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ABSTRACT

Context. Gaia has been in operations since 2014, and two full data releases (DR) have been delivered so far: DR1 in 2016 and DR2 in 2018. The
third Gaia data release expands from the early data release (EDR3) in 2020, which contained the five-parameter astrometric solution and mean
photometry for 1.8 billion sources by providing 34 months of multi-epoch observations that allowed us to systematically probe, characterise, and
classify variable celestial phenomena.

Aims. We present a summary of the variability processing and analysis of the photometric and spectroscopic time series of 1.8 billion sources
carried out for Gaia DR3.

Methods. We used statistical and machine learning methods to characterise and classify the variable sources. Training sets were built from a
global revision of major published variable star catalogues. For a subset of classes, specific detailed studies were conducted to confirm their class
membership and to derive parameters that are adapted to the peculiarity of the considered class.

Results. In total, 10.5 million objects are identified as variable in Gaia DR3 and have associated time series in G, Ggp, and Ggp and, in some cases,
radial velocity time series. The DR3 variable sources subdivide into 9.5 million variable stars and 1 million active galactic nuclei or ‘quasars’.
In addition, supervised classification identified 2.5 million galaxies thanks to spurious variability induced by the extent of these objects. The
variability analysis output in the DR3 archive amounts to 17 tables, containing a total of 365 parameters. We publish 35 types and subtypes
of variable objects. For 11 variable types, additional specific object parameters are published. Here, we provide an overview of the estimated
completeness and contamination of most variability classes.

Conclusions. Thanks to Gaia, we present the largest whole-sky variability analysis based on coherent photometric, astrometric, and spectroscopic
data. Future Gaia data releases will more than double the span of time series and the number of observations, allowing the publication of an even
richer catalogue.

Key words. stars: variables: general — Galaxy: stellar content — catalogs — binaries: eclipsing — starspots — stars: oscillations

1. Introduction Gaia offers the unique opportunity to study the variability of
close to 2 billion objects thanks to the G, Ggp, and Ggrp photo-
metric time series, but also to the other spectrophotometric and
RVS time series. The previous Gaia data releases published 3194
variable stars in DR1 (Eyer et al. 2017) and 550737 variable
stars in DR2 (Holl et al. 2018). In DR3, we enlarge the sam-
ple of variable sources by more than one order of magnitude,
reaching 10 509 536 variable objects. In this article, we elaborate
on the latter sample, and group the sources into 35 variability
classes (variable types and subtypes): 34 different stellar vari-
ability (sub)types plus an additional group of variable sources

The Gaia mission (Gaia Collaboration 2016) is contributing to
astronomy in many ways. The Gaia astrometry, with its unique
precision for so many stars, can be used by photometric surveys
to locate stars in the Hertzsprung-Russell Diagram, or to per-
form kinematic and spatial studies. Furthermore, Gaia, with its
repeated quasi-simultaneous G, Ggp, and Ggp integrated pho-
tometric band measurements, is also a major player among the
multi-epoch photometric surveys, while spectrophotometric RP
and BP measurements are a unique feature of Gaia. On top of
hat, the Radial Veloci rometer (R ill provide mean
tspaetc;t;aean?idri dia? 3212;556(01;\?) Ietigas(url/rizarﬁs uI[)) 20 dGeRVSeaN ide‘ntiﬁed a§ extragalactic, namely active galactic nuclei (AGN)
16 mag, and still unprecedented numbers of epoch spectra and Or ‘quasars ; o ) . )

RV values to Grys < 14 mag. The qua var1.ab1hty processing has many ram}ﬁcatlons that
are disseminated in several other articles. The variety of results
* Corresponding author: L. Eyer, e-mail: laurent.eyer@unige.ch makes the situation somewhat intricate. Here, we provide a
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summary of the results (see Table 1) as well as the associated
queries in Appendix C. In total, 14 198 022 sources (variable
sources, galaxies, sources in the Gaia Andromeda Photometric
Survey, GAPS) have DR3 outputs processed by the Gaia Data
Processing Centre of Geneva (DPCG).

In the context of a ‘real-time’ variability analysis of the Gaia
photometric data, it is important to mention that the Gaia Sci-
ence Alert system (Hodgkin et al. 2021) published 10765 alerts
between June 2016 and December 2019. A subset of 2612
sources detected between 25 July 2014 and 28 May 2017 are
published along with Gaia DR3.

In addition to the time series for variable objects, DR3
includes time series and statistical information for all 1257319
sources observed within a cone of 5.5° opening directed towards
the Andromeda galaxy (GAPS, Evans et al. 2023), independent
of their variability status. In the GAPS data set, 12618 sources
are flagged as variables.

Furthermore, the signal of the processed sources is known to
be affected by scan angle orientation effects inducing spurious
variability (Holl et al. 2023). Such effects allowed us to identify
2451 364 galaxies using supervised machine learning classifica-
tion, which are included in DR3 in a dedicated catalogue.

The structure of the article is as follows: In Sect. 2, we
present the properties of the data from which DR3 results are
derived. In Sect. 3, we describe the methods used and the
obtained results. In Sect. 4, we present the merged view of the
variability types. We also show properties of the variability types
from the perspectives of classification and specific studies. Fur-
thermore, we comment on the differences that can be found
in different archive tables. Section 5 provides completeness
and contamination estimates for the different variability classes.
Section 6 presents the colour—-magnitude diagrams for variable
stars in the Large and Small Magellanic clouds. In Sect. 7, we
present an ongoing collaboration between Gaia and TESS mis-
sions related to the detection of exoplanetary transits. In Sect. 8,
we end with some concluding remarks. Appendix B presents
some light curves with long-term variability and Appendix C
presents some ADQL query examples.

2. Properties of input data
2.1. Photometric time series

Photometric data in the G, Ggp , and Grp photometric bands
were used from July 25, 2014, to May 28, 2017, that is
34 months. The sampling cadence depends on the spacecraft’s
‘scanning law’, that is, the mode by which Gaia spins and pre-
cesses around its rotation axis. During the 34 months of obser-
vations processed here, two different scanning laws were used:
the Ecliptic Pole Scanning Law (EPSL) during the first 28 days
of operations and then the Nominal Scanning Law (NSL); see
Sect. 1.3.2 of the Gaia DR3 documentation (van Leeuwen et al.
2022). The implementation of these two scanning laws resulted
in higher cadences and numbers of observations for objects near
the ecliptic poles and the ecliptic latitude 8 = +45°, compared to
elsewhere on the sky.

We analysed 1840947 142 sources, corresponding to the
number of input sources with five or more ‘valid’ (i.e. non-NaN)
measurements in the G band. The Gold, Silver, and Bronze pho-
tometric sets (see Riello et al. 2021) were used. The variabil-
ity analysis was carried out for the G field-of-view (FoV), Ggp,
and Ggrp. The G astrometric field (AF) CCD data, which are of
higher cadence and are used to determine the G FoV photome-
try, were only used for the short-timescale analysis, and were not
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Table 1. Summary of time-domain information in DR3.

Counts Description
14198022  All processed sources (including spurious variability from
galaxies and GAPS)
12960900  All variables and galaxies
12428245  All classifications: classification of variables and galaxies
11754237  vari_summary: all variables + GAPS (with overlaps), i.e.
number of sources having time series
10509536  All variable sources
9976 881 Classifications of variables from the supervised classifier
2451364 Classification of galaxies (spurious variability, in the galaxy
candidates table)
5834543 All variables with specific studies
1257319 GAPS sources, among which 12618 published variable
sources and 7579 galaxies
1898 Variable stars (RR Lyrae stars and Cepheids) with radial veloc-
ity time series
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Fig. 1. Histogram of DR3 photometric FoV observations. Top panel:
Histogram of measurement numbers for the G band of a random sam-
ple of 10.5 million stars (black line); the grey line shows the same but
for the 10.5 variable sources only. We see that the variability analy-
sis favours a high number of measurements, as expected. The abscissa
is truncated to 120, though the distributions have long tails up to
265. Lower panel: Histogram of DR3 photometric FoV observations
restricted to the 10.5 million variable sources in the G (grey), Ggp (blue,
dashed line), and Ggrp (red) bands. The median numbers of measure-
ments of G, BP, and RP are 44, 40, and 41.

made public in Gaia DR3. The total number of photometric mea-
surements in Ggp, G (FoV and Per-CCD), and Grp photometric
bands amounts to 367 billion.

Eventually, the total number of sources published in DR3 is
1811709771, with 11754237 sources having epoch photome-
try time series and 1898 having RV time series. We repeat here
that the variable source data set comprises 10 509 536 entries.

Figure 1 shows the number of FoV measurements per band
(G, Ggp, Grp) for the published variable sources. In addition,
we provide the distribution for a random sample of Gaia DR3
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Fig. 2. Histogram of the mean magnitudes of the 10.5 million variable
sources (black line). For comparison, the grey histogram shows a ran-
dom selection of 10.5 million sources among the 1.8 billion.

sources, using the same total number as for the variable cat-
alogue (10.5 million). The distribution of variable sources has
two marked peaks: one at 25, which corresponds to the many
sources in the Galactic bulge, while the other at 45 corresponds
to the typical number from the scanning law. Figure 2 presents
the histogram of mean G magnitudes for the variable sources
compared to a random sample (grey). As we can expect, the vari-
ability analysis is more efficient for the bright stars. In general,
the fraction of variable stars is about 0.6% for the entire range of
magnitudes, but it is higher than 5% up to magnitude 14.

2.2. Radial velocity time series

For a subset of RR Lyrae and Cepheid stars, time series
of RVS RVs were analysed in addition to the photomet-
ric data. The output parameters of the radial velocity anal-
ysis can be found in table gaia_dr3.vari_cepheid and
gaia_dr3.vari_rrlyrae, when available. In addition, the sta-
tistical parameters of these time series (e.g., mean, median,
etc.) can be found in gaia_dr3.vari_radvel_statistics
and the related radial velocity time series in gaia_dr3.vari_
epoch_radial_velocity for 1898 sources, totalling 43298
measurements. We refer to Clementinietal. (2023) and
Ripepi et al. (2023) for more details about the selection and RV
analysis.

2.3. Spectrophotometric time series

The long-period variable analysis made further use of the Grp
low-resolution spectra. The pseudo-wavelength spectra were cut
at the edges to exclude noise. The RP spectra allowed us to deter-
mine whether these variables were C-rich or O-rich. We refer to
Lebzelter et al. (2023) for more details.

3. Variability processing and analysis steps and
overview of the DR3 results
We provide the main processing and analysis steps below; these

are shown in Fig. 3. More detailed information can be found in
the Gaia documentation and in the articles dedicated to specific

variability types. Furthermore, we give an overview of the results
for the variable sources published in DR3.

3.1. Data cleaning

Despite the high quality of the Gaia products, the raw time series
(photometric or radial velocities) require some cleaning in order
to be able to carry out a proper variability analysis. A set of oper-
ators applying different cleaning steps are applied. For a detailed
description, we refer to Holl et al. (2018) and the DR3 documen-
tation (Rimoldini et al. 2022).

In DR3, the chain of operators for photometric analy-
sis was modified compared to DR2 (see DR3 documentation,
Sect. 10.2.3): a new operator called MultiBandOutlierRemoval-
Operator (MORO) was introduced. MORO takes advantage of
the quasi-simultaneous observations in the G, Ggp, and Grp, and
thus the three-band transits have the same ‘transitid’ qualifier.

MORO was inserted after GaiaFluxToMagnitudeOperator,
which converted raw fluxes into magnitudes using the band zero
points (Riello et al. 2021). The new operator detects candidate
outliers in the three bands for each transit based on the ratio iqr-
MedianMag, which is defined as

|mag — median(mag)|

iqr(mag) M

igrMedianMag =

where mag is the transit magnitude in one band, median(mag)
is the median value, and iqr(mag) is the interquartile range of
the time series. As an initial step, the candidate outliers in each
band separately are flagged if igrMedianMag > iqrMedianMag,,,
where iqgqrMedianMag,, is a band-specific threshold. For simplic-
ity and after analysis, the same threshold of igqrtMedianMag, = 3
was used for G, Ggp, and Ggrp. The direction (i.e. brighter or
fainter than the median) for each band is determined and used to
decide whether the band outlier candidate is a real outlier or a
non-outlier (e.g. if G and Ggp and/or Ggp are in the same direc-
tion, they are not considered as outliers; while outlier candidates
in both Ggp and Ggp but not G are considered as real outliers). If
only one band has a candidate outlier and measurements exist (in
the same transit) in the other bands, the threshold for candidate
outlier is reduced to one and the same procedure is followed as
described above to determine whether or not the candidate out-
lier remains a valid one.

MORO also includes a detection of large outliers using ratios of
igrMedianMag in Ggp and/or Ggp divided by the igrMedianMag
in G. If the ratio is above five, the outlier in Ggp and/or Grp
is considered a real outlier. In addition, MORO has a step look-
ing into the deviations of magnitude errors, but this time applied
independently in each band, using:

|magError — median(magError)|

igrMedianMagError = . (2

igr(magError)

and a threshold of 20 in G and 10 in Ggp and Ggp. For a detailed
description of the operator, we refer to Sect. 10.2.3 of the DR3
documentation.

After MORO, the operator TimeIntervalFilter (TIF) was
applied to cut specific OBMT (onboard mission time) revolution
periods when the data were of poor quality, based on time series
for a selected homogeneous sample of sources across the sky. As
diagnostic, we used igrMedianMag to detect systematic devia-
tions above the empirical threshold of three. The intervals often
referred to calibration issues, decontamination periods, and so
on. Intervals were introduced for each band separately.
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34 month G/Ggp/Gre-FoV, RP-spectra, and radial velocity time series

Legend:
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Fig. 3. Overview of the DR3 variability analysis pipeline. The steps are data cleaning (operators) and statistical parameter calculations. The
pipeline then splits into two parts: the general variability detection and the special variability detection. A supervised classification is applied with
24 variability types. Tailored analyses are done for 11 specific variability types, and are called specific object studies (SOS) packages.

In DR3, the final operator used for determining statisti-
cal parameters and for the GVD and classification steps was
ExtremeErrorCleaningMagnitudeDependentOperator (in
short EECMDO). This is different from DR2, where the oper-
ator RemoveOutliersFaintAndBrightOperator (ROFABO)
was the last step. However, some specific object studies (SOS)
packages used ROFABO to further clean the individual time series
for their analysis (e.g. the work packages for Cepheids and RR
Lyrae stars, for exoplanetary transits, and for eclipsing binaries,
using package-specific parameters for the operator).

We note that the variability flag rejected_by_
variability provided in the archival data links for epoch
photometry refers to the EECMDO step; therefore, end users
cannot determine from archival data the time series used by
work packages that used ROFABO for their analysis (similarly
to the functionality of DR2). We also emphasise that the flag
rejected_by_photometry refers only to the mean photom-
etry (as available in gaia_source) and was not used by the
variability analysis.

The thresholds used by the EECMDO operator (see Holl et al.
2018 for details) were computed based on DR3 photometry
using the Gold, Silver, and Bronze sets. Of particular men-
tion, while only upper thresholds were used for Ggp and Ggp in
DR2, we used additional lower thresholds in DR3. The thresh-
olds can be found in Sect. 10.2.3 of the DR3 documentation
(Rimoldini et al. 2022). The ExtremeValueCleaning operator
cut transit magnitudes above 24.5, 24.0, and 23.5, in G, Gpp, and
Grp, respectively.

The cleaned time series were then input in the statistics
package to calculate statistical parameters, which are pro-
vided in the DR3 table gaiadr3.vari_summary, which also
contains the information of the presence of sources in other
variability tables (e.g. boolean column in_vari_cepheid
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means that a source can be found in gaiadr3.vari_cepheid).
Time series are available for 10509536 variable objects
(i.e. they appear in one of the variability tables as
indicated by gaiadr3.vari_summary, but also in
gaiadr3.gaia_source.phot_variable_flag indicated as
‘VARIABLE’) and for objects in the Gaia Andromeda Photomet-
ric Survey (gaiadr3.gaia_source.in_andromeda_survey,
see Evansetal. 2023). We emphasise that 1244701 sources
in GAPS that were not published as variable in DR3 also
have entries in gaiadr3.vari_summary. The epoch pho-
tometry is available via the DataLink in the Gaia archive,
together with reject_by_variability boolean flag, which
indicates whether or not the variability pipeline used the
transit in the EECMDO step of the processing!. Users can
also determine the availability of epoch photometry with
gaiadr3.gaia_source.has_epoch_photometry.

We note that, in the archive, some sources have statistical
parameters in gaiadr3.vari_summary with empty entries in
Gpp or Ggp bands? because our operators eventually removed
all points in a band upstream from EECMDO. This is the case
for 20 788 sources in Ggp and 19 564 for Ggp. There are 19410
cases where there are neither Ggp nor Ggp statistical parameters,
while there are 1378 and 154 with null entries in Ggp-only and
Grp-only, respectively.

' reject_by_photometry is a different boolean flag, which reflects

whether or not the transit was used to calculate the mean flux and mag-
nitude provided in gaiadr3.gaia_source (i.e. not the mean magni-
tude in gaiadr3.vari_summary).

2 Overall, all these cases can be found e.g. using the ADQL com-
mand select * from gaiadr3.vari_summary where num_sele
cted_bp IS NULL or num_selected_rp IS NULL.
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The RV time series were also cleaned for outliers using an
adapted version of the ROFABO operator. Instead of using the
interquartile range, the median absolute deviation was used:

[radVel — median(radVel)|

dMedianRadVel = ,
mad¥edianRadye mad(rad Vel)

(©)

where rad Vel is the transit radial velocity. Outliers were flagged
when they exceeded a threshold of madMedianRadVel > 300.
Users can alternatively determine the availability of RV time
series with gaiadr3.gaia_source.has_epoch_rv.

As mentioned above, the RP time series spectra used by the
long-period variable work package were cut at the edges (seven
array indices on each side). No additional cleaning was per-
formed. We note that these spectra are not published in DR3.

3.2. Variability detection

During the successive data releases, we used several approaches
to the variability detection. The variability pipeline reflects
the different approaches through general variability detection
(GVD) and special variability detection (SVD) paths (see Fig. 3).

For the GVD path, the most classical approach relies on
hypothesis testing using the uncertainty of individual FoV mea-
surements. As explained in Eyer et al. (2017), this was difficult
to pursue, because a re-scaling of the uncertainty and the pres-
ence of outliers have to be taken into account. For Gaia DR1,
we used a modification of this approach to establish empirical
p-value determinations from different statistics of constant stars.
As the variable star analysis was focused around the South Eclip-
tic pole, constant stars were selected only from the OGLE sur-
veys.

For Gaia DR2, a binary classifier (random forest) was trained
with about 29000 known objects from the literature to iden-
tify variable and constant sources across the whole sky (see
Sect. 7.2.3 of Eyer et al. 2018). Nevertheless, the characterisa-
tion of the constant class was incomplete and required a semi-
supervised step to fill a lack of representatives in the magnitude
distribution.

For Gaia DR3, considering the improved photometry in each
data release, we chose not to rely on the constancy determined
by other surveys (with similar or better photometric accuracy
and sampling) and considered as possible variable sources all
those whose standard deviation was larger than the third quar-
tile, which itself was determined using a reference set of sources
selected by randomly sampling up to 6000 sources per 0.05 mag
bin of the source median G-band magnitude (see Sect. 10.2.3
of Rimoldini et al. 2022). Only a few of the trained variability
types occasionally extended below this threshold. A classifier
was trained for GVD, with about 60 000 sources representing all
of the targeted variability types and a similar number of objects
with standard deviation below the third quartile per magnitude
bin (defined above). This meant that exceptions could be made
for specific low-amplitude classes (Gavras et al. 2023). The true
fraction of variable sources from Gaia is expected to be lower
than 25%, and so this approach is rather inclusive and permis-
sive. The distinction between constant and variable is not pub-
lished in the ESA archive.

The SVD path (cf. Eyer et al. 2017) allows us to detect vari-
ability types that are irregular or require a special preliminary
treatment to identify initial candidate objects, which are then
analysed in more detail in the related SOS package. Three pack-
ages use this route: planetary transits, short timescales, and rota-
tion modulation. We note that an additional path was used for

® AGN @ Pulsation
@ Rotation (+other) Eclipsing systems
@ Eruptive/Cataclysmic Other

Fig. 4. Pie chart of the main causes of variability from the classifi-
cation output. The groups are characterised by the following types:
AGN, Rotation (ACV/.../SXARI, ELL, RS, SOLAR_LIKE), Erup-
tive/Cataclysmic (BE/.../WR, CV, RCB, SN), Pulsation (ACYG,
BCEP, CEP, DSCT/GDOR/SXPHE, LPV, RR, SDB, SPB, WD), Eclips-
ing systems (ECL, EP), Other (MICROLENSING, S, SYST, YSO).

microlensing, where a specific, dedicated extractor identified
candidates as input for a focused treatment in the SOS package.

3.3. Classification

Supervised classification was performed on the variables
detected in the GVD path after a period search and modelling
of the time series. This package provided ranking scores for the
GVD variables for a total of 24 class groups (in addition to galax-
ies); see Table 3.

For a detailed description of classification and its output, we
refer the reader to Rimoldini et al. (2023). Here, we provide a
summary of the high-level variability types in a pie chart shown
in Fig. 4.

Data sets from the literature were assembled in order to train
the classifiers; Gavras et al. (2023) provides a detailed explana-
tion of the cross-match with Gaia of the different catalogues
from the literature. Rimoldini et al. (2023) cross-matched the
sources found in a selection of 152 catalogues with Gaia data.
This cross-matched literature catalogue with Gaia gathers 7.8
million sources among which 4.9 million variable sources repre-
senting over 100 variability (sub)types, 1.2 million non-variable
objects, and 1.7 million galaxies.

The DR3 results of classification for the variable objects,
that is, 9976 881 sources, are available in the vari_class
ifier_result table, together with tables vari_classifier_
name and vari_classifier_class_name, which describe the
classifier and the class names in a similar fashion to in DR2.

Classification of galaxies. Shortly after DR2, galaxies were
found to contaminate the RR Lyrae star sample. To mitigate this
problem, a training set of galaxies was introduced in the super-
vised classification to lower the contamination of the RR Lyrae
candidates. The origin of the spurious signal was understood and
can be found in Holl et al. (2023). However, this initial problem
could be turned into a method to detect galaxies. The supervised
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classification produced a list of 2451364 galaxy candidates,
ironically the largest output of the variability classification. As
this signal is spurious, there are, in general, no time series asso-
ciated with these objects. However, there are 7579 light curves
published in the pencil beam (Evans et al. 2023). Furthermore,
other variable sources could be galaxies with a spurious variable
signal (classified as in another class, e.g. in AGN). The galaxies
are published as part of a separate table, galaxy_candidates.

3.4. Specific objects studies

The DR3 release offers a significant expansion on types of vari-
ability compared to DR2, increasing the number of SOS tables
from 5 to 11. Below, we summarise the different SOS tables.

3.4.1. Active galactic nuclei

Being magnitude-limited to about G = 20.7 mag, Gaia is
not only observing stars but also extragalactic sources such
as AGN. These objects are known to be variable, and can be
selected and identified by the supervised DR3 general classifi-
cation (Rimoldini et al. 2023). For the AGN-specific studies (for
details, we refer to Carnerero et al. 2023), there are two origins
in the Gaia DR3 vari_agn table: (1) a cleaned list from the clas-
sifiers and subsequent filters, and (2) peculiar sources that did
not pass filtering, but were considered of high interest, including
known blazars and lensed AGN.

The goal of the study of AGN was to select a high-
purity sample utilising variability properties, including the struc-
ture function (Simonetti et al. 1985) and the variability metrics
by Butler & Bloom (2011), and further properties, like colour,
astrometric parameters, and environment. In addition, as a
demonstration, Carnerero et al. (2023) estimated the time delay
between the photometric time series of the multiple images of a
lensed AGN. The Gaia sampling is often sparse; however, Gaia
time series could be systematically used from surveys of lensed
quasars to complement their data. The table vari_agn presents
872228 AGN candidates with more than 21 000 new identifica-
tions.

3.4.2. Cepheids and RR Lyrae stars

The Cepheids and RR Lyrae stars were present already in the
first two Gaia Data Releases. Upon each release, updates to
the pipeline and its output were published for RR Lyrae stars
(vari_rr_lyrae, see Clementini et al. 2023), and Cepheids
(vari_cepheid, see Ripepietal. 2023). From the Fourier
decomposition, astrophysical parameters of importance such as
the metallicity could be derived.

The RR Lyrae star catalogue contains nearly double the num-
ber of objects listed in Gaia DR2. It is the largest catalogue over
the whole sky with 270 905 entries, reaching the very faint limit
of Gaia with the mean G mag of 21.14.

The Cepheid sample reaches 15 006° with 5221, 4663, 4616,
321, and 185 in the Large Magellanic Cloud (LMC), the Small
Magellanic Cloud (SMC), M31, M33, and field stars or small
Milky Way satellites. From the literature, several reclassifica-
tions were carried out that added to the Cepheid class, amounting
to 327 objects, and 474 Cepheid candidates were not reported in
the literature.

3 Few star classifications have been corrected since the publication of
the archive table. The latter table gives 15021 Cepheids.
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In addition, RV time series for 1898 sources are included. To
demonstrate the beautiful Gaia data set with G, Ggp, Grp, and
RV measurements, an Image of the Week was published present-
ing the Hertzsprung progression®.

3.4.3. Compact companions

The variability pipeline also aimed to detect binaries with a com-
pact companion, that is, a black hole, a neutron star, or a white
dwarf. The approach used was to select ellipsoidal variability,
which could be caused by a compact object. Gomel et al. (2021)
showed that the identification could be achieved by a method
based on modified robust minimum mass ratio (mMMR), which
can be derived directly from the ellipsoidal amplitude without
knowledge of the primary radius or mass. The nature of the
compact companion then depends on the estimated minimum
mass of the secondary. The approach is conservative, because
the mMMR is always much smaller than the actual mass ratio
in the binary, and therefore candidates with large mMMR have a
relatively high probability of containing a compact companion.

Candidates for binary ellipsoidals with compact companions
are studied in vari_compact_companion; see Gomel et al.
(2023). Out of more than 6000 candidates, 262 have mMMR
larger than unity, with a larger probability of bearing a compact
companion. These should be studied with radial velocities for
necessary confirmation.

3.4.4. Eclipsing binaries

Another addition in DR3 is the SOS output for eclipsing bina-
ries in vari_eclipsing_binary; see Mowlavi et al. (2023).
This is the first Gaia catalogue of eclipsing binaries, containing
over two million candidates. The geometry of the G-band light
curves is modelled with a combination of Gaussian functions
to approximate the eclipses and a sine function to model any
ellipsoidal variability due to deformation of one or both com-
ponents in the binary (Mowlavi et al. 2017). The parameters of
the geometrical models are published in the catalogue, and an
analysis of the results is presented in Mowlavi et al. (2023). A
global ranking is also provided, which ranges from 0.4 to about
0.8 and sorts the candidates from least good to best candidates
relative to their model fits. This catalogue of eclipsing binaries is
purely based on the brightness variability and is complementary
to the detailed non-single source analysis published in the dif-
ferent DR3 tables; for example nss_two_body_orbit (seee.g.
Gaia Collaboration 2023a).

3.4.5. Exoplanetary transits

The photometric precision of Gaia is high and stable enough
that the data can be used to detect exoplanetary transits. The first
confirmed transiting exoplanet of Gaia, Gaia-1b, was announced
in March 2021 as a Gaia Image of the Week>. This object was
detected using the combined G, Ggp, Grp photometric measure-
ments of Gaia; see Panahi et al. (2022a). Spectroscopic observa-
tions were conducted by the Large Binocular Telescope in Ari-
zona in order to confirm its nature. In the article presenting the
method to select candidates (Panahi et al. 2022a), a second con-
firmed case is also announced, Gaia-2b.

The DR3 table vari_planetary_transit presents 214
sources: 173 are known systems and 41 are new candidates

4 https://www.cosmos.esa.int/web/gaia/iow_20220527.
> https://www.cosmos.esa.int/web/gaia/iow_20210330
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Table 2. 39 new planetary transit candidates.

Gaia DR3 Gaia DR3 Gaia DR3 Gaia DR3
66046877505607424 2015499135507395328 4441830580248083328 5481880275596734592
435993129634439936 2177849036734191744  4513959402068710656  5578530470116727936
460792064645351168 2196955937473897856  4535127268607000320 5594445630358459648
915921914974730368 2685725036820337408 4677436783705094912  5622845431584511744
980773034927503104 2930070089987088384  4895643593611507584 5735158757648658048
1218568950151657216  3215209257907330560 5058575995484206592 5836096154165283712
1622997463177004928 3450611154067089408 5345417757181174144 6061984878216187904
1761329598050642432  4136481216073713280 5348534425968598400 6076338109120572032
1797039953308437376  4224807772566402560 5431056347037926784 6081267254094015616
1982512068675148032  4368717970447788800 5432318139709900160 -

Notes. Two have been confirmed, namely Gaia DR3 3026325426682637824 and 1107980654748582144 (see Panahi et al. 2022a).

(of which two are now confirmed, Gaia-1b and Gaia-2b). Very
probably, the 39 remaining candidates contain some other plan-
etary systems awaiting RV confirmation. The list of the 41 Gaia
DR3 identifiers (source_ID) for the new candidates are provided
in Table 2.

The exoplanetary transit search is applying a Box-Least-
Square method (Panahi & Zucker 2021) on a first selection. This
initial set consisted of 18383 sources, resulting from the two
possible paths of SVD and general supervised classification (see
Fig. 3). The table vari_planetary_transit contains® infor-
mation about the period and properties of the transit as derived
from the Box-Least-Square for each source.

3.4.6. Long-period variables

The first Gaia catalogue of long-period variable stars was pub-
lished in DR2 with 151761 candidates with trimmed ranges in
the G magnitude larger than 0.2 mag variability (Mowlavi et al.
2018). In DR3, we present the second Gaia catalogue of long-
period variable stars, vari_long_period_variable, contain-
ing 1720558 sources with trimmed ranges in the G magnitude
larger than 0.1 mag amplitude (see Lebzelter et al. 2023). Fur-
ther selection criteria include filters on such parameters as a
combination of colour and brightness, number of epochs, and G-
band signal-to-noise ratio. Periods and associated model ampli-
tudes from the G-band light curves are provided for 392240
sources. In addition, a flag based on low-resolution RP spectra
is provided to identify carbon star candidates’. Some results are
shown in Lebzelter et al. (2023), such as the period-luminosity
relations for long-period variables in the solar neighbourhood
and in Local Group galaxies.

3.4.7. Main sequence oscillators

Using the GVD path, main sequence oscillator candidate stars
are not only available in the classification table (see above) but
also in vari_ms_oscillator, with details about the best fre-
quency and its harmonics (see Gaia Collaboration 2023b for
more details).

¢ This table, published with Gaia DR3, contains errors, and users
are advised to use the updated one. Please refer to the Gaia DR3
known issues page: https://www.cosmos.esa.int/web/gaia/
dr3-known-issues#VariPlanetaryTransit.

7 For an illustration of the method, see the Gaia image of the week
https://www.cosmos.esa.int/web/gaia/iow_20181115.

3.4.8. Microlensing

The microlensing events are being detected in real time by the
Gaia Science Alert system (cf. Hodgkin et al. 2021). This led,
for example, to discoveries such as the Gaial6aye event, which
was fully resolved thanks to its complexity (binary lens) and
to intense ground-based follow-ups (Wyrzykowski et al. 2020).
However, a detailed a posteriori analysis of all the Gaia data
searching for microlensing effects gives a different perspective
and can lead to new discoveries.

Microlensing candidates were selected from a preliminary
‘extractor’ method and confirmed in the SOS package, which
fitted the Paczynski model with and without blending; see
Wyrzykowski et al. (2023).

In the archive table vari_ms_microlensing, there are 363
reported events, among which 90 were not previously reported
and were not discovered by other surveys.

Gaia microlensing events are unique as Gaia can provide
both their photometric and astrometric time series. Analysis of
such combined data sets in the future will lead to the deriva-
tion of the nature of the lensing objects and might lead to the
discovery of isolated stellar remnants such as neutron stars or
black holes. A preliminary demonstration of Gaia capabilities
was given in a Gaia Image of the Week®.

3.4.9. Rotation modulation

Building on the DR2 experience (see Lanzafame et al. 2018),
vari_rotation_modulation includes candidate stars of rota-
tion modulation. Similarly to in DR2, the work package makes
use of the SVD path for variability detection, identifying poten-
tial sources with rotational modulation and/or flares, with a
refined analysis in the SOS pipeline to validate or invalidate
their status as stars displaying rotational modulation. For DR3,
the pipeline was updated, and the analysis was modified to
account for the longer photometric time series, allowing bet-
ter detection of rotational periods, and for the improved outlier
removal, together with different pipeline parameters, in partic-
ular a wider band in the colour-magnitude diagram near the
main sequence. The details can be found in Distefano et al.
(2023). In addition, a method was developed to identify spurious
signals.

8 https://www.cosmos.esa.int/web/gaia/iow_20210924.
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Fig. 5. Colour—(apparent)magnitude diagram for the short-timescale
candidates. We note that there are remaining artefacts. Care should be
taken in using this sample.

3.4.10. Short timescales

In the SVD path, further SOS tables were produced. The table
vari_short_timescale provides 471 679 candidates showing
short-timescale phenomena (<below 0.5-1 day), together with
timescale parameters. The same approach as in DR2 was used;
we therefore refer to Roelens et al. (2017) and Roelens et al.
(2018) for details. The colour-magnitude diagram in Fig. 5
shows magnitude effects due to the change of windowing scheme
or gating system. These effects are seen at magnitudes 10.5, 12,
and 13.2. Such observing strategy techniques still leave effects in
the calibrations and increase the noise. This type of variability is
spurious.

3.5. Verification, validation, and overlaps

The variability analysis underwent several verification and val-
idation steps towards the final publication in DR3. As part of
operational runs, so-called ‘violation rules’ were implemented
to omit the values of output parameters beyond the expected
ranges. For example, negative errors or periods/frequencies are
not allowed. In some cases, complex rules were implemented,
which depended on other parameters. Such rules allowed the
early detection of software bugs and their correction for the final
operational run.

Before exporting our data for inclusion in the pre-DR3
archive, different teams validated their samples of candidate vari-
able objects based on different criteria described in detail in
the relevant papers. Either automatic, reproducible criteria were
used, or visual inspections were carried out.

A specific validation step was carried out for the YSO vari-
ability type provided by classification, which detected 79 375
young stellar objects thanks to their variability. Cross-matches
with several catalogues were used to assess completeness and
contamination. Most of the classified YSOs are located in the
directions of known star forming regions and in the Galactic
midplane. Despite a percent level of completeness, about 40 000
new YSO candidates were found. More details can be found in
Marton et al. (2023).

In the next step before export, we carefully investigated over-
laps of sources between SOS packages. Initial counts identi-
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fied large overlaps between different SOS candidates and short-
timescale candidates (more than 300 000 sources) and eclipsing
binaries (about 260000 sources). However, overlapping num-
bers were significantly lower (<1-2k) for other classes. We
devised overlapping rules to attribute sources to one SOS pack-
age (e.g. if in both AGN and microlensing —or rotation mod-
ulation or short timescale— lists of candidates, the source was
attributed only to AGN; inversely, for example, if a source was
identified as AGN and Cepheid, it was eventually attributed to
Cepheid), or to allow overlap (e.g. short timescale and LPV —or
EB or MS oscillator or rotation modulation— candidates). The
overlaps for the SOS classes can be found in Fig. 6.

We emphasise that the best_class_name in
vari_classifier_result does not necessarily mean
that a source will only appear in the related SOS table; although
this is the case for the vast majority of cases of SOS packages
following classification. For the other cases, while some pack-
ages follow the classification step, sources can be identified
through other paths (e.g. SVD and microlensing extractor).
SOS packages in the GVD path take a range of classification
probabilities as input sources; that is, the best class only was not
necessarily considered. One can therefore find, for example, a
source in the vari_short_timescale table whose best class
is ‘SOLAR_LIKE’.

Eventually, checks were performed when exporting our data
to DPAC and inclusion in the pre-releases of the DR3 archive.
We note that further sources were removed at the DPAC level
before eventual publication in DR3.

4. Variability types and their properties

Variables are available in Gaia DR3 from the output of classifi-
cation and/or SOS. Table 3 provides the total numbers per vari-
ability type and their origin (either from classification or SOS).
We also note the counts from one channel only (e.g. from classi-
fication only, with no counterpart in SOS), and we also compute
the overlaps between the same classes coming either from clas-
sification or from the table of the SOS. The denomination of the
best_class_name and the table name are given as they appear
in the archive. In general, the sets formed by sources for a given
variability type from classification should have higher complete-
ness, and the sources from specific studies should have lower
contamination, although there are exceptions to this. For exam-
ple, the set of eclipsing binaries from classification is slightly
smaller. The set of exoplanetary transits from classification was
limited to match the final list of SOS. We give the detailed over-
laps between the classification and SOS packages in Fig. 7. We
note that the short-timescale and S types seem to cover very dif-
ferent populations.

The vari_summary table provides a wide range of statis-
tics and can be used for statistical descriptions of the variabil-
ity types. Tables 4 and 5 present properties of these variability
types, as they appear either from the supervised classification or
from the SOS. These tables allow us to determine the distribu-
tion of parameters for each variability class. Here, we provide
the first and last decile and the median of these distributions for
the trimmed range in G mag, the ratio of the colour variation (i.e.
ratio of trimmed ranges of Ggp to those of Grp), and depending
on the table, the colour and absolute magnitude distribution or
the period.

Some amalgamations of DR3 tables between the type groups
from classification and the main sequence oscillators allow us to
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Table 3. Total numbers of sources per variability type.

Variability type/type group Total Classification name SOS table name Classif. N SOS
Count Count
(Only Classif.) (Only SOS)
a? CVn and associated stars 10779 ACV]|...|SXARI - -
10779
a Cygni stars 329 ACYG - -
329
Active galactic nuclei or QSO 1035254 AGN vari_agn 872181
1035207 872228
(163 026) (47)
B Cephei stars 1475 BCEP - -
1475
Be stars, y Cas and associated stars 8560 BE|...|WR - -
8560
Cepheids 16175 CEP vari_cepheid 14987
16 141 15021
(1154) (34)
Cataclysmic variables 7306 CV - -
7306
6 Scuti/y Doradus/SX Phoenicis stars 748 058 DSCT/GDOR
748058
Eclipsing binaries 2184496 ECL vari_eclipsing_binary 2184337
2184356 2184477
(19) (140)
Ellispoidal variations 65300 ELL - -
65300
Exoplanetary transits 214 EP vari_planetary_transit 214
214 214
0 0
Long-period variables 2326297 LPV vari_long_period_variable 1720066
2325775 1720588
(605709) (522)
Microlensing events 430 MICROLENSING vari_microlensing 187
254 363
67) (176)
R Coronae Borealis stars 153 RCB - -
153
RR Lyrae stars 297981 RR vari_rrlyrae 271576
297778 271779
(26202) (203)
RS Canum Venaticorum 742263 RS - -
742263
Subdwarf B stars 893 SDB - -
893
Short-timescale 983 185 S vari_short_timescale 499
512005 471679
(511506) (471 180)
Supernovae 3029 SN - -
3029
Solar-like variability 2306297 SOLAR_LIKE vari_rotation_modulation 102573
1934 844 474026
(1832271) (371453)
Slowly pulsating B star 1228 SPB - -
1228
Symbiotic System 649 SYST - -
649
Variable white dwarfs 910 WD - -
910
Young stellar objects 79375 YSO - -
79375

Notes. The counts are also given for the intersection of classification set and SOS set for the same variability type. The detailed overlaps between
different classes from Classification and SOS are shown in Fig. 7. In parenthesis are the numbers, for the same variability type, of the sources of
classification(SOS) at the exclusion of SOS(classification), respectively.
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Overlap between SOS tables

vari_short_timescale 218929 3159 8470 4977 471679
vari_rrlyrae 271779
vari_rotation_modulation 2 1416 7 1 474026 4977
vari_planetary_transit 214 1
vari_ms_oscillator 54476 7 8470
vari_microlensing 363
vari_long_period_variable 1720588 3159
vari_eclipsing_binary 80 2184477 1416 218929
vari_compact_companion 2 | 6306 2
vari_cepheid 15021 2 80
vari_agn 872228
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Fig. 6. Overlap between the variability types from different SOS tables.

split some type groups. For example, we are able to derive prop-
erties of y Doradus stars and ¢ Scuti stars; see Table 6. It should
be noted that the period distribution of the main sequence oscil-
lators is formed by distinct groups with each having a distinct
period distribution and therefore biases somewhat these global
properties.

Here, we feel we must warn readers about the use of weight-
ing in statistics. There are different methods to estimate the sta-
tistical values of a distribution for a given sample. As different
estimators are used, there are therefore different possible values.
Moreover, some estimators can be less precise, less robust to
outlying values, or some might present biases under certain con-
ditions. Here we show a difference in the archive tables for the
sample mean, one of the most basic statistical quantities.

We are comparing the value phot_g_mean_mag of the table
gaia_source and the value mean_mag_g_fov of the table
vari_summary. The first value is computed as a weighted mean
on the AF CCD fluxes and then converted into magnitude, while
the second is computed as a mean of the FoV magnitudes in the
time series after the operators, that is, without the use of weights.

Differences between the above values are expected, as the
means are computed before a logarithmic transformation for the
first case and after the transformation in the second case. Another
source of possible differences is that the data sets that have been
included in computing the estimated value may not be strictly
similar, because some observations might have been rejected
(e.g. see Sect. 3.1).
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Here we want to point out another difference between the
above values. The weighting procedure may bias the results
when the signal is highly variable. This bias emerges because
the uncertainty is correlated with the value and therefore skews
the result (Lecoeur-Taibi & Eyer 2016). We use large-amplitude
variables such as long-period variables, Cepheids, RR Lyrae
stars, and eclipsing binaries to demonstrate this. In Fig. 8, we
plot the difference (weighted vs. unweighted) of the means as a
function of the unweighted mean. The flux-weighted means pro-
vide fainter values in general than the unweighted means, and
the larger the amplitude, the larger the bias. Details of this rela-
tionship will be presented in a separate article (Eyer et al., in
prep.). This section serves as a warning and a demonstration that
extreme care should be taken even with simple statistics.

5. Completeness and contamination

Given the large number and variety of classes of variable stars,
it is important to provide estimates of completeness and con-
tamination when classifying them’. We give these estimates in
Table 7 for the SOS tables. For the completeness and contam-
ination estimates of the variability types from the classifiers,

° In some of the DR3 articles, the term purity (1—contamination) is
sometimes preferred.
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Table 4. Variability types from classification together with variability quantities in photometry and in the colour-magnitude diagram.

Variability type Number" TR(G)® (mag) TR(Ggp)/TR(Ggrp)® Mg® (mag) Gep—Grp® (mag)
Q10/Q50/Q90 Q10/Q50/Q90 (Q10/Q50/Q90) Q10/Q50/Q90
ACV|CP|... |SXARI® 10779 0.018/0.025/0.064 0.79/1.31/1.96 —-0.63/0.88/2.06 —0.016/0.22/0.45
ACYG 329 0.031/0.053/0.084 0.59/0.97/1.23 —6.06/—4.86/-3.64 0.28/0.65/1.17
AGN 1035207 0.22/0.36/0.58 0.75/1.16/1.84 NA 0.39/1.22/2.47
BCEP 1475 0.020/0.031/0.066 0.95/1.21/1.56 -2.74/-1.37/-0.33 —0.032/0.34/1.13
BE|GCAS|SDOR[WR 8560 0.047/0.098/0.26 0.52/0.79/1.24 -2.83/-1.53/-0.37 0.16/0.78/2.16
CEP 16 141 0.22/0.46/0.84 1.25/1.59/1.83 -2.83/-1.02/1.14 0.99/1.76/2.96
(Y% 7306 0.64/1.7/3.6 0.84/1.22/1.73 5.12/8.39/11.02 0.23/0.66/1.26
DSCT|GDOR|SXPHE 748058  0.017/0.024/0.065 0.89/1.35/1.85 1.46/2.52/3.32 0.46/0.62/0.85
ECL 2184356 0.11/0.28/0.57 0.93/1.28/2.32 2.27/4.27/6.61 0.73/1.19/1.84
ELL 65300 0.040/0.076/0.15 1.16/2.10/4.51 1.23/3.31/5.71 1.30/1.78/2.66
EP 214 0.009/0.016/0.029 0.9§/1.29/1.72 3.05/4.23/5.86 0.65/0.84/1.21
LPV® 2352775 0.11/0.19/0.58 1.62/2.64/7.33 -2.33/-1.23/0.91 2.32/3.34/4.80
MICROLENSING 254 0.22/0.62/1.46 0.86/1.22/2.52 NA 1.43/1.79/2.70
RCB 153 1.18/4.28/6.73 0.84/1.14/1.38 -3.34/-1.27/3.31 1.42/2.15/3.11
RR 297778 0.31/0.53/0.89 1.10/1.54/1.93 0.19/0.02/3.70 0.48/0.75/1.40
RS 742263 0.054/0.094/0.17 1.10/1.48/2.27 2.20/4.62/6.62 1.02/1.32/1.69
S 512005 0.34/0.58/0.81 1.17/1.88/3.19 5.47/7.76/10.1 1.09/1.47/1.91
SDB 893 0.025/0.033/0.044 0.54/0.90/1.54 3.90/4.40/4.83 —0.42/-0.34/-0.22
SN 3029 0.62/2.53/4.30 0.63/1.09/1.69 NA NA
SOLAR_LIKE 1934844  0.019/0.028/0.056 1.22/1.68/3.04 4.79/6.01/8.29 0.96/1.26/2.04
SPB 1228 0.029/0.038/0.058 0.78/1.17/1.45 —1.51/-0.19/0.66  —0.17/-0.052/0.042
SYST 649 0.17/0.32/0.77 1.11/2.41/3.84 —2.88/—1.39/1.08 1.40/2.65/3.70
WD 910 0.035/0.071/0.016 0.51/0.83/1.39 7.90/11.5/12.1 —0.46/-0.007/0.18
YSO 79375 0.037/0.085/0.21 1.53/3.84/9.14 5.13/7.86/9.76 1.91/2.74/3.46

Notes. P Total number of sources in vari_classifier_result. PTrimmed range in G, using sources with N > 15 epochs in Ggp and Ggp.
®Calculated using the ratio of the trimmed ranges in Ggp and Ggp, for sources with N > 15 epochs in Ggp and Ggp and median magnitudes < 20
in Ggp and < 19.5 in Ggp. ¥ Calculated using a gaia_source.parallax_over_error > 5, and for sources with N > 15 epochs in Ggp and Ggp.
) ACV|CP|[MCP|ROAM|ROAP|SXARI. ©The lower boundary of TR(G) for LPV was set to 0.1 mag; see Lebzelter et al. (2023).

Table S. Variability types from SOS together with variability quantities in photometry and in time.

Variability type! Number TR(G)® (mag) TR(Ggp)/TR(Ggp)®  Period/Time scale
Q10 /Q50/ Q90 Q10 /Q50/ Q90 Q01/Q50/Q99
AGN 872228 0.21/0.35/0.58 0.75/1.16/1.82
Compact companions 6306 0.14/0.16/0.19 1.09/1.64/2.81 0.28/0.41/0.89
Cepheids 15021 0.22/0.46/0.84 1.26/1.59/1.82 1.49/3.90/16.5
-6 Cep 12897 0.22/0.45/0.81 1.31/1.60/1.83 1.55/3.76/15.0
— T2CEP 1534 0.19/0.55/0.96 1.14/1.42/1.79 1.46/8.18/30.0
— ACEP 376 0.29/0.60/0.96 1.17/1.52/1.78 0.84/1.28/1.89
Eclipsing binaries 2184477 0.11/0.28/0.57 0.93/1.28/2.32 0.28/0.48/3.83
Long-period variables 1720588 0.11/0.19/0.51 1.66/2.56/7.07 53.1/245.8/565.6
Microlensing events 363 0.14/0.52/1.34 0.92/1.22/2.40 25.3/59.3/161.2
Main-sequence oscillators 54476 0.022/0.044/0.177 0.81/1.35/1.74 0.048/0.087/2.53
Planetary transits 214 0.0094/0.016/0.029 0.91/1.29/1.72 0.59/1.26/4.88
Rotation modulation 474026 0.013/0.032/0.099 1.22/1.78/3.51 0.41/2.24/8.44
RR Lyrae stars 271779 0.32/0.54/0.90 1.09/1.53/1.91 0.47/0.57/0.67
—RRab 175350 0.36/0.67/0.94 1.13/1.53/1.90 0.48/0.57/0.67
- RRc 94422 0.28/0.38/0.49 1.01/1.54/1.95 0.26/0.32/0.38
—RRd 2007 0.43/0.51/0.66 0.99/1.46/1.76 0.46/0.49/0.55
Short-timescale 471679 0.014/0.13/0.48 0.96/1.30/2.58 0.08/0.14/0.44

Notes. The last column provides a period as most packages analyse periodic variability, with the exception of short-timescale and microlensing,
where a timescale is provided. The periods and timescales are given in days. " Total number of sources in different SOS tables. ®Trimmed range
in G, using sources with N > 15 epochs in Ggp and Ggp. ®Calculated using the ratio of the trimmed ranges in Ggp and Ggp, for sources with
N > 15 epochs in Ggp and Ggp and median magnitudes <20 in Ggp and <19.5 in Ggp.
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Overlap between Classification and SOS tables

vari_short_timescale 100 1 186 21 40 168 40527218927 18 3660 1814 18009 499 29 1076 80 1 93 499
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vari_rotation_modulation 7 1416 2 1 2 20050 35 102573 62
vari_planetary_transit 214
vari_ms_oscillator 5 174 223 53640 434
vari_microlensing 10 187 1
vari_long_period_variable 19 1720066 502
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Fig. 7. Overlap between best_class_name in vari_classifier_result and SOS tables.

Table 6. Variability types from an intersection of Classification and SOS, together with variability quantities in photometry and in time.

Variability type”’  Number TR(G)® (mag) TR(Ggp)/TR(Ggp)® Period
Q10/Q50/ Q90 Q10/Q50/ Q90 Q01/Q50/Q99

6 Scuti 37530  0.02/0.05/0.22 0.90/1.43/1.76 0.05/0.07/0.11

v Doradus 16110  0.02/0.04/0.07 0.69/1.15/1.65 0.58/1.66/5.35

Notes. The periods are given in days. (" Total number of sources using a cut in period of 0.25d to separate § Scuti stars from y Doradus stars, the
latter having longer periods. ® Trimmed range in G, using sources with N > 15 epochs in Ggp and Ggp. ®’Calculated using the ratio of the trimmed
ranges in Ggp and Ggp, for sources with N > 15 epochs in Ggp and Ggp and median magnitudes <20 in Ggp and <19.5 in Ggp.

we refer to the article dedicated to classification Rimoldini et al.
(2023). We note that these estimates strongly depend on the
variability type. For some variability types, we did not deter-
mine these estimates either because the current knowledge is
too sparse (compact companions) or because the variability
class is too broad (short-timescale variability, main sequence
oscillators).

6. Hertzsprung—Russell diagrams of variable stars

Here we show the position of variable stars in the Hertzsprung-
Russell colour-magnitude diagrams for different stellar systems:
the LMC and the SMC (cf. Figs. 9 and 10). For different types
of variable stars in our Galaxy, the Hertzsprung-Russell dia-
grams can be found in Rimoldini et al. (2023). As these sys-
tems have different chemical compositions, ages, and formation
history, their variable star content is different. Furthermore, the
observational constraints are different, and as a consequence,
the possible contaminations are also different. For the SMC
and LMC, we assume that they are at a fixed distance, and we
do not correct any depth effect, which means that plotting the
apparent magnitude is directly related to their absolute magni-
tude. We also make a selection on the parallax, which should be
smaller than five times its error, and on proper motions following
Gaia Collaboration (2021).
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We can make some interesting observations, such as how
the location of Cepheids in the LMC and SMC is not simply a
shift of half a magnitude fainter for the latter. Instead, Cepheids
extend to fainter absolute magnitudes in the SMC, which is
partly due to the distinct metallicity of each region. Stars with
lower metallicities exhibit blue loops at lower masses for their
evolutionary track in the Hertzsprung-Russell diagram, causing
the SMC to possess a higher proportion of Cepheids relative to
its overall population.

7. Gaia—TESS synergy for exoplanets

The 34 months of Gaia data used for DR3 have also been
used to analyse the transiting exoplanet of the TESS mission
(Ricker et al. 2015). The TESS mission is surveying bright stars
in search of exoplanets using the transit method. TESS issues
a monthly list of newly discovered candidates of transiting exo-
planets. However, the TESS point spread function is large (about
1 arcmin), and therefore the light of each target star blends with
the light from nearby sources. Therefore, follow-up photometric
observations are required in order to exclude false detections of
transits that are actually caused by blending with a nearby eclips-
ing binary. Thanks to its high spatial resolution and multi-epoch
photometry, Gaia can help determine the true nature of the can-
didate variability. A collaboration between Gaia and TESS was
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Fig. 8. Diagrams of the differences between two estimators of the mean found in the Gaia archive (mean_mag_g_£fov in the vari_summary table
and phot_g_mean_mag in the gaia_source table). The weighted mean on fluxes versus the unweighted mean on FoV magnitudes. The colour
scale is the range of the magnitude distribution, and is therefore given as a function of the signal amplitude. Top left panel: Long-period variables.
Top right: Cepheids. Bottom left: RR Lyrae stars. Bottom right: Eclipsing binaries.

established, and TESS exoplanet candidates are regularly anal-
ysed within the Gaia consortium using unpublished Gaia data,
and the results are shared with the TESS collaboration. With a
rate of about 5%, Gaia can identify false-positive candidates,
and at a rate of about 5%, Gaia can even confirm true detections
of transiting planets. Panahi et al. (2022b) present the details of
this ongoing cooperation. As soon as the 66 months of calibrated
data are available internally to the consortium, these new data
will be used by this Gaia—TESS collaboration to improve the
above rates.

8. Conclusions

The Gaia DR3 catalogues of variable sources will serve as a
basis for diverse scientific studies. This article summarises the
processing and analysis that was carried out in order to pro-
duce DR3. More details can be found in the Gaia DR3 arti-
cles on specific topics, as listed in Sect. 3. One of these articles
was written in the context of a performance-verification paper
(Gaia Collaboration 2023b) and allowed a deeper analysis of the
pulsations in main-sequence OBAF-type stars.

The future data releases DR4 and DRS will bring major
improvements:

— At each of these data releases, the number of measurements
will roughly double with respect to the previous release.

— There will be an improvement in calibrations and the tech-
niques to detect and/or avoid instrumental effects.

— The use of the BP, RP, and RVS spectra time series, radial
velocities, and per-CCD time series will be considered for
each of the variability types when deemed useful.

— Classification training sets will grow in quality, and the
attributes of the classification will be further tailored to each
variability class.

— An unsupervised classification will be implemented in addi-
tion to the supervised classification.

For some sky regions, the total number of per-CCD measure-
ments may be above 2000 for a ten-year mission. The increase
in time span and the number of measurements available will cre-
ate the possibility to detect multi-periodic signals with a high-
frequency resolution (provided that the star behaviour is stable
over ten years).

There will be even more synergy in the future with
other large surveys such as ZTF (Graham et al. 2019), TESS
(Ricker et al. 2015), LSST (LSST Science Collaboration 2009),
PLATO (Rauer et al. 2014), and so on. As mentioned in Sect. 7,
one identified synergy which is currently under exploitation
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Table 7. Variability type completeness and contamination estimates of the SOS tables with respect to available cross-matched reference catalogues.
For the classification of variability types without specific studies, we refer to Rimoldini et al. (2023).

Group Variability type Catalogue (and region) Completeness Contamination
AGN agn Gaia-CRF3 51% <5%
AGN agn SDSS-DR16Q @ 47% <5%
Cepheids Classical Cepheids OGLE IV MW) >86% <2%
Cepheids All Cepheids OGLE IV (LMC & SMC) ~90% <1%
Eclipsing binaries eclipsing_binary OGLE-1V (LMC/SMC/Bulge) 33/45/19% ~5%
LPV long_period_variable ASAS-SN and OGLE HI-LPV ® 79-83% 0.7-2%
Microlensing microlensing OGLE-1V (Bulge, Disk) 30-80% <1%
Rotation modulation ~ rotation_modulation ZTF 0.4 % © 6%
Rotation modulation  rotation_modulation ASAS-SN 0.4% 14%
RR Lyrae stars rrlyr OGLE-IV (LMC) 83% <1.8%
RR Lyrae stars rrlyr OGLE-IV (SMC) 94% <8%
RR Lyrae stars rrlyr OGLE-1V (Bulge-up) 79% <0.15%
RR Lyrae stars rrlyr OGLE-1V (Bulge-down) 82% -

Notes. The surveys used as references are SDSS (Lyke et al. 2020), OGLE (Udalski et al. 1992), ASAS-SN (Kochanek et al. 2017), and ZTF
(Graham et al. 2019). @+10deg < Dec < +50 deg and 130deg < RA < 220 deg.  All OGLE-III regions are considered, but filtered by amplitude
and specific sky positions. Contamination rate derived from ASAS-SN only. ©'The completeness is strongly dependent on the G magnitude and
on the ecliptic latitude (see the discussion in Distefano et al. 2023 for further details).
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Fig. 9. Colour-Magnitude diagram for the variables in the LMC. We
remind that the LMC modulus distance is about 18.5 (see for example
Pietrzyniski et al. 2019 with a value of 18.477).

takes advantage of the much higher spatial resolution of Gaia to
identify photometric blends in TESS in order to avoid the false
detection of exoplanetary transits.

Combining ZTF and/or LSST data with Gaia will be very
beneficial as the sampling strategies are very different while
the photometric precisions and depths have some overlaps, thus
allowing for combined data analyses.

Acknowledgements. The acknowledgements are available in Appendix A.
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Appendix B: Atlas of light curves

We present a small atlas of light curves having a long term vari-
ability in Figs B.1 and B.2.
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Fig. B.1. Light curve of the microlensing event Gaia DR3
36062116819613165952, the AGN Gaia DR3 5008130024044117504,
and the SN Gaia DR3 2859217423244109952.
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Fig. B.2. Light curve of the Be star Gaia DR3 5862198186620680064,
R CBr stars Gaia DR3 6430756164669198336, and the long-period
variable Gaia DR3 6061778685384497920.
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Appendix C: Examples of ADQL queries for the
Gaia archive

We give in this section some examples of the queries that
were used to produce numbers, tables, and figures of this
article.

For the Table 1.
éll vgriables (including spurious variability from galaxies) and
APS:

SELECT COUNT(*)
FROM (SELECT source_id, phot_variable_flag,
in_andromeda_survey
FROM gaiadr3.gaia_source_lite
WHERE phot_variable_flag = ’VARIABLE’
OR in_andromeda_survey = ’t’
OR in_galaxy_candidates = 't’) AS s
FULL OUTER JOIN gaiadr3.galaxy_candidates g
ON g.source_id = s.source_id
WHERE s.phot_variable_flag = ’VARIABLE’
OR s.in_andromeda_survey = ’'t’
OR g.vari_best_class_name = ’'GALAXY’

All variables: all "true’ variables and galaxies:

SELECT COUNT(*)
FROM (SELECT source_id, phot_variable_flag

FROM gaiadr3.gaia_source_lite

WHERE phot_variable_flag = ’VARIABLE’

OR in_galaxy_candidates = 't’) AS s

FULL OUTER JOIN gaiadr3.galaxy_candidates g

ON g.source_id = s.source_id
WHERE s.phot_variable_flag = ’VARIABLE’

OR g.vari_best_class_name = ’'GALAXY’

All classifications: classification of ‘true’ variables and

galaxies

SELECT COUNT(*)

FROM gaiadr3.vari_classifier_result c

FULL OUTER JOIN gaiadr3.galaxy_candidates g
ON c.source_id = g.source_id

WHERE g.vari_best_class_name = ’GALAXY’
OR c.best_class_name IS NOT NULL

Vari_summary: all ‘true’ variables + GAPS (with overlaps), i.e.
number of sources having time series:

SELECT COUNT (*)
FROM gaiadr3.gaia_source_lite
WHERE has_epoch_photometry = ’t’
All variable sources:
SELECT COUNT(*)
FROM gaiadr3.gaia_source_lite
WHERE phot_variable_flag = ’'VARIABLE’
Classifications of ‘true’ variables from the supervised classifier:

SELECT COUNT(*)
FROM gaiadr3.vari_classifier_result

Classifications of galaxies (artificial variability, in the galaxy
candidates table):

SELECT COUNT(*)
FROM gaiadr3.galaxy_candidates
WHERE vari_best_class_name = ’GALAXY’

GAPS, among which 12618 published variable sources and
7579 galaxies:

SELECT COUNT (*)
FROM gaiadr3.gaia_source_lite
WHERE in_andromeda_survey = ’'t’

Number of SOS sources with period(s) published:
<TODO>

Variable stars (RR Lyrae and Cepheids) with radial velocity time
series:

SELECT COUNT (*)
FROM gaiadr3.gaia_source_lite
WHERE has_epoch_rv = ’'t’

For the Table 3.
Union of tables:

SELECT source_id FROM gaiadr3.vari_rrlyrae

UNION

SELECT source_id FROM gaiadr3.vari_classifier_result
WHERE best_class_name = 'RR’

Intersection of tables:

SELECT COUNT(*) FROM gaiadr3.vari_classifier_result AS c
INNER JOIN gaiadr3.vari_agn AS sos
ON (c.source_id = sos.source_id)
WHERE c.best_class_name = ’AGN’
A table where the intersection with another table is
removed:

SELECT COUNT(*) FROM gaiadr3.vari_classifier_result AS c
LEFT JOIN gaiadr3.vari_agn AS sos
ON c.source_id = sos.source_id
WHERE c.best_class_name = ’AGN’
AND sos.source_id IS NULL

For the Table 5.
The table extracts columns from two different tables:

SELECT s.source_id, sos.frequency, sos.amplitude,
vs.median_mag_bp, vs.median_mag_rp, vs.range_mag_g_fov,
vs.trimmed_range_mag_g_fov, vs.range_mag_bp,
vs.trimmed_range_mag_bp, vs.range_mag_rp,
vs.trimmed_range_mag_rp, vs.std_dev_mag_g_fov,
vs.std_dev_mag_bp, vs.std_dev_mag_rp,
vs.num_selected_g_fov, vs.num_selected_bp,
vs.num_selected_rp
FROM gaiadr3.vari_summary as vs
INNER JOIN gaiadr3.vari_long_period_variable AS sos
ON (vs.source_id=sos.source_id)
WHERE vs.num_selected_bp > 15
AND vs.num_selected_rp > 15
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