration is changed to prevent merging or
splitting these sources.

The reason to discard sources that have a nominal match in
Gaia DR3 from the output list and not to publish them is that
they are already present in DR3. These sources are created, used
internally for the photometric overlap calibration, and then dis-
carded. Doing so ensures the FPR data to be a truly disjunct ex-
tension to Gaia DR3.

No detection mixing All SIF CF sources are based on SIF
CF detections only, and thus there is no mixing of SIF CF and
nominal Gaia data in any of the sources. Gaia DR3 sources are
based on nominal Gaia SM and AF observations only, and SIF
CF sources are derived from SIF CF observations only.

Source identifiers The SIF CF XM module assigns a unique
source identifier, the sourceld, see Section 20.1.1 in Hambly
et al. (2022), to all newly created SIF CF sources. This sourceld
follows the same scheme as for nominal Gaia sources and codes
a spatial index, the source provenance (code of the data process-
ing centre or system where it was created), a running number,
and a component number. !

For a more detailed description of the different stages and al-
gorithms used in XM, we refer to Torra et al. (2021). The next
step in the chain addresses the calculation of coverage maps for
the SIF CF images.

3.3. SIF CF Coverage

The SIF CF Coverage task filters unreliable sources by calculat-
ing the number of possible detections for each source location
n_scans, and comparing it to the number of actual detections as-
signed to the source matched_transits. In order to assess the
number of possible detections, which is the number of SIF CF
images covering the precise location within a SIF CF region, the
image boundaries are transferred to sky coordinates. As SIF CF
images can be very long, the image is described as a polygon
rather than a rectangle. The combination of all image descrip-
tions provides the number of scans for each source location (see
Fig. 1).

! The SIF CF sourcelds use an as of yet unused provenance code (code
= 6), which allows one to easily distinguish SIF CF sourcelds from
nominal Gaia sourcelds using the following expression:

(sourceld » 32) & 7 == 6.
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Fig. 1. w Cen area coloured by the number of SIF CF scans.

We define the image boundary as a polygon in the Carte-
sian space of right ascension and declination. This is not equiv-
alent to a polygon in spherical coordinates. Minor attitude in-
consistencies, rounding errors etc. add to this effect. As a conse-
quence, for some sources located at the image borders, n_scans
might be incorrect. In a test dataset, this was true for just one out
of ~200 000 sources. Even if errors add up for several images,
numbers are so small that it seems tolerable, and it was decided
not to implement proper spherical polygons in this task.

3.4. SIF CF AGIS

The Astrometric Global Iterative Solution (AGIS) software pro-
vides precise astrometry for all nominal Gaia sources. A detailed
description of AGIS can be found in Lindegren et al. (2021) and
Section 4.1.1 in Hobbs et al. (2022). The nominal AGIS software
ran unaltered for the SIF CF sources.

The operational SIF CF AGIS run for this FPR took place in
March 2022 and created AGIS solutions for all SIF CF sources
published in this FPR. For SIF CF, in the AGIS run only the as-
trometry of the sources is updated. This is known as the AGIS
secondary solution. When running AGIS in secondary mode, it
needs a calibrated initial attitude and a geometrical calibration
model as input. These are not updated by the SIF CF AGIS
pipeline but supplied from a previous nominal AGIS run in its
primary mode. Not a single source failed to converge.

The SIF CF AGIS run used a six parameter solution (posi-
tion, proper motion, parallax, and pseudo colour) with a pseudo-
colour prior? of 1.43 + 0.1 um™'. The quality of the pseudo
colour measurements obtained without any colour information,
thus purely from astrometry, is rather low. It is not advised to use
these as a proxy for the colour.

Apart from the astrometry for the newly created SIF CF
sources, SIF CF AGIS also produced AGIS solutions for those
SIF CF detections assigned to an already known Gaia source.
These SIF CF solutions of already published Gaia DR3 sources,
were used for the photometric calibration of SIF CF sources (see
Sect. 3.5) and for internal validation. They were discarded after

2 As for faint sources the colour is less crucial than for bright ones, and
SIF CF sources are generally rather faint, the default nominal pseudo
colour was used as colour prior to optimise software run time.
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use in order to avoid a duplication of existing Gaia DR3 sources
in the FPR catalogue.

3.5. SIF CF photometry

In order to ensure consistency between the SIF CF photometry
and the most-recently released Gaia catalogue, the photomet-
ric calibration of the SIF CF data follows a more traditional ap-
proach compared to the one for Gaia DR3. Rather than using the
data themselves to define the photometric system, a set of cali-
brators was selected among those unpublished SIF CF sources
that had counterparts in Gaia DR3. The Gaia DR3 photometry
was then used as a reference to calibrate the SIF CF observa-
tions.>

The time evolution of the photometric calibration was taken
into account by splitting the input data into groups of obser-
vations separated by more than 30 satellite revolutions and not
longer than six revolutions. For each group, one calibration per
CCD (and thus per FOV) was solved for independently. The cal-
ibration model is described by a quadratic function in AC coor-
dinate and provides the ratio between observed SIF CF and Gaia
DR3 reference flux. No magnitude term was introduced in this
step.

Applying these calibrations to the observed fluxes effectively
translates them to the photometric system of Gaia DR3, remov-
ing all differential effects due to the evolution in time of the in-
strument, differences between the CCDs, and other elements in
the optical paths. This allows the procedure to accumulate all
single observations of a source to produce a mean source pho-
tometry.

Among all sources from Gaia DR3 with observations in SIF
CF mode, only those with gaia_source. phot_variable_flag
=’NOT_AVAILABLE’, 15 < G < 20 and 0.7 < Ggp — Grp < 4.0
were used as calibrators. The magnitude and colour ranges were
defined to avoid strong magnitude and colour terms that might
affect the observed fluxes with respect to the reference photome-
try. These are visible in Fig. 2, where the difference between the
SIF CF calibrated magnitude and the reference one are shown
versus colour for a range of magnitudes in the top panel, and
versus magnitude for a range of colours in the bottom panel.

Using the colour information available for the calibrators, an
ad hoc calibration could be derived. However, as no colour infor-
mation is available for SIF CF sources, it is not possible to apply
such calibration. As a result of this, the calibrated photometry
for new SIF CF sources bluer than 0.7 in Ggp — Grp Will suf-
fer from a systematic colour term of magnitude similar to that
shown by the blue line in the top panel of Fig. 2. This includes
sources in the Blue Horizontal Branch. These are visible in the
bottom panel of Fig. 2 as a population of sources that, starting at
around G magnitude 15, show large (of the order of a few per-
cent) differences between the SIF CF calibrated magnitudes and
the reference Gaia DR3 magnitudes.

No attempt was made to calibrate the strong magnitude term
for G < 13 as only a handful of SIF CF sources exist in that
magnitude range. The magnitude term affecting fainter sources
instead was calibrated out and removed from the mean source
photometry.

3 An alternative approach would involve applying the photometric cal-
ibrations derived in the nominal photometric processing (Riello et al.
2021) for the SM CCDs. However, for this first run of the SIF CF pro-
cessing, several inconsistencies in the IPD, most importantly the use of
a different PSF library with respect to the nominal run, made this option
not applicable. This choice will be re-evaluated for future releases.


https://gea.esac.esa.int/archive/documentation/FPR/chap_datamodel/sec_dm_focused_product_release/ssec_dm_crowded_field_source.html#crowded_field_source-n_scans
https://gea.esac.esa.int/archive/documentation/GDR3/Gaia_archive/chap_datamodel/sec_dm_main_source_catalogue/ssec_dm_gaia_source.html
https://gea.esac.esa.int/archive/documentation/GDR3/Gaia_archive/chap_datamodel/sec_dm_main_source_catalogue/ssec_dm_gaia_source.html#gaia_source-phot_variable_flag
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Fig. 2. Colour and magnitude terms between the SIF CF calibrated mag-
nitudes and the reference magnitudes from Gaia DR3. The magnitude
terms have been corrected for in this FPR.
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Fig. 3. Comparison between SIF CF calibrated magnitudes and refer-
ence magnitudes from Gaia DR3 for the sources in common after the
removal of the magnitude term.

Once the initial mean photometry was obtained applying the
calibrations to all observations, we evaluated the remaining ef-
fects not described by our model and estimated the remaining
magnitude term. It is calibrated empirically as a simple offset to
be applied to the SIF CF mean photometry in order to bring it
into agreement with the corresponding Gaia DR3 values using
sources for which mean photometry is available in both Gaia
DR3 and SIF CF in the magnitude range [13, 20] in G and colour
0.7 < Ggp — Grp < 4.0. When applying this additional cor-
rection to the mean photometry, sources outside the magnitude
range were corrected using the value for the closest magnitude
included in the range. When applying the correction to sources
in the covered magnitude range, interpolation is used between
the bin values.

Figure 3 shows the same comparison as the bottom panel of
Fig. 2 after application of the magnitude term calibration. The
correction was applied to the mean source photometry and to all
relevant quantities, which are to median, minimum, maximum,
and quartiles. It has no effect on photometric uncertainties as the
error on the magnitude term is insignificant with respect to the
uncertainties of the photometric measurements.

It is probably useful to stress again that the calibrations de-
scribed in this section are not published in this FPR, but ensure
consistency between the SIF CF and Gaia DR3 photometry. Sys-
tematics affecting the reference photometry, that is Gaia DR3,
will also be present in the SIF CF FPR catalogue. Interested
users are therefore encouraged to refer to the Gaia Early Data
Release 3 (Riello et al. 2021; Fabricius et al. 2021) and DR3
(Gaia Collaboration et al. 2023) papers where the known sys-
tematics are discussed.

3.6. Filters

Unlike in nominal Gaia data releases, no specific filtering is ap-
plied as a last step of the data processing. Some detections and
sources did get discarded though during operation of the SIF CF
pipeline:

Filters at detection level In SIF CF IPD and SIF CF XM we
removed the following detections:

— Detections for which the PSF fit did not converge or found a
source position outside the hypothetical observation window.

Most likely these sources are actually just noise.
— Detections with internal duplicates. For the very rare cases,

in which after the status cleaning two sources are located
within the same subsample region, only the brightest source
is kept. Most likely the fitting procedure here used two PSFs

to fit one source.
— Detections that are located outside the SM CCD detector.
— Detections that would result outside the other instrument

CCD detectors, as these cannot be processed by the down-

stream systems.
— Detections with less than 50 counts, which corresponds to a

magnitude of 22.5, because they are most likely spurious.
— Detections with a positional uncertainty of more than 1 pixel

and/or AL offset from PSF fit window centre of more than
1.2 pixels.

Filters at source level In SIF CF XM, SIF CF Coverage,
and SIF CF AGIS post processing we removed the following
sources:

— Sources with less than 11 observations in total. This we re-
garded as the minimum number of detections required for a

reliable source.
— Sources with a detection fraction of less than 50 % (see Sect.

3.3). Sources that were observed in less than half of the cases

that they could have been observed are most likely spurious.
— Sources with positional error bars larger than 100 mas (30

sources removed).
— Sources within 0”716 distance from a brighter star. This was

done irrespective of whether the brighter star was a Gaia
DR3 source or a SIF CF source. We do not trust sources that
are too close to brighter ones, as these can easily result from
spike remnants left over when subtracting the scene contain-
ing the PSF model of a bright source from its observed image

before source detection (673 sources removed).
— Non-converged sources (this did not actually happen).

The specification of SIF CF filters follows the nominal pro-
cessing rules as closely as possible. The last three filters, applied
during AGIS post-processing, are in fact identical except for the
precise distance to a brighter star. This distance was increased
from the nominal value of 0”712 to 0’716 for SIF CF.

After filtering, 526 587 SIF CF sources persisted in w Cen.
These are published with this FPR.
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4. Validation

In order to assure the quality of the SIF CF data product, a scien-
tific validation has been performed. For this, we defined a fixed
colour for each dataset that we use. Except for the last figure,
throughout the whole document we use yellow for Gaia DR3
data, violet for SIF CF data published in this FPR, and dark blue
for the combination of these two. Additionally, there are unpub-
lished SIF CF data, which were used for photometric calibration
only, in blue and HST reference data in teal.

4.1. Numbers

The number of detections in a single image ranges from 208 to
471039. In total, SIF CF IPD produced 66660921 detections
from 2329 SIF CF images of w Cen. From these, 45747947
detections were matched to a source, and 27 500 167 of these
were matched to a new source not present in Gaia DR3.

Originally, SIF CF XM created 848 988 sources, of which
527290 sources persisted after filtering for already known Gaia
DR3 sources, the detection fraction, and minimum number of
observations (see Sect. 3.6). Filtering for sources too close to
brighter stars and sources with high uncertainties removed an-
other 703 sources. The remaining 526 587 sources were consol-
idated from 27476 327 detections.
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Fig. 4. Number of detections and detection fraction. Distribution of
sources with a certain amount of detections (left) and detection fraction
(right) for SIF CF sources.

Figure 4 shows the distribution of the absolute number of
detections for the SIF CF sources (left) and the fraction of the
maximum possible observations (right). Most SIF CF sources
have a very good detection fraction; they are observed in almost
every image covering their location. A smaller amount of sources
is observed in 50 to 90 percent of the scans. The absolute number
of detections (left) shows that SIF CF sources are generally well
probed, in most cases with 50 - 60 detections.

4.2. Photometry

To evaluate the effect of the photometric calibration on the uncer-
tainties, it is interesting to see how these change with the applica-
tion of the calibration, and how they compare with expectations
from Gaia DR3. In the first instance, this can be done for the set
of calibrators, for which the expected and actual uncertainties
from Gaia DR3 are available. Both are valuable to quantify the
effects of crowding on the photometric uncertainties.

The density plot in Fig. 5 shows the distribution of pho-
tometric uncertainties versus Gaia DR3 magnitude for all the
sources selected as calibrators. The dashed blue line illustrates
the median photometric error for the uncalibrated SIF CF data.
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Fig. 6. Distribution of magnitude and magnitude uncertainty for SIF CF
sources in w Cen. Top: Magnitude distribution. Bottom: Distribution
of the mean G magnitude uncertainty versus G magnitude with data
density in grey, see the legend and text for a description of the various
overlaid curves.

In this case, the source photometry is generated by simply tak-
ing a weighted average of the fluxes as measured by SIF CF IDU.
The continuous blue line presents the median uncertainty of the
calibrated SIF CF photometry. The density distribution of these
data is provided in grey. The continuous yellow line provides the
median photometric error measured from the Gaia DR3 photom-
etry for the same set of sources. Finally, the dashed yellow line
shows the expected Gaia DR3 photometry.

We provide this last curve to offer an idea of the quality of
the photometry for the sources used as calibrators with respect
to the Gaia DR3 photometric catalogue. It is expected that the
Gaia DR3 photometry for sources in a region centred on w Cen
will be affected by crowding. All photometric errors have been
scaled to correspond to a number of 50 observations, which is
close to the average number of observations for the SIF CF FPR
catalogue.
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The G magnitude distribution of all SIF CF sources is pre-
sented in the top panel of Fig. 6. The bottom panel of the same
figure shows the distribution of the mode of the photometric un-
certainties for all SIF CF sources. The data density is given in
grey. As for these sources no photometry is available from Gaia
DR3, only the expected nominal Gaia DR3 photometric uncer-
tainties are provided for comparison (dashed yellow line). The
continuous violet line in this plot depicts the mode rather than
the median (as in Fig. 5) given the rather skewed distribution at
the faint end.

The comparison of the blue dashed and continuous lines in
Fig. 5 demonstrates that the applied calibration is efficient in re-
ducing the scatter (as inferred from the measured uncertainties)
between observed fluxes for a given source. The remaining scat-
ter is larger than for the Gaia DR3 photometry. This is expected
due to the different observing conditions, as only measurements
from SM CCDs contribute to the SIF CF photometry. A larger
scatter can also be due to the fact that all of these sources are
observed in dense regions, where a high fraction of sources is
blended and different scanning directions may give rise to dif-
ferent contamination from nearby objects. This is also apparent
from the larger Gaia DR3 photometric uncertainties character-
ising the calibrators in this region with respect to the level ex-
pected from the entire catalogue.

4.3. Position

A direct comparison of SIF CF and Gaia DR3 astrometry is
not straightforward. The Gaia DR3 data have very different in-
put as these sources are created from unbinned and more AF
observations per transit; they are generally brighter, situated in
less dense environments, and their calibration including the PSF
model is better defined. The SIF CF sources instead are based
on binned SM data with just one observation per transit; as all
sources with Gaia DR3 counterpart were removed, these are
fainter sources situated in denser environments (see Fig. 14);
and as SM data was originally not meant to be used for scien-
tific exploitation, the calibrations are less accurate. However, a
few important things can be noticed nevertheless.

In Fig. 7 we show the median uncertainties of source posi-
tions o+ (dashed line) and o (solid line) as a function of G
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Fig. 7. Median positional uncertainties. Uncertainties in right ascension
o+ (dashed lines) and declination o5 (solid lines) for SIF CF (violet)
and Gaia DR3 (yellow) in w Cen.
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Fig. 8. Distribution of proper motions in w Cen coloured by source den-
sity. Mean proper motion of SIF CF sources (violet cross). Proper mo-
tions for Gaia DR3 (left) and SIF CF sources (right).
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Fig. 9. Distribution of proper motions in w Cen coloured by correlation
between proper motion in RA and proper motion in Dec. Mean proper
motion of SIF CF sources (white cross). Proper motion for Gaia DR3
sources (left) and SIF CF sources (right).

magnitude in w Cen for newly created SIF CF sources (violet)
and Gaia DR3 sources (yellow). Overall, the SIF CF data have
a median positional uncertainty of 3.03 mas in right ascension
(RA) and 2.69 mas declination (Dec). The reason for the differ-
ence between uncertainties in RA and Dec is most likely con-
nected to the asymmetry in scan direction distribution.

The median positional uncertainties (and also uncertainties
in parallax and proper motion, see Fig. 10 and Fig. 12) are sub-
stantially larger for SIF CF data (violet lines) than for Gaia DR3
(yellow lines). This is not at all unexpected due to the above
mentioned limitations.

4.4. Proper motion

Figure 8 presents the distribution of proper motions for Gaia
DR3 sources (left panel) and SIF CF sources (right panel) in the
w Cen region. For DR3 sources, we can clearly distinguish two
sub-populations — a dense blob of w Cen cluster stars and a more
extended distribution of fore- and background stars. In the dis-
tribution of the SIF CF sources we see, as expected, primarily
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Fig. 10. Median proper motion uncertainties as functions of G mag-
nitude. We show o, . (dashed lines) and o, (solid lines) for SIF CF
(violet) and Gaia DR3 (yellow) sources in w Cen.

cluster members. This is the case, because most SIF CF sources
lie in the dense cluster core, where the fraction of fore- and back-
ground stars is rather small. The mean proper motion of the SIF
CF sources is py« = —3.21 mas/yr in RA and ys = —6.24 mas/yr
in Dec. It is marked as violet cross in Fig. 8.

We also notice that the distribution of proper motions for SIF
CF sources is much more extended than for DR3 sources. This is
again due to the SIF CF sources being systematically fainter and
detected in a much denser environment, which results in larger
proper motion uncertainties.

Additionally, the proper motions of the SIF CF sources re-
veal an X-shaped feature not visible in the DR3 distribution.
The X-shape of this feature is most likely caused by the inho-
mogeneous distribution of the scanning angles, which leads to a
strong correlation between proper motions in RA and Dec. This
is visualised in Fig. 9, where the colour scale reflects the corre-
lation coefficient between proper motion in right ascension and
proper motion in declination. This is a dimensionless quantity in
the range [—1, +1]. The sources located in the X of the distribu-
tion show strong correlations between proper motions in RA and
Dec.

The median uncertainties of proper motions u,- (dashed
lines) and ps (solid lines) in w Cen for Gaia DR3 (yellow) and
SIF CF (violet) sources are given in Fig. 10. As expected (see
Sect. 4.3), the median proper motion uncertainties are substan-
tially larger for new SIF CF sources (violet) than for Gaia DR3
sources (yellow). The median proper motion uncertainty for SIF
CF sources in w Cen amounts to 2.02 mas/year in RA and 2.06
mas/year in Dec. This is less than the systematic proper motion
of w Cen, but greater than the internal proper motion dispersion
for cluster stars, which is just over 0.5 mas/yr in both RA and
Dec. An accuracy comparable to the internal proper motion dis-
persion is reached only for the brighter part of the sample.

Figure 11 shows the median uncertainties of proper mo-
tions ys as functions of the source density in three magnitude
ranges. The uncertainties for the SIF CF sources (violet) are
larger than for the Gaia DR3 sources (yellow) within the same
magnitude range and same density. However, the difference de-
creases rapidly with increasing density. At the highest densities
for which Gaia DR3 sources of a given magnitude range are still
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Fig. 12. Median parallax uncertainties o, versus G magnitude in w Cen.
Uncertainties for SIF CF (violet) and Gaia DR3 (yellow). Data density
in grey.

present in the catalogue, the uncertainty difference between SIF
CF and Gaia DR3 sources almost vanishes.

4.5. Parallax

The distribution of uncertainties for parallax (@) is provided in
Fig. 12. The uncertainties in the w Cen region are plotted with
respect to the G magnitude and grey shades mark the density of
data points. As for positions and proper motions (compare Sect.
4.3), the median uncertainty of the parallax for SIF CF sources,
shown as a violet line, is substantially larger than the median un-
certainty of the parallax for Gaia DR3 (yellow). Overall, the me-
dian parallax uncertainty for SIF CF sources in w Cen amounts
to 3.95 mas.
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4.6. Reference data

Thanks to its largely stare-mode observing approach, HST data
tend to be much deeper than Gaia DR3 or SIF CF data. They
therefore provide a good opportunity to probe the power of the
SIF CF pipeline.

The higher angular resolution of HST images allows us to
test SIF CF deblending abilities. We use a dedicated processing
of multiple HST images for the w Cen cluster core, carried out
by Bellini et al. (2017). In order to better match the Gaia data,
we applied the following corrections to this HST sample:

— As G-band proxy, we use the HST F606W filter magnitude
with an offset: Gpeyini = FO606W — 0™.07.

— An astrometric correction of +12.3 mas in right ascension
and —11.26 mas in declination was applied.

— For some HST sources, the photometric uncertainty was not
provided. In such cases, we estimated it by means of an em-
pirical function: oG = eF606W=26:590675 4 ( 0105
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Fig. 13. Digitized Sky Survey view of w Cen. Extent of the SIF CF
region (black circle) and HST reference data (teal square).

As reference for our validation we selected a region in the
core of w Cen that is slightly smaller than the area covered by
Bellini et al. (2017). The less reliable outer parts were cut, and
the area was limited to give best coverage with SIF CF data. In
Fig. 13, it is shown as teal polygon. For this region, deep HST
data are available with which we cannot examine the astrometry,
but we can verify the reliability of faint SIF CF source detections
in the most crowded parts of w Cen.

4.7. Small-scale completeness

In order to assess the small-scale completeness of the SIF CF
catalogue, we calculate the density of source neighbours as a
function of their separation from the source. In a survey with
infinite resolution, this would be a constant function. In real sur-
veys the density decreases for smaller separations and goes to
zero as the separation goes to zero — it is increasingly more dif-
ficult to resolve sources with smaller separations.

In Fig. 14 the normalised source density is plotted as a func-
tion of the source separation for Gaia DR3 data (yellow), Gaia
SIF CF data (violet), and the Bellini HST sample (teal, see Sect.
4.6). The HST images have very good angular resolution, thus it
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Fig. 14. Normalised source density as a function of source separation.
Source density for SIF CF (violet), Bellini HST (teal) and Gaia DR3
data (yellow).

is not surprising that 50 % density is reached at a separation of
0706 already. Gaia DR3, on the other hand, reaches 50 % den-
sity at 0”757 separation, which roughly corresponds to 10 pixels
in AL or 3 pixels in AC. This is consistent with the small-scale
completeness reported for Gaia in Fabricius et al. (2021). Un-
like the nominal Gaia pipeline, the SIF CF pipeline can be ap-
plied to full images and profits from iterative source detection
and parametrisation. The SIF CF dataset therefore reaches 50 %
density for a separation of 0”722 — this is a factor of 2.6 better
than Gaia DR3. It corresponds to 1.7 SM samples in AL and 0.6
samples in AC.

A more detailed study has shown that the SIF CF pipeline
can separate sources down to 0”2 distance in case their bright-
ness differs by less than three magnitudes, which is the case for
the biggest part of the data. If their brightness differs by more
than three magnitudes though, the SIF CF resolving power de-
creases. The reason for this is that with faint sources of say
G = 21™ and a magnitude difference of more than three, the
brighter source already has G = 18" or brighter, which means
that these are increasingly bright sources already, and around
such sources it becomes more and more complicated to detect
G = 21" sources.

In order to describe the resolution limit for SIF CF sources
and its dependence on the magnitude, we defined the following
approximate relation:

< 027,
=101 (Am—1),

if Am < 3™

. 1
if Am > 3" M
This limit should be viewed as a soft one though. A consider-
able number of sources are detected below that limit, and also a
number of sources are missed above.

4.8. Source density and depth

The source density as a function of distance from the w Cen
cluster centre in stars per square arcmin is shown in Fig. 15. Gaia
DR3 source density is given in yellow, SIF CF source density in
violet, and the combined catalogue in dark blue. At a radius of
about 9’ the same number of sources is found in SIF CF and
Gaia DR3 data. Within this radius, SIF CF sources dominate the
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Fig. 15. Source density as function of distance from cluster centre in
w Cen. Source density for Gaia DR3 sources (yellow), SIF CF sources
(violet), and the combined catalogue (dark blue)

combined sample. In the central parts of the w Cen cluster SIF
CF produces about ten times more sources than Gaia DR3.

This is further demonstrated in Fig. 16, where quantiles of
the magnitude distribution are shown as a function of the dis-
tance from the cluster centre. The quantiles are given for Gaia
DR3 alone (yellow) and for the combined catalogue of Gaia
DR3 supplemented with the SIF CF sources (dark blue). As ex-
pected, the quantiles for Gaia DR3 sources and the combined
catalogue are relatively close for radii beyond 9’, where the con-
tribution of new SIF CF sources is small. However, at smaller
radii the combined catalogue is considerably deeper. In the clus-
ter core, the 95th percentile of the G magnitude distribution
amounts to 16.9 for the nominal Gaia catalogue, while for the
combined catalogue it reaches 20.4. In the densest region of w
Cen the source magnitudes of the combined catalogue go more
than three magnitudes deeper than those of Gaia DR3 alone.
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Fig. 16. Quantiles of the magnitude distribution versus distance to clus-

ter centre. 33 % (thin line), 50 %, 67 %, and 95 % (thick line) for Gaia
DR3 sources (yellow) and the combined catalogue (dark blue).

Article number, page 12 of 23

4.9. Reliability and completeness

In the core of the w Cen cluster, nominal Gaia DR3 sources be-
come less numerous and less accurate. This is, where SIF CF
data are expected to be deeper than nominal data.

To probe the reliability and completeness of the SIF CF
pipeline results, we selected an area in the w Cen cluster core
for which data are available in Bellini et al. (2017). The pre-
processing applied to this dedicated dataset is described in Sect.
4.6. We should bear in mind though, that absolute astrometry
with HST is either poor or tied to Gaia data, and should thus be
used with care in this validation. The HST photometry can be
used to some extent, as the HST F606W magnitudes are with a
certain offset close to the Gaia G-band magnitudes.

To make a proper comparison, we supplemented SIF CF
sources with Gaia DR3 sources, creating a complete Gaia-and-
SIF-CF source list. The contribution of Gaia DR3 sources is
small though — there are only around 1200 DR3 sources fainter
than 16™ available in the area under consideration, which is
about 1.5 % of the SIF CF sources in this area. As the fraction
of added Gaia DR3 sources is really small in this sample, we
keep referring to it as SIF CF, even though strictly speaking it is
a combined catalogue.

The HST data cover a fraction of the cluster only, but they do
go substantially deeper and offer a higher resolution. We can thus
assume that the HST data should contain all sources observed in
SIF CF. Hence those sources found by SIF CF but not in the
HST data are likely spurious or blends, while sources present in
HST but missed in SIF CF demonstrate what SIF CF might be
missing.

For Fig. 17, we define *matches’ as pairs for which the sep-
aration between HST and SIF CF sources is less than 200 mas,
and the following inequality for corresponding source magni-
tudes myst and mgyr holds:

@

Here, ogsr is the magnitude uncertainty for the HST source, and
o is derived from the SIF CF source magnitude uncertainty
O SIF as:

Imust — msipl < 3(0ust + O§E)-

Ol = \/a'glF + (0.1 + 104407-msie/3)?, 3)
This complex equation is an empirical relation introduced to ac-
count for systematic scatter between SIF CF and HST magni-
tudes at the bright end due to differences in Gaia G and HST
F606W bands and reduced reliability for HST magnitudes at the
brighter end due to saturation.

With this match definition, we find HST matches for 90.6 %
of the 83245 SIF CF sources present in the selected area, sug-
gesting that the vast majority of the SIF CF sources are reliable.
This can be seen in Fig. 17 left panel, comparing those SIF CF
sources matched to HST (dashed dark blue) to all SIF CF sources
(solid dark blue line).

In the 9.4 % unmatched SIF CF sources (dash-dotted dark
blue), there are 1.8 % of sources brighter than 16 mag. Actually
most of the SIF CF sources brighter than 16™ do not have an
HST counterpart. The reason for this is simply that the Bellini
data do not completely cover brighter sources. This can be seen
in the abrupt cut-off of HST sources (solid teal) in Fig. 17 mid-
dle panel. It is reflected in the right panel of Fig. 17 as well, in
the dash-dotted dark blue line that shows the fraction of SIF CF
sources not matched to HST sources versus estimated G magni-
tude.
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of these, not HST blends (dotted dark blue); fraction of HST sources not

matched to SIF CF (dash-dotted teal); fraction of resolvable, unmatched HST sources (dotted teal) versus (estimated) G magnitude

For SIF CF sources fainter than 16™, the number of sources
without HST counterpart (dash-dotted dark blue), and thus the
number of possibly spurious sources, amounts to 6 368. Fig. 17
right panel shows, that this is 7.6 % (dash-dotted dark blue) of all
SIF CF sources (solid dark blue, left panel) only. Some of these
are likely blends: We call a SIF CF source blended, if the crite-
ria from Eq. (2) holds for the combined flux of all HST sources
within 0”72 from it. This is the case for 2400 of the unmatched
SIF CF sources. So 38 % of the unmatched SIF CF sources
fainter than 16” seem to be blends of several HST sources.

Looking at HST sources that could not be matched to a
SIF CF source (dash-dotted teal), we find 63 706 HST sources
brighter than mag 21.5 that SIF CF missed. These are 46 % of
all HST sources in that area. In Fig. 17 middle panel, we see
that the number of unmatched HST sources increases gradually
from 16th magnitude onward. The right panel gives the fraction
of unmatched HST sources (dash-dotted teal) as magnitude dis-
tribution. It reveals the magnitudes for which SIF CF is miss-
ing sources. At mag 20.4, half of all sources present in HST are
missed by SIF CF. Looking at the depth of SIF CF data close to
the centre of the cluster in Fig. 16, this is immediately explained.

However, due to the fact that SIF CF images have a lower res-
olution than HST, there is a considerable number of unmatched
HST sources that SIF CF is simply not able to detect. To esti-
mate this number, we consider as unresolvable all HST sources
for which no SIF match exists and a brighter HST source ex-
ists within 200 mas. These 24 019 unresolvable sources consti-
tute 38 % of the unmatched HST sources. Fig. 17 middle panel
shows the resolvable HST sources (dotted). The right panel pro-
vides the fraction of unmatched HST sources (teal dash-dotted)
and resolvable HST sources (teal dotted) from all HST sources
versus estimated G magnitude.

We note that the fact that the fraction of unmatched SIF CF
sources that appear to be blends and the fraction of unmatched
HST sources that are unresolvable both being approximately
38% is merely a coincidence.

We stress here that a 200 mas separation corresponds to 50 %
completeness of SIF catalogue, so there are many more unre-
solved pairs with larger separations. Our estimate of 38 % of the

unmatched HST sources actually not being resolvable by SIF CF
is therefore a conservative lower limit.

4.10. Known issues

Even though newly created SIF CF sources are removed from the
sample when they match an existing Gaia DR3 source (see Sect.
3.2), a few sources from the SIF CF FPR catalogue do match
a nominal Gaia DR3 source. When using a positional offset of
less than 160 mas as the matching criterion, this is the case for
379 of the 526 587 published sources. A list of these matches is
provided with the paper* .

At first sight, this might look like an error, but that is not the
case. We first clarify why these sources got created, even though
they are located so close to a matching DR3 source, and then
explain why they were not filtered, even though sources within
a 160 mas distance from brighter sources were removed in the
filtering process.

The reason for the creation of these SIF CF sources in the
majority of cases is that SIF CF observed two sources, where in
DR3 there was only one: The SIF CF XM module found two
clusters of detections and assigned two sources to them (see Fig.
18). One of these sources, called rDR3 for recreated DR3, is
matched to the existing Gaia DR3 source and thus removed from
the output list. The other source, called SIF here, is created as a
new SIF CF source and published in this FPR.

In most cases rDR3 is close in magnitude to DR3, while SIF
is fainter as expected. In a handful of cases it is the opposite
though, and the kept and disregarded sources should ideally have
been swapped.

The position of the unpublished rDR3 source differs slightly
from that of the published DR3 source. During the filtering pro-
cess, new SIF CF sources are removed, in case their distance
to a brighter neighbour is less than 0”716 (see Sect. 3.6). Here
the SIF sources are compared to other new SIF CF sources and
rDR3 sources. As the position of a removed rDR3 source and a

4 The list of remaining duplicates between the SIF CF and
Gaia DR3 catalogue is available in electronic form at the CDS
via anonymous ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via
https://cdsarc.cds.unistra.fr/cgi-bin/qcat?J/A+A/
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resolved (blue, orange) and blended, unresolved (grey) detections connected to their corresponding SIF CF and rDR3 source (black dots), together

with the blended Gaia DR3 source (black star).

known DR3 source is not the same, new SIF CF sources can end
up within a 0”716 radius of a DR3 source. This happened in 347
cases.

In the remaining 32 cases the DR3 sources were of too low
quality and therefore not included in the SIF CF XM input list.
This was revealed in the validation step only and is reported here
for clarity.

In conclusion, all matches are well explained. While 32 of
them are due to low quality Gaia DR3 input, the remaining 347
matches are actually resolved blends. Furthermore, these exam-
ples demonstrate that in some cases SIF CF indeed outperforms
the nominal processing in deblending sources.

5. Archive table

The new SIF CF sources are provided via the Gaia data archive
in an archive table named crowded_field_source. This new ta-
ble resembles a shortened version of the standard gaia_source,
featuring the astrometric and photometric data for new sources
found by Gaia’s dedicated SIF CF pipeline in the w Cen region.
Those SIF CF sources that were matched to an existing Gaia
DR3 source were excluded from publication.

Apart from the standard fields known from the gaia_source
table, crowded_field_source contains two additional new
fields:
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— region_name identifies the SIF CF region. In this FPR, all
published data stem from the same SIF CF region, so all
sources will have the same value ’Omega Centauri’.

— n_scans gives the number of scans for the source location
on the sky, which is the number of times that the location of
this source was contained in an SIF CF image.

Apart from n_scans, the number of potential observations,
the table also contains the nominal field matched_transits,
which provides the number of actual detections assigned to this
source. The division of these two produces the observation frac-
tion, that was used as filter criterion (see Sect. 3.6 and Fig. 4).

For information about all other fields, we refer to the
online documentation of the SIF CF Gaia archive table
crowded_field_source as well as the description of the nominal
gaia_source table, see Section 20.1.1 in Hambly et al. (2022).

The SIF CF FPR data can be downloaded from all known
Gaia archive mirror sites. An example query showing how to
obtain both Gaia DR3 and SIF CF sources in w Cen can be found
in Appendix B. Along with this paper we also publish the python
code to reproduce most of the plots presented here.>.

5> The python code for most of the plots in this paper is available at
https://gitlab.aip.de/dpac_gaia/fpr_plots/


https://gea.esac.esa.int/archive/documentation/FPR/chap_datamodel/sec_dm_focused_product_release/ssec_dm_crowded_field_source.html
https://gea.esac.esa.int/archive/documentation/GDR3/Gaia_archive/chap_datamodel/sec_dm_main_source_catalogue/ssec_dm_gaia_source.html
https://gea.esac.esa.int/archive/documentation/GDR3/Gaia_archive/chap_datamodel/sec_dm_main_source_catalogue/ssec_dm_gaia_source.html
https://gea.esac.esa.int/archive/documentation/FPR/chap_datamodel/sec_dm_focused_product_release/ssec_dm_crowded_field_source.html
https://gea.esac.esa.int/archive/documentation/FPR/chap_datamodel/sec_dm_focused_product_release/ssec_dm_crowded_field_source.html#crowded_field_source-region_name
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https://gea.esac.esa.int/archive/documentation/FPR/chap_datamodel/sec_dm_focused_product_release/ssec_dm_crowded_field_source.html#crowded_field_source-matched_transits
https://gea.esac.esa.int/archive/documentation/FPR/chap_datamodel/sec_dm_focused_product_release/ssec_dm_crowded_field_source.html
https://gea.esac.esa.int/archive/documentation/FPR/chap_datamodel/sec_dm_focused_product_release/ssec_dm_crowded_field_source.html
https://gea.esac.esa.int/archive/documentation/GDR3/Gaia_archive/chap_datamodel/sec_dm_main_source_catalogue/ssec_dm_gaia_source.html
https://gea.esac.esa.int/archive/documentation/GDR3/Gaia_archive/chap_datamodel/sec_dm_main_source_catalogue/ssec_dm_gaia_source.html
https://gitlab.aip.de/dpac_gaia/fpr_plots/
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6. Conclusion

In the w Cen region, Gaia’s new SIF CF pipeline produced
66 660921 source detections, which were matched to 848 988
sources (Sect. 4.1). Of these, 321698 sources were already
present in Gaia DR3 and 703 sources were filtered for other
reasons (see Sect. 3.6). The remaining 526 587 sources are pub-
lished in this Focused Product Release. The SIF CF astrometry
has been calculated using the nominal AGIS software. The pho-
tometry is provided in the photometric system of Gaia DR3.

The comparison to the HST Bellini et al. (2017) data shows
that in the dense cluster centre most of the SIF CF sources, at
least 90.6 %, can be matched to an HST source and can thus
be regarded as real (Sect. 4.9, Fig. 17). From the 9.4 % SIF CF
sources that do not match an HST source, 1.8 % are brighter
than 16th mag and are simply not included in the HST sample.
From the remaining 7.6 % unmatched SIF CF sources, 38 % cor-
respond to blends that are resolved by HST.

Regarding the HST sources, we cannot find a SIF CF match
for about 46 % of them (Sect. 4.9, Fig. 17). Most of these un-
matched HST sources are faint sources. A large fraction (38 %)
of the unmatched HST sources lie in the vicinity of a brighter
source. It is therefore unlikely that these sources could be de-
tected in the SIF CF data.

For obvious reasons, the SIF CF uncertainties for position,
parallax, and proper motion are significantly higher than Gaia
DR3 uncertainties (Sects. 4.3, 4.4, and 4.5). We report a median
positional uncertainty of 3.03 mas and 2.69 mas in RA/Dec, a
median parallax uncertainty of 3.95 mas, and a median proper
motion uncertainty of 2.02 mas/year in RA and 2.06 mas/year
in Dec. Additionally, a strong correlation is reported between
proper motion in RA and proper motion in Dec (Sect. 4.4).

For stars separated by ~ 200 mas, the published SIF CF FPR
data are 50 % complete (Fig. 14). The HST Bellini et al. (2017)
data reveal how many sources are still missing in Gaia SIF CF:
at mag 20.4, half of the HST sources are missed in SIF CF (Fig.
17, right panel).

Most new SIF CF sources are added in the very dense region
of the cluster core. Starting at a radius of 12’ from the centre of
w Cen, SIF CF sources contribute to the combined Gaia DR3
and SIF CF catalogue. Within 9’ from the cluster centre, SIF CF
sources dominate the combined catalogue. In the cluster core
itself, SIF CF contributes ten times as many sources to the com-
bined catalogue as Gaia DR3 (Fig. 15, Sect. 4.8). Here, with re-
spect to Gaia DR3 alone SIF CF sources increase the complete-
ness of the combined catalogue by more than three magnitudes
(Fig. 16, Sect. 4.8).
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Appendix A: List of acronyms

Table A.1. Acronyms used in this paper

Acronym Description

AC Across scan direction

ADQL Astronomical Data Query Language
AF Astrometric Field

AGIS Astrometric Global Iterative Solution
AL Along scan direction

BP Blue Photometer

CCD Charge-Coupled Device

CF Crowded Field

DAOPHOT Code for crowded field stellar photometry
DEC Declination

DPAC Data Processing and Analysis Consortium
DR3 Data Release 3

EDR3 Data Release 3 Early

ESA European Space Agency

ESAC European Space Astronomy Centre
FOV Field of View

FPR Focused Product Release

HST Hubble Space Telescope

IDU Intermediate Data Update

IPD Image Parameter Determination
LMC Large magellanic cloud

NGC New General Catalogue

PSF Point Spread Function

RA Right Ascension

RP Red Photometer

RVS Radial Velocity Spectrometer

SIF Service Interface Function

SM Sky Mapper

SMC Small magellanic cloud

TDI Time Delayed Integration

VBS Very Bright Star

XM Crossmatch

Appendix B: Gaia archive query

Example, showing how to retrieve all Gaia SIF CF and Gaia
DR3 sources within 0.8 degree radius around w Cen cluster cen-
tre from the Gaia archive via Astronomical Data Query Lan-
guage (ADQL). For DR3 data, the field n_scans does not exist,
so a value of -1 is used there.

SELECT source_id, ref_epoch, ra, ra_error, dec,
dec_error, pmra, pmra_error, pmdec, pmdec_error,
phot_g_mean_mag, 1, b, n_scans,

"fpr’ as origin

FROM gaiafpr.crowded_field_source

UNION

SELECT source_id, ref_epoch, ra, ra_error, dec,
dec_error, pmra, pmra_error, pmdec, pmdec_error,
phot_g_mean_mag, 1, b, -1 as nscans,

’dr3’ as origin

FROM gaiadr3.gaia_source

WHERE

1=CONTAINS(POINT(’ICRS’, ra, dec),
CIRCLE(’ICRS’,

201.69399972775088, -47.484610741298994, 0.8))
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(Evolutionary Mechanisms in the Milky waY; the Gaia Data
Release 3 revolution — EMMY);

the European Science Foundation (ESF), in the framework
of the Gaia Research for European Astronomy Training Re-
search Network Programme (GREAT-ESF);

the European Space Agency (ESA) in the framework of
the Gaia project, through the Plan for European Cooper-
ating States (PECS) programme through contracts C98090
and 4000106398/12/NL/KML for Hungary, through contract
4000115263/15/NL/IB for Germany, through PROgramme
de Développement d’Expériences scientifiques (PRODEX)
grants 4000132054 for Hungary and through contract
4000132226/20/ES/CM;

the Academy of Finland through grants 299543, 307157,
325805, 328654, 336546, and 345115 and the Magnus Ehrn-
rooth Foundation;

the French Centre National d’Etudes Spatiales (CNES), the
Agence Nationale de la Recherche (ANR) through grant
ANR-10-IDEX-0001-02 for the ‘Investissements d’avenir’
programme, through grant ANR-15-CE31-0007 for project
‘Modelling the Milky Way in the Gaia era’ (MOD4Gaia),
through grant ANR-14-CE33-0014-01 for project ‘The
Milky Way disc formation in the Gaia era’ (ARCHEOGAL),
through grant ANR-15-CE31-0012-01 for project ‘Unlock-
ing the potential of Cepheids as primary distance cali-
brators’ (UnlockCepheids), through grant ANR-19-CE31-
0017 for project ‘Secular evolution of galaxies’ (SEGAL),
and through grant ANR-18-CE31-0006 for project ‘Galac-
tic Dark Matter’ (GaDaMa), the Centre National de la
Recherche Scientifique (CNRS) and its SNO Gaia of the
Institut des Sciences de I’Univers (INSU), its Programmes
Nationaux: Cosmologie et Galaxies (PNCG), Gravitation
Références Astronomie Métrologie (PNGRAM), Planétolo-
gie (PNP), Physique et Chimie du Milieu Interstellaire
(PCMI), and Physique Stellaire (PNPS), supported by INSU
along with the Institut National de Physique (INP) and the
Institut National de Physique nucléaire et de Physique des
Particules (IN2P3), and co-funded by CNES; the ‘Action
Fédératrice Gaia’ of the Observatoire de Paris, and the Ré-
gion de Franche-Comté;
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the German Aerospace Agency (Deutsches Zentrum fiir
Luft- und Raumfahrt e.V., DLR) through grants 50QG0501,

50QG0601,  50QG0602, 50QG0701,  50QG0901,
50QG1001,  50QG1101, 50QG1401,  50QG1402,
50QG1403,  50QG1404, 50QG1904,  50QG2101,

50QG2102, and 50QG2202, and the Centre for Infor-
mation Services and High Performance Computing (ZIH) at
the Technische Universitit Dresden for generous allocations
of computer time;

the Hungarian Academy of Sciences through the J4nos
Bolyai Research Scholarship (G. Marton and Z. Nagy), the
Lendiilet Programme grants LP2014-17 and LP2018-7 and
the Hungarian National Research, Development, and Inno-
vation Office (NKFIH) through grant KKP-137523 (‘Seis-
molLab’);

the Science Foundation Ireland (SFI) through a Royal Soci-
ety - SFI University Research Fellowship (M. Fraser);

the Israel Ministry of Science and Technology through grant
3-18143 and the Israel Science Foundation (ISF) through
grant 1404/22;

the Agenzia Spaziale Italiana (ASI) through contracts
1/037/08/0, 1/058/10/0, 2014-025-R.0, 2014-025-R.1.2015,
and 2018-24-HH.O and its addendum 2018-24-HH.1-2022
to the Italian Istituto Nazionale di Astrofisica (INAF), con-
tract 2014-049-R.0/1/2, 2022-14-HH.0 to INAF for the
Space Science Data Centre (SSDC, formerly known as the
ASI Science Data Center, ASDC), contracts 1/008/10/0,
2013/030/1.0, 2013-030-1.0.1-2015, and 2016-17-1.0 to the
Aerospace Logistics Technology Engineering Company
(ALTEC S.p.A.), INAF, and the Italian Ministry of Edu-
cation, University, and Research (Ministero dell’Istruzione,
dell’Universita e della Ricerca) through the Premiale project
‘MIning The Cosmos Big Data and Innovative Italian Tech-
nology for Frontier Astrophysics and Cosmology’ (MITiC);
the Netherlands Organisation for Scientific Research (NWO)
through grant NWO-M-614.061.414, through a VICI grant
(A. Helmi), and through a Spinoza prize (A. Helmi), and the
Netherlands Research School for Astronomy (NOVA);

the Polish National Science Centre through HAR-
MONIA  grant 2018/30/M/ST9/00311 and DAINA
grant 2017/27/L/ST9/03221 and the Ministry of Sci-
ence and Higher Education (MNiSW) through grant
DIR/WK/2018/12;

the Portuguese Fundacdo para a Ciéncia e a Tecnologia
(FCT) through national funds, grants 2022.06962.PTDC
and 2022.03993.PTDC, and work contract DL
57/2016/CP1364/CT0006, grants UIDB/04434/2020
and UIDP/04434/2020 for the Instituto de Astrofisica
e Ciéncias do Espago (IA), grants UIDB/00408/2020
and UIDP/00408/2020 for LASIGE, and grants
UIDB/00099/2020 and UIDP/00099/2020 for the Cen-
tro de Astrofisica e Gravitagdo (CENTRA);

the Slovenian Research Agency through grant P1-0188;

the Spanish Ministry of Economy (MINECO/FEDER,
UE), the Spanish Ministry of Science and Innovation
(MCIN), the Spanish Ministry of Education, Culture,
and Sports, and the Spanish Government through grants
BES-2016-078499, BES-2017-083126, BES-C-2017-0085,
ESP2016-80079-C2-1-R, FPU16/03827, RTI12018-095076-
B-C22, PID2021-1228420B-C22, PDC2021-121059-C22,
and TIN2015-65316-P (‘Computaciéon de Altas Presta-
ciones VII’), the Juan de la Cierva Incorporacién Pro-
gramme (FJCI-2015-2671 and 1JC2019-04862-1 for F. An-
ders), the Severo Ochoa Centre of Excellence Programme
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(SEV2015-0493) and MCIN/AEI/10.13039/501100011033/
EU FEDER and Next Generation EU/PRTR (PRTR-
C17.11); the European Union through European Regional
Development Fund ‘A way of making Europe’ through
grants PID2021-1228420B-C21, PID2021-125451NA-I00,
CNS2022-13523 and RTI2018-095076-B-C21, the Insti-
tute of Cosmos Sciences University of Barcelona (IC-
CUB, Unidad de Excelencia ‘Maria de Maeztu’) through
grant CEX2019-000918-M, the University of Barcelona’s
official doctoral programme for the development of an
R+D+i project through an Ajuts de Personal Investigador
en Formacié (APIF) grant, the Spanish Virtual Observa-
tory project funded by MCIN/AEI/10.13039/501100011033/
through grant PID2020-112949GB-100; the Centro de In-
vestigacion en Tecnologias de la Informacién y las Co-
municaciones (CITIC), funded by the Xunta de Gali-
cia through the collaboration agreement to reinforce CI-
GUS research centers, research consolidation grant ED431B
2021/36 and scholarships from Xunta de Galicia and the
EU - ESF ED481A-2019/155 and ED481A 2021/296; the
Red Espafiola de Supercomputaciéon (RES) computer re-
sources at MareNostrum, the Barcelona Supercomputing
Centre - Centro Nacional de Supercomputacién (BSC-CNS)
through activities AECT-2017-2-0002, AECT-2017-3-0006,
AECT-2018-1-0017, AECT-2018-2-0013, AECT-2018-3-
0011, AECT-2019-1-0010, AECT-2019-2-0014, AECT-
2019-3-0003, AECT-2020-1-0004, and DATA-2020-1-0010,
the Departament d’Innovacidé, Universitats i Empresa de
la Generalitat de Catalunya through grant 2014-SGR-1051
for project ‘Models de Programacié i Entorns d’Execucid
Parallels’ (MPEXPAR), and Ramon y Cajal Fellowships
RYC2018-025968-1, RYC2021-031683-1 and RYC2021-
033762-1, funded by MICIN/AEI/10.13039/501100011033
and by the European Union NextGenerationEU/PRTR and
the European Science Foundation (‘Investing in your fu-
ture’); the Port d’Informacié6 Cientifica (PIC), through a col-
laboration between the Centro de Investigaciones Energéti-
cas, Medioambientales y Tecnoldgicas (CIEMAT) and the
Institut de Fisica d’Altes Energies (IFAE), supported by the
call for grants for Scientific and Technical Equipment 2021
of the State Program for Knowledge Generation and Sci-
entific and Technological Strengthening of the R+D+i Sys-
tem, financed by MCIN/AEI/ 10.13039/501100011033 and
the EU NextGeneration/PRTR (Hadoop Cluster for the com-
prehensive management of massive scientific data, reference
EQC2021-007479-P);
the Swedish
(SNSA/Rymdstyrelsen);
the Swiss State Secretariat for Education, Research, and
Innovation through the Swiss Activités Nationales Com-
plémentaires and the Swiss National Science Founda-
tion through an Eccellenza Professorial Fellowship (award
PCEFP2_194638 for R. Anderson);

the United Kingdom Particle Physics and Astronomy Re-
search Council (PPARC), the United Kingdom Science and
Technology Facilities Council (STFC), and the United King-
dom Space Agency (UKSA) through the following grants
to the University of Bristol, Brunel University London, the
Open University, the University of Cambridge, the Univer-
sity of Edinburgh, the University of Leicester, the Mullard
Space Sciences Laboratory of University College London,
and the United Kingdom Rutherford Appleton Laboratory
(RAL): PP/D006503/1, PP/D006511/1, PP/D006546/1,
PP/D006570/1, PP/D006791/1, ST/1000852/1,

National Space Agency

ST/J1005045/1, ST/K00056X/1, ST/K000209/1,
ST/K000756/1, ST/K000578/1, ST/L002388/1,
ST/L006553/1, ST/L006561/1, ST/N000595/1,
ST/N000641/1, ST/N000978/1, ST/NO01117/1,
ST/S000089/1, ST/S000976/1, ST/S000984/1,
ST/S001123/1, ST/S001948/1, ST/S001980/1,
ST/S002103/1, ST/V000969/1, ST/W002469/1,
ST/W002493/1, ST/W002671/1, ST/W002809/1,
EP/V520342/1, ST/X00158X/1, ST/X001601/1,
ST/X001636/1, ST/X001687/1, ST/X002667/1,

ST/X002683/1 and ST/X002969/1.
The Gaia project and data processing have made use of:

the Set of Identifications, Measurements, and Bibliography
for Astronomical Data (SIMBAD, Wenger et al. 2000), the
‘Aladin sky atlas’ (Bonnarel et al. 2000; Boch & Fernique
2014), and the VizieR catalogue access tool (Ochsenbein
et al. 2000), all operated at the Centre de Données as-
tronomiques de Strasbourg (CDS);

the National Aeronautics and Space Administration (NASA)
Astrophysics Data System (ADS);

the SPace ENVironment Information System (SPENVIS),
initiated by the Space Environment and Effects Section
(TEC-EES) of ESA and developed by the Belgian Insti-
tute for Space Aeronomy (BIRA-IASB) under ESA contract
through ESA’s General Support Technologies Programme
(GSTP), administered by the BELgian federal Science Pol-
icy Office (BELSPO);

the software products TOPCAT, STIL, and STILTS (Taylor
2005, 2006);

Matplotlib (Hunter 2007);

[Python (Pérez & Granger 2007);

Astropy, a community-developed core Python package for
Astronomy (Astropy Collaboration et al. 2018);

R (R Core Team 2013);

the HEALPix package (Gorski et al. 2005, http://
healpix.sourceforge.net/);

Vaex (Breddels & Veljanoski 2018);

the Hipparcos-2 catalogue (van Leeuwen 2007). The Hip-
parcosand Tychocatalogues were constructed under the re-
sponsibility of large scientific teams collaborating with
ESA. The Consortia Leaders were Lennart Lindegren (Lund,
Sweden: NDAC) and Jean Kovalevsky (Grasse, France:
FAST), together responsible for the HipparcosCatalogue;
Erik Hgg (Copenhagen, Denmark: TDAC) responsible for
the TychoCatalogue; and Catherine Turon (Meudon, France:
INCA) responsible for the HipparcosInput Catalogue (HIC);
the Tycho-2catalogue (Hgg et al. 2000), the construction of
which was supported by the Velux Foundation of 1981 and
the Danish Space Board;

The Tycho double star catalogue (TDSC, Fabricius et al.
2002), based on observations made with the ESA Hippar-
cosastrometry satellite, as supported by the Danish Space
Board and the United States Naval Observatory through their
double-star programme;

data products from the Two Micron All Sky Survey (2MASS,
Skrutskie et al. 2006), which is a joint project of the Uni-
versity of Massachusetts and the Infrared Processing and
Analysis Center (IPAC) / California Institute of Technology,
funded by the National Aeronautics and Space Administra-
tion (NASA) and the National Science Foundation (NSF) of
the USA,;

the ninth data release of the AAVSO Photometric All-Sky
Survey (APASS, Henden et al. 2016), funded by the Robert
Martin Ayers Sciences Fund;
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— the first data release of the Pan-STARRS survey (Chambers

etal. 2016; Magnier et al. 2020a; Waters et al. 2020; Magnier
et al. 2020c,b; Flewelling et al. 2020). The Pan-STARRS1
Surveys (PS1) and the PS1 public science archive have been
made possible through contributions by the Institute for As-
tronomy, the University of Hawaii, the Pan-STARRS Project
Office, the Max-Planck Society and its participating insti-
tutes, the Max Planck Institute for Astronomy, Heidelberg
and the Max Planck Institute for Extraterrestrial Physics,
Garching, The Johns Hopkins University, Durham Univer-
sity, the University of Edinburgh, the Queen’s University
Belfast, the Harvard-Smithsonian Center for Astrophysics,
the Las Cumbres Observatory Global Telescope Network
Incorporated, the National Central University of Taiwan,
the Space Telescope Science Institute, the National Aero-
nautics and Space Administration (NASA) through grant
NNXO08AR22G issued through the Planetary Science Divi-
sion of the NASA Science Mission Directorate, the National
Science Foundation through grant AST-1238877, the Uni-
versity of Maryland, Eotvos Lorand University (ELTE), the
Los Alamos National Laboratory, and the Gordon and Betty

Moore Foundation;
the second release of the Guide Star Catalogue (GSC2.3,

Lasker et al. 2008). The Guide Star Catalogue 1II is a joint
project of the Space Telescope Science Institute (STScl)
and the Osservatorio Astrofisico di Torino (OATo). STScl
is operated by the Association of Universities for Research
in Astronomy (AURA), for the National Aeronautics and
Space Administration (NASA) under contract NAS5-26555.
OATo is operated by the Italian National Institute for As-
trophysics (INAF). Additional support was provided by the
European Southern Observatory (ESO), the Space Telescope
European Coordinating Facility (STECF), the International
GEMINI project, and the European Space Agency (ESA)
Astrophysics Division (nowadays SCI-S);

the eXtended, Large (XL) version of the catalogue of Posi-
tions and Proper Motions (PPM-XL, Roeser et al. 2010);
data products from the Wide-field Infrared Survey Ex-
plorer (WISE), which is a joint project of the Univer-
sity of California, Los Angeles, and the Jet Propulsion
Laboratory/California Institute of Technology, and NEO-
WISE, which is a project of the Jet Propulsion Labora-
tory/California Institute of Technology. WISE and NEO-
WISE are funded by the National Aeronautics and Space

Administration (NASA);
the first data release of the United States Naval Observatory

(USNO) Robotic Astrometric Telescope (URAT-1, Zacharias
et al. 2015);

the fouﬂh) data release of the United States Naval Ob-
servatory (USNO) CCD Astrograph Catalogue (UCAC-4,
Zacharias et al. 2013);

the sixth and final data release of the Radial Velocity Ex-
periment (RAVE DR6, Steinmetz et al. 2020a,b). Funding
for RAVE has been provided by the Leibniz Institute for As-
trophysics Potsdam (AIP), the Australian Astronomical Ob-
servatory, the Australian National University, the Australian
Research Council, the French National Research Agency,
the German Research Foundation (SPP 1177 and SFB 881),
the European Research Council (ERC-StG 240271 Galac-
tica), the Istituto Nazionale di Astrofisica at Padova, the
Johns Hopkins University, the National Science Founda-
tion of the USA (AST-0908326), the W.M. Keck founda-
tion, the Macquarie University, the Netherlands Research
School for Astronomy, the Natural Sciences and Engineer-
ing Research Council of Canada, the Slovenian Research
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Agency, the Swiss National Science Foundation, the Science
& Technology Facilities Council of the UK, Opticon, Stras-
bourg Observatory, and the Universities of Basel, Groningen,
Heidelberg, and Sydney. The RAVE website is at https:

//WWw.rave-survey.org/;
the first data release of the Large sky Area Multi-Object

Fibre Spectroscopic Telescope (LAMOST DRI, Luo et al.
2015);

the K)Z Ecliptic Plane Input Catalogue (EPIC, Huber et al.
2016);

the ni)nth data release of the Sloan Digitial Sky Survey (SDSS
DRO, Ahn et al. 2012). Funding for SDSS-III has been pro-
vided by the Alfred P. Sloan Foundation, the Participating In-
stitutions, the National Science Foundation, and the United
States Department of Energy Office of Science. The SDSS-
III website is http://www.sdss3.org/. SDSS-III is man-
aged by the Astrophysical Research Consortium for the Par-
ticipating Institutions of the SDSS-III Collaboration includ-
ing the University of Arizona, the Brazilian Participation
Group, Brookhaven National Laboratory, Carnegie Mellon
University, University of Florida, the French Participation
Group, the German Participation Group, Harvard Univer-
sity, the Instituto de Astrofisica de Canarias, the Michigan
State/Notre Dame/JINA Participation Group, Johns Hopkins
University, Lawrence Berkeley National Laboratory, Max
Planck Institute for Astrophysics, Max Planck Institute for
Extraterrestrial Physics, New Mexico State University, New
York University, Ohio State University, Pennsylvania State
University, University of Portsmouth, Princeton University,
the Spanish Participation Group, University of Tokyo, Uni-
versity of Utah, Vanderbilt University, University of Vir-

ginia, University of Washington, and Yale University;
the thirteenth release of the Sloan Digital Sky Survey (SDSS

DR13, Albareti et al. 2017). Funding for SDSS-IV has been
provided by the Alfred P. Sloan Foundation, the United
States Department of Energy Office of Science, and the Par-
ticipating Institutions. SDSS-IV acknowledges support and
resources from the Center for High-Performance Comput-
ing at the University of Utah. The SDSS web site is https:
//www.sdss.org/. SDSS-IV is managed by the Astrophys-
ical Research Consortium for the Participating Institutions of
the SDSS Collaboration including the Brazilian Participation
Group, the Carnegie Institution for Science, Carnegie Mel-
lon University, the Chilean Participation Group, the French
Participation Group, Harvard-Smithsonian Center for Astro-
physics, Instituto de Astrofisica de Canarias, The Johns Hop-
kins University, Kavli Institute for the Physics and Mathe-
matics of the Universe (IPMU) / University of Tokyo, the
Korean Participation Group, Lawrence Berkeley National
Laboratory, Leibniz Institut fiir Astrophysik Potsdam (AIP),
Max-Planck-Institut fiir Astronomie (MPIA Heidelberg),
Max-Planck-Institut fiir Astrophysik (MPA Garching), Max-
Planck-Institut fiir Extraterrestrische Physik (MPE), Na-
tional Astronomical Observatories of China, New Mexico
State University, New York University, University of Notre
Dame, Observatario Nacional / MCTI, The Ohio State Uni-
versity, Pennsylvania State University, Shanghai Astronomi-
cal Observatory, United Kingdom Participation Group, Uni-
versidad Nacional Auténoma de México, University of Ari-
zona, University of Colorado Boulder, University of Oxford,
University of Portsmouth, University of Utah, University of
Virginia, University of Washington, University of Wiscon-
sin, Vanderbilt University, and Yale University;

— the second release of the SkyMapper catalogue (SkyMap-

per DR2, Onken et al. 2019, Digital Object Identifier
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10.25914/5ce60d31ce759). The national facility capability
for SkyMapper has been funded through grant LE130100104
from the Australian Research Council (ARC) Linkage In-
frastructure, Equipment, and Facilities (LIEF) programme,
awarded to the University of Sydney, the Australian National
University, Swinburne University of Technology, the Univer-
sity of Queensland, the University of Western Australia, the
University of Melbourne, Curtin University of Technology,
Monash University, and the Australian Astronomical Obser-
vatory. SkyMapper is owned and operated by The Australian
National University’s Research School of Astronomy and
Astrophysics. The survey data were processed and provided
by the SkyMapper Team at the Australian National Univer-
sity. The SkyMapper node of the All-Sky Virtual Observa-
tory (ASVO) is hosted at the National Computational In-
frastructure (NCI). Development and support the SkyMap-
per node of the ASVO has been funded in part by Astron-
omy Australia Limited (AAL) and the Australian Govern-
ment through the Commonwealth’s Education Investment
Fund (EIF) and National Collaborative Research Infrastruc-
ture Strategy (NCRIS), particularly the National eResearch
Collaboration Tools and Resources (NeCTAR) and the Aus-
tralian National Data Service Projects (ANDS);

— the Gaia-ESO Public Spectroscopic Survey (GES, Gilmore
et al. 2022; Randich et al. 2022). The Gaia-ESO Survey is
based on data products from observations made with ESO
Telescopes at the La Silla Paranal Observatory under pro-
gramme ID 188.B-3002. Public data releases are available
through the ESO Science Portal. The project has received
funding from the Leverhulme Trust (project RPG-2012-
541), the European Research Council (project ERC-2012-
AdG 320360-Gaia-ESO-MW), and the Istituto Nazionale di
Astrofisica, INAF (2012: CRA 1.05.01.09.16; 2013: CRA
1.05.06.02.07).

The GBOT programme (GBOT) uses observations col-
lected at (i) the European Organisation for Astronomical Re-
search in the Southern Hemisphere (ESO) with the VLT Survey
Telescope (VST), under ESO programmes 092.B-0165, 093.B-
0236, 094.B-0181, 095.B-0046, 096.B-0162, 097.B-0304,
098.B-0030, 099.B-0034, 0100.B-0131, 0101.B-0156, 0102.B-
0174, 0103.B-0165, 0104.B-0081, 0106.20ZA.001 (Omega-
Cam), 0106.20ZA.002 (FORS2), 0108.21YF; and under INAF
programs 110.256C, 112.266Q); and (ii) the Liverpool Telescope,
which is operated on the island of La Palma by Liverpool John
Moores University in the Spanish Observatorio del Roque de los
Muchachos of the Instituto de Astrofisica de Canarias with fi-
nancial support from the United Kingdom Science and Technol-
ogy Facilities Council, and (iii) telescopes of the Las Cumbres
Observatory Global Telescope Network.

In addition to the currently active DPAC (and ESA sci-
ence) authors of the peer-reviewed papers accompanying the
data release, there are large numbers of former DPAC members
who made significant contributions to the (preparations of the)
data processing. In addition to the DPAC consortium, past and
present, there are numerous people, mostly in ESA and in indus-
try, who have made or continue to make essential contributions
to Gaia, for instance those employed in science and mission op-
erations or in the design, manufacturing, integration, and testing
of the spacecraft and its modules, subsystems, and units. Many
of those will remain unnamed yet spent countless hours, occa-
sionally during nights, weekends, and public holidays, in cold
offices and dark clean rooms. They are acknowledged in the Gaia
Documentation.
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