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ABSTRACT

Context. Gaia Data Release 3 (DR3) provides a number of new data products that complement the early DR3 made available two
years ago. Among these is the first Gaia catalogue of eclipsing-binary candidates containing 2 184 477 sources with brightnesses from
a few magnitudes to 20 mag in the Gaia G-band and covering the full sky.

Aims. We present the catalogue, describe its content, provide tips for its use, estimate its quality, and show illustrative samples.
Methods. Candidate selection is based on the results of variable object classification performed within the Gaia Data Processing and
Analysis Consortium. Candidates are then further filtered using eclipsing-binary-tailored criteria based on the G-band light curves.
To find the orbital period, a large ensemble of trial periods is first acquired using three distinct period-search methods applied to the
cleaned G light curve of each source. The G light curve is then modelled with up to two Gaussians and a cosine for each trial period.
The best combination of orbital period and geometric model is finally selected using Bayesian model comparison based on the BIC.
A global ranking metric is provided to rank the quality of the chosen model between sources. The catalogue is restricted to orbital
periods larger than 0.2 days.

Results. Of ~600 000 available crossmatches, about 530 000 of the candidates are classified as eclipsing binaries in the literature as
well, and 93% of them have published periods compatible with the Gaia periods. Catalogue completeness is estimated to be between
25% and 50%, depending on the sky region, relative to the OGLE4 catalogues of eclipsing binaries towards the Galactic Bulge and the
Magellanic Clouds. The analysis of an illustrative sample of ~400 000 candidates with significant parallaxes shows properties in the
observational Hertzsprung-Russell diagram as expected for eclipsing binaries. The subsequent analysis of a subsample of detached
bright candidates provides further hints for the exploitation of the catalogue. We also address the observed lack of short-period (less
than a day) systems in the Magellanic Cloud in comparison to Galactic systems. The orbital periods, light-curve model parameters,
and global rankings are all published in the catalogue with their related uncertainties where applicable.

Conclusions. This Gaia DR3 catalogue of eclipsing-binary candidates constitutes the largest catalogue to date in terms of number of

sources, sky coverage, and magnitude range.
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1. Introduction

Most stars are in binary systems and a fraction of them appear to
an observer as eclipsing. Under certain conditions, these eclips-
ing systems allow us to determine fundamental parameters of
stars, such as mass and radius, together with the orbital param-
eters. They provide a stringent test for stellar evolution when
the two stars are in wide systems, while they are laboratories
for many physical processes when the two stars interact with
one another. Some eccentric systems can also serve as a test of
the theory of general relativity thanks to the determination of
their apsidal motion. In addition, when one of the components

is oscillating and provides suitable conditions to perform aster-
oseismology, the system provides an independent determination
of stellar parameters and the possibility to test the asteroseismic
scaling relations. Clearly, eclipsing binaries are exceptionally
interesting objects for astronomy. Still, the number of well-
studied cases is relatively small. For example, the catalogue of
well-studied systems presented by Southworth (2015) contains
170" binaries, based on an initial compilation of 45 eclipsing
binaries by Andersen (1991).

' 305 binaries on Aug. 30, 2022, see https://www.astro.keele.

ac.uk/jkt/debcat
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With the advent of large-scale multi-epoch ground-based
photometric surveys, pioneered by the microlensing search
‘Expérience pour la recherche d’objets sombres’ (EROSI1
Renault et al. 1998), the ‘Massive compact halo object’ exper-
iment (MACHO Alcock et al. 1997), and the ‘Optical gravi-
tational lensing experiment” (OGLE2 Udalski et al. 1992), the
opportunities to find eclipsing binaries increased dramatically.
The precursor of Gaia, HIPPARCOS, already provided an all-sky
survey of eclipsing binaries (ESA 1997). The number of eclips-
ing binaries was rather limited, namely about 900 were found
among 11 597 detected variables (from 118 218 monitored stars),
yet ~30% of these were new candidates. Before the present
Gaia Data Release 3 (DR3), the largest catalogue specifically
dedicated to eclipsing binaries came from the OGLE4 survey
team with the publication of 40204 sources in the Large Mag-
ellanic Cloud (LMC, Pawlak et al. 2016), 8401 sources in the
Small Magellanic Cloud (SMC, Pawlak et al. 2016), and 450 598
sources towards the Galactic Bulge (Soszynski et al. 2016). In
parallel, multiple other large-scale multi-epoch surveys provide
additional opportunities, with automated classification of their
variable stars. Such is the case, for example, for (number of eclips-
ing binaries given in parenthesis) the Trans-Atlantic Exoplanet
Survey (TRES; Devor et al. 2008, 773), the All Sky Automated
Survey (ASAS; Pojmanski 2002; Pigulski et al. 2009, 1055 and
180, respectively), the Lincoln Near-Earth Asteroid Research sur-
vey (LINEAR; Palaversa et al. 2013, 2700), the EROS2 survey
(Kim et al. 2014, ~45 600), the CATALINA survey (Drake et al.
2017, 23 312), the Asteroid Terrestrial-impact Last Alert System
survey (ATLAS; Heinze et al. 2018, ~110000), and the Zwicky
Transient Facility survey (Chen et al. 2020, ~420 000). The cata-
logue of variable stars made available by the American Associa-
tion of Variable Star Observers (AAVSO) through their Variable
Star Index (VSX) database also provides a wealth of data for the
study of eclipsing binaries (Watson et al. 2006).

Space missions dedicated to exoplanet searches provide
another source of data for the study of eclipsing binaries. Their
strengths come from continuous, high-cadence observations on
long timescales combined with the high photometric precision
that can be obtained from space. Catalogues dedicated to eclips-
ing binaries from these missions include Kirk et al. (2016) for
Kepler (2878 candidates including ellipsoidal variables) and
Prsa et al. (2022) from the Transiting Exoplanet Survey Satel-
lite (TESS; 4584 eclipsing binaries), although these are limited
in terms of sky coverage and/or brightness range.

The Gaia space mission from the European Space Agency
(ESA) offers a new opportunity to study eclipsing binaries.
Launched at the end of 2013, this all-sky survey started its nom-
inal mission in July 2014 (Gaia Collaboration 2016). Among the
strong points of the mission for variability analysis, we can men-
tion, in addition to its well-known astrometric capabilities, the
large dynamical range reached in stellar brightness, from a few
magnitudes to fainter than 20 mag, the specific scanning law lead-
ing to irregularly sampled time series, and the quasi-simultaneity
(within tens of seconds) of the observations in G photometry, Ggp
and Ggp spectrophotometry, and RVS (Radial Velocity Spectrom-
eter) spectroscopy. Data products based on 34 months of astrome-
try and photometry data were released in the early DR3 (EDR3 in
December 3, 2020; Gaia Collaboration 2021; Riello et al. 2021).
These were complemented with numerous additional data prod-
ucts in DR3 (June 13,2022; Gaia Collaboration 2023b), including
variability catalogues for more than ten million variable objects
(Eyer et al. 2023).

This paper presents the first Gaia catalogue of eclipsing bina-
ries, published as part of Gaia DR3. It is the largest catalogue of

A16, page 2 of 45

its kind to date, with more than two million candidates. A bal-
ance was reached between completeness and purity. The selec-
tion of the eclipsing binaries starts with the classification of vari-
able objects performed within the Gaia Processing and Analysis
Consortium (DPAC) as described in Rimoldini et al. (2023), fol-
lowed by a specific eclipsing-binary module that automatically
selects a geometric two-Gaussian model (see Mowlavi et al.
2017) and orbital period based on the G light curves. Subse-
quently, there is a final filtering step on various statistical param-
eters. The Ggp and Ggrp time series were not used. The eclipsing-
binary processing pipeline is described in Sect. 2. In particular,
the section describes candidate selection, orbital period search,
the two-Gaussian model used to fit the morphology of the G light
curves, and the procedure implemented to automate the selection
of the best model and orbital period, as well as to derive uncer-
tainties for the determined parameters. Section 2 also details
the content of the catalogue. Recommendations for catalogue
exploitation using published parameters are given in Sect. 3. The
quality of the catalogue is then addressed in Sect. 4, with an esti-
mate of catalogue completeness and an investigation of the new
Gaia candidates. Illustrative samples of candidates with good
parallaxes are presented in Sect. 5, with a specific application to
the period—eccentricity analysis of bright candidates. Section 6
ends the main body of the text with a summary and conclusions.

Additional content is presented in four Appendices.
Appendix A presents an analysis of the various types of two-
Gaussian models used to fit the eclipsing-binary light curves.
Appendix B elaborates on the eccentricity proxy that can be
derived from the light curve. Appendix C presents additional fig-
ures referenced in the main body of the text. Appendix D com-
pletes the acknowledgments.

2. The catalogue

The 2184477 sources published in table gaiadr3.vari_
eclipsing_binary (under Variability in the Gaia archive)
constitute the Gaia DR3 catalogue of eclipsing binaries. The
candidates were selected considering a mixture of various cri-
teria with the goal of reaching a relatively good degree of com-
pleteness while limiting the level of contamination. The list of
sources in this catalogue is essentially the same as the list of
variables identified as eclipsing binaries in the general Gaia
DR3 classification table vari_classifier_result (variabil-
ity type ECL; for details, see Rimoldini et al. 2023). Small dif-
ferences nevertheless exist between the two tables. Nineteen
sources are present in the classification table but are not in
the catalogue of eclipsing binaries. Periods and light-curve
characterisation are therefore not available for these sources.
Conversely, the catalogue of eclipsing binaries contains 140 can-
didates not listed in the classification table because of a post-
processing step of the classification table that modified the label
of a small fraction of sources. In this paper, we restrict the anal-
ysis to the catalogue of eclipsing binaries.

From the two million eclipsing-binary candidates, 86918
were further processed within the DPAC to derive orbital
solutions. The results are published in table gaiadr3.
nss_two_body_orbit (under Non-single stars inthe Gaia
archive), with nss_solution_type=‘EclipsingBinary’.
We refer to Siopis et al. (in prep.) for a presentation of
that table. In addition, 155 of them have combined pho-
tometric + spectroscopic solutions (identified in the table
with nss_solution_type=‘EclipsingSpectro’). We refer
to Gaia Collaboration (2023a) for further information.
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Fig. 1. Sky-density map of the Gaia catalogue of eclipsing binaries in Galactic coordinates. The map is colour-coded according to the colour scale

shown to the right of the figure.

The distribution on the sky of the eclipsing-binary candidates
from the catalogue is shown in Fig. 1. The G light curves contain
between 16 and 259 cleaned field-of-view (FOV) measurements,
depending on the sky position according to the Gaia scanning
law. For each candidate, an orbital period is provided in the cata-
logue, together with a geometrical characterisation of its G light
curve and a global ranking that ranges from 0.4 to 0.84 (Eqs. (4)
and (5) in Sect. 2.2), where a higher value indicates a better light
curve characterisation. Figure 2 gives the G magnitude distri-
bution for the full catalogue (in black) and for the subsamples
with the highest (>0.6, in green) and lowest (<0.5, in red) global
rankings.

The eclipsing-binary pipeline is presented in Sects. 2.1-2.3.
The input to the pipeline is briefly described in Sect. 2.1. The
geometrical characterisation of the light curves is detailed in
Sect. 2.2, and our post-pipeline selection criteria are presented
in Sect. 2.3. The content of the catalogue is summarised in
Sect. 2.4.

2.1. Eclipsing-binary pipeline input

The eclipsing-binary module that generated the candidates
published here is part of the variability pipeline consisting
of several stages, which are described in Eyeretal. (2017,
2023). After a general variability detection performed on
all Gaia sources, variable source candidates go through a
classification stage (Rimoldini et al. 2023). Sources classified
as eclipsing binaries are then fed to our eclipsing-binary
module.

Not all sources initially classified as eclipsing binaries are
published in DR3. An initial selection keeps only sources that
are brighter than 20 mag in G, that have at least 16 cleaned FOV
measurements in their G light curves, and for which the skew-
ness in the G time series is larger than —0.2. This constitutes ~20
million sources. The eclipsing-binary pipeline then processes the
G light curves (as described in Sect. 2.2), and a final selection
further filters out sources according to period and folded light
curve properties (see Sect. 2.3).

nAll
I globalranking < 0.5
1 globalranking > 0.6

Counts per bin (x10%)
o HON W 0o N

eI
10 11 12 13 14 15 16 17 18 19 20
median(G) [mag]

Fig. 2. Distribution of G magnitude of the full sample (black histogram)
and of the samples with global ranking larger than 0.6 (filled green his-
togram) and smaller than 0.5 (red spiked histogram). The abscissa scale
is truncated at the lower side for improved visibility.

2.2. Light-curve characterisation

For each eclipsing-binary candidate, a geometric model of its G-
band light curve is constructed by fitting up to two Gaussians
and one cosine to the cleaned G-band time series. The Gaussian
components are designed to model the geometrical shape of the
light curve of the eclipses, and the cosine component is designed
to model the geometrical shape of an ellipsoidal-like variabil-
ity. The model is used to characterise the geometry of the light
curve, select the most probable orbital period based purely on
the photometry, and provide a ranking among all sources.

The ‘two-Gaussian’ model is introduced in Sect. 2.2.1, and
its derived parameters are described in Sect. 2.2.2. The period-
search method is then presented in Sect. 2.2.3, followed in
Sect. 2.2.4 by the procedure used to estimate the uncertainty on
these parameters. Our final strategy to select a light-curve model
for each source is given in Sect. 2.2.5.

2.2.1. Two-Gaussian model parameters

The geometrical model fitted to the G light curve consists of
up to two Gaussians and a cosine. The model can contain any
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Fig. 3. Schematic representation of the two-Gaussian model parame-
ters used in Eq. (3) to fit folded light curves of eclipsing binaries. The
ordinate represents magnitude in reverse order. Three cases are shown
with their primary eclipses (arbitrarily) located at phase 0.2. Case (a)
illustrates the modelling of a well-detached eccentric system using two
non-overlapping Gaussians. Case (b) shows a very tight circular sys-
tem modelled with two overlapping Gaussians. Case (c) represents a
tight circular system with an out-of-eclipse ellipsoidal variation mod-
elled with a cosine component. The red dashed horizontal line in each
panel indicates the value of the constant C in Eq. (3). The green areas
delimit the eclipse durations. The thin black dotted lines in the middle
and bottom panels show the individual Gaussian and/or cosine compo-
nents of the two-Gaussian models. The thick black solid lines show the
resulting two-Gaussian models.

combination of these three components, and not all are neces-
sarily present; it is referred to as a ‘two-Gaussian’ model irre-
spective of the number of components it eventually contains. A
full description of the model is given in Mowlavi et al. (2017), to
which we refer for more details. Below, we summarise the model
components and associated parameters.

A Gaussian component k is defined as

(p— #k)z)

2
207

JGauss(p) = dy exp (— ey

where ¢ is the orbital phase, that is (observation time — refer-
ence time 7)) modulo (orbital period), and py, di, and o7, are the
Gaussian parameters (phase location of the centre, depth in mag-
nitude, and width in phase, respectively) of the first (k = 1) and
second (k = 2) Gaussian, when present. A schematic representa-
tion of a model with two Gaussians mimicking a well-detached
binary system is shown in the top panel of Fig. 3, while the mid-
dle panel illustrates the case of a tighter system modelled with
two overlapping Gaussians. We note that there are not always
two Gaussians in the models and, when there are two, the first
Gaussian is not necessarily the deepest of the two.

When a Gaussian component is included, its mirror func-
tions at phases below zero and above one are automatically
added to take into account the contribution of the tails of the
Gaussian function from adjacent phases due to the periodicity of
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the eclipses (see Eq. (2) of Mowlavi et al. 2017). This is neces-
sary for a correct inclusion of wide Gaussians.

The cosine component, when present, has a period equal to
half of the orbital period, and is given by

@

where A,y is the amplitude of the cosine function. If there are any
Gaussian components, gy is either equal to u; or u,, depending
on whether the cosine is centred on the first or second Gaussian
component, respectively. If the model contains only a cosine, p
is fitted to the data as an independent parameter.

When all the components are present, the model writes

f(‘P) =C+ fGauss,l(‘p) + fGauss,Z(‘p) + ﬁ:os(‘pl (3)

where C is the reference level. The list of model types accord-
ing to the number of components, and the number of parame-
ters for each model type are summarised in Table 1. We note
that this model is adequate to represent eccentric systems only
in the absence of a cosine component, and that reflection —which
would be described with a cosine component with a period equal
to the orbital period- is not included in this first Gaia catalogue
of eclipsing binaries.

All parameters necessary to reconstruct the geometric model
are published in the catalogue, and are summarised in Table 2.
The model component parameters are given in field names
prepended with ‘geom_model_’. The orbital period is given as a
frequency (to which a frequency uncertainty can be associated,;
see Sect. 2.2.4), which is derived as described in Sect. 2.2.3. The
phase is computed based on this period and on the reference time
that is also published.

ﬁ:os(so) = Aell 005[471-(90 - ,uell)]s

2.2.2. Derived geometric model parameters

In addition to the ‘two-Gaussian’ model parameters, several
parameters are derived from the geometric model and published
in the catalogue in field names prepended with ‘derived_’
(see Table 2). These derived parameters give eclipse char-
acteristics (phase location, phase duration, depth) based on
the geometric model as given by Eq. (3). The deepest and
second-deepest eclipse information is stored in the ‘primary’ and
‘secondary’ eclipse fields, respectively. We reiterate that the
underlying Gaussian model components 1 and 2 have no spe-
cific order.

Derived eclipse parameters are only provided in association
with a Gaussian component. A dip in the folded light curve
that results from a cosine component and that has no associ-
ated Gaussian does not have derived eclipse parameters. There-
fore, models containing a cosine and a Gaussian, for example,
only have one set of derived eclipse parameters. Only the
‘derived_primary_*’ fields are then filled in the catalogue.
Likewise, purely cosine models have no derived parameters.

The derived eclipse phase locations are obtained by starting
at the centre of the Gaussian (1 or 2) and identifying the clos-
est zero-derivative (flat) point in the light curve, which is not
necessarily located at the same positions as the centres of the
Gaussians if they are not offset by 0.5 in phase or when there is
an ellipsoidal component. The derived eclipse depth is defined
as the distance between the model value at the derived pri-
mary or secondary eclipse phase and the brightest model value,
and the derived eclipse duration in phase is defined as 5.6 oy,
with o being defined in Eq. (1), with a maximum of 0.4 (see
Mowlavi et al. 2017). These last two definitions equally apply
for models with and without an ellipsoidal component.
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Table 1. Types of geometric models fitting the G light curves.

Model type No.of Model Description No. of

params  rank sources
TWOGAUSSIANS 8 6 Two Gaussians 1587926
TWOGAUSSIANS_WITH_ELLIPSOIDAL_ON_ECLIPSE1 9 5 Two Gaussians + cosine @ aligned on Gaussian 1 389725
TWOGAUSSIANS_WITH_ELLIPSOIDAL_ON_ECLIPSE2 9 4 Two Gaussians + cosine  aligned on Gaussian 2 85400
Total with two Gaussians 2063051
ONEGAUSSIAN 5 3 One Gaussian. 36984
ONEGAUSSIAN_WITH_ELLIPSOIDAL 6 2 One Gaussian + cosine @ 48215
Total with one Gaussian 85199
ELLIPSOIDAL 4 1 A cosine @ 36227
All 2184477

Notes. The columns give the model type, the number of model parameters, the ranking used in model prioritisation, a description of the model
type, and the number of sources of the given type in the Gaia DR3 table vari_eclipsing_binary. “’Cosine function with half the orbital period.

Table 2. Data fields in the Gaia DR3 table of eclipsing binaries (Gaia DR3 table vari_eclipsing_binary), with their units (Col. 2), the
mathematical symbol used in this paper (if used, Col. 3), and a short description (Col. 4).

Data field name Unit Symbol Description
source_id - Unique source identifier of the EB candidate
model_type - Geometric model type fitting the G light curve (Table 1)
num_model_parameters - Number of free parameters of the geometric model
global_ranking - Number between 0 (worst) and 1 (best)
reduced_chi2 - sze " Reduced x? of the geometric model fit
frequency day™!  fo = 1/Pop Orbital frequency of the EB
frequency_error day’1 Jorb.err Uncertainty on the orbital frequency
reference_time BID @ To Reference time for the geometric model fit
geom_model_reference_level mag C Magnitude reference level of geometric model
geom_model_reference_level_error mag Uncertainty on geom_model_reference_level_error
geom_model_gaussianl_phase - Ui Phase of Gaussian 1 ®)
geom_model_gaussianl_phase_error - Uncertainty on geom_model_gaussianl_phase_error ®
geom_model_gaussianl_sigma - o1 Width (standard deviation, in phase) of Gaussian 1 ®
geom_model_gaussianl_sigma_error - Uncertainty on geom_model_gaussianl_sigma_error ®
geom_model_gaussianl_depth mag d; Depth of Gaussian 1 ®)
geom_model_gaussianl_depth_error mag Uncertainty on geom_model_gaussianl_depth_error ®
geom_model_gaussian2_phase - w2 Phase of Gaussian 2 )
geom_model_gaussian2_phase_error - Uncertainty on geom_model_gaussian2_phase_error ©
geom_model_gaussian2_sigma - o) Width (standard deviation, in phase) of Gaussian 2 ©
geom_model_gaussian2_sigma_error - Uncertainty on geom_model_gaussian2_sigma_error ©
geom_model_gaussian2_depth mag dy Depth of Gaussian 2 ©
geom_model_gaussian2_depth_error mag Uncertainty on geom_model_gaussian2_depth_error
geom_model_cosine_half_ period_amplitude mag Aell Amplitude (half peak-to-peak) of the cosine component

with half the period of the geometric model ()
geom_model_cosine_half_period_amplitude_error mag Uncertainty on geom_model_cosine_half_period_amplitude @
geom_model_cosine_half_period_phase mag Mell Phase of the cosine component

with half the period of the geometric model ©)
geom_model_cosine_half_period_phase_error mag Uncertainty on geom_model_cosine_half_period_phase ©
derived_primary_ecl_phase - Pecl 1 Phase location at geometrically deepest point ®
derived_primary_ecl_phase_error - &(Pecl,1) Uncertainty on derived_primary_ecl_phase ®)
derived_primary_ecl_duration - Wel, 1 Phase duration of deepest eclipse in phase fraction ®)
derived_primary_ecl_duration_error - &(Wecl,1) Uncertainty on derived_primary_ecl_duration ®
derived_primary_ecl_depth mag decl1 Depth of deepest eclipse ).
derived_primary_ecl_depth_error mag Uncertainty on derived_primary_ecl_depth ®)
derived_secondary_ecl_phase - Pecl,2 Phase location at geometrically second deepest point ©
derived_secondary_ecl_phase_error - &(Pecl2) Uncertainty on derived_secondary_ecl_phase (©
derived_secondary_ecl_duration - Wecl 2 Phase duration of second-deepest eclipse in phase fraction ©
derived_secondary_ecl_duration_error - &(Wecl 2) Uncertainty on derived_secondary_ecl_duration ©
derived_secondary_ecl_depth mag decl2 Depth of second-deepest eclipse )
derived_secondary_ecl_depth_error mag Uncertainty on derived_secondary_ecl_depth ©

Notes. @Referenced time given in barycentric JD in TCB - 2455197.5 day. ®Null if no Gaussian component in the model. “Null if only one
Gaussian component in the model. “Null if no cosine component with half the period of the geometric model. ’Null if no cosine component
with half the period of the geometric model. Equal to one of the geom_model_gaussian®_phase and associated error if model type contains
“_WITH_ELLIPSOIDAL*”.
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2.2.3. Period search

The orbital period is obtained in two steps. First, a list of up
to 22 candidate periods is established from the G light curve as
described in this section. Two-Gaussian models are then fitted to
the light curve for each of these periods, and the best model is
selected as described in Sect. 2.2.5. The period of this best model
is the orbital period published in the catalogue together with the
best model parameters.

Due to the variety of eclipsing-binary light-curve geome-
tries, we combined the results of three different period-
search methods to identify the list of candidate periods. The
three methods are the Generalised Least-Squares (Heck et al.
1985; Cumming et al. 1999; Zechmeister & Kiirster 2009), the
Phase Dispersion Minimisation (Jurkevich 1971; Stellingwerf
1978; Schwarzenberg-Czerny 1997), and the String Length
(Lafler & Kinman 1965; Burke et al. 1970) methods. The choice
of these three different methods is based on earlier internal tests
on HIPPARCOS (ESA 1997) eclipsing binaries, which showed
that the highest level of correct period recovery is found in
the union of this ensemble. In the DR3 catalogue of eclips-
ing binaries, the unweighted procedure has been used in all
cases because the observations in the eclipses are fainter than
their corresponding out-of-eclipse values (and their uncertain-
ties consequently larger), and they would therefore be down-
weighted in a weighted procedure. Periodograms are computed
using these three methods in the frequency range between 0.005
and 15d~! (spanning 1.6 h to 200 d) using a fixed frequency step
of 1073d7!.

The two most significant peaks in each of the three peri-
odograms are then gathered in a list of candidate frequencies,
to which half and twice their values are added for all three meth-
ods, as well as one-third and four times their values for Gener-
alised Least-Squares. In this way, a set of 22 candidate periods is
constructed, some of which might overlap between the different
methods.

2.2.4. Model parameter uncertainties

Due to the often low duty cycle of eclipsing signals (e.g., down
to an adopted minimum of three observations in eclipse), esti-
mations of the uncertainties in our models can be inherently
imprecise. As formal errors from the least-squares fit do not cap-
ture any modelling errors, we opted for the jackknife method
to get a sense of the uncertainties around our best-fit-solution
parameters.

For this data release, we implemented a Jackknife method
with non-robust mean and variance estimates (Wall & Jenkins
2003). This means that, in order to estimate the uncertainties of
the best-fit-model parameters p (including frequency, reference
level, and derived parameters) of a source with N observations
Xi—1-n, we refit the model N times, where each time one of the
observations X; is left out. Generally, for each refit, this recovers
a similar, but not identical parameter solution p; of which the
variance

N-1< 1YY

12 —

o)y = —— ;i — — i

() = — Zl [p I Zp]

(Eq. (6.20) in Wall & Jenkins 2003) is used to populate the
uncertainty estimate. Because instances of the N jackknife refits
can cause non-convergence, a minimum of 30% converged solu-
tions was required to estimate the uncertainties. If more than
70% of the refits failed, the model is rejected from the list of
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model candidates for the given source (see Sect. 2.2.5). Even
though most Jackknife solutions converged, some included some
anomalously large values, which is reflected in some of the pub-
lished uncertainties. Alternatively, in some cases, the Jackknife
samples showed insufficient variation for a good uncertainty
estimate, resulting in some near-zero uncertainty estimates. We
intend to improve upon this point in DR4 by implementing a
more robust estimate of the variance.

The Jackknife method described above allows us to estimate
the uncertainties of not only the geometric model parameters, but
also of the frequency, reference level, and derived parameters.
These uncertainties are generally more informative (and larger)
than the formal errors obtained from a simple linear covariance
estimation at the best-fit parameter set, because the latter does
not include any modelling errors and assumes that observation
uncertainties are correctly estimated.

As the frequency is among the most important parameters,
we applied more stringent checks and bounds on its estimated
Jackknife uncertainty. We set frequency_error = MAX
(frequency_error, 0.001/time_duration_g_fov) where
time_duration_g_fov is the duration between the first and
last observations, as published in the gaiadr3.vari_summary
table. Additionally we identified that for frequency_error X
time_duration_g_fov > 0.6, no correct period is recovered
in our literature cross-match. Therefore, we rejected all models
with a value above this limit. These lower and upper bounds
on the frequency uncertainty fomerr respectively correspond
to 0.1% and 60% phase deviations® at the last cycle of the
observations with the given period Py = 1/ forb-

The uncertainties on all model parameters are published in
the catalogue in field names appended with ‘_error’. These
include the geometrical model parameters as well as the orbital
frequency and derived parameters.

2.2.5. Model-selection strategy

For each of the candidate periods identified in Sect. 2.2.3 (up
to 22 in number), seven two-Gaussian models are fitted to the
G light curve by considering all possible combinations of the
two-Gaussian components, including a simple constant model in
order to make a proper model comparison against a non-variable
model. This results in a list of up to 154 model candidates per
source, considering the six model types listed in Table 1 and
the additional constant model. The models are then cleaned and
sorted according to their Bayesian information criterion (BIC)
score (Feigelson & Babu 2012, Eq. (3.54)), which allows us to
compare model fits for all combinations of the candidate periods
and geometric models; we then select the best model. Each of
these steps is briefly described in the following paragraphs.

In the first, cleaning step, models that have component
parameters that we deem non-physical are removed from the list
of model candidates. Visual inspection of earlier iterations of our
pipeline on Gaia data revealed that the geometric model param-
eters may model features that we deem non-physical. This is the
case when two Gaussian components are too close to each other.
We therefore remove a model from the list of model candidates
if the derived primary and secondary eclipse locations are less
than 0.08 apart in phase in order to avoid stacking Gaussians on
the same eclipse. We also remove models with one Gaussian if

2 The phase deviation at the last cycle of an observation due to a
shift 5P in period is given by 6P AT/P? where AT is the observation
duration. Expressed in terms of a frequency shift 6 f, the phase devia-
tion writes 6 f AT
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its width is larger than 0.4 in phase, as well as models with one
Gaussian and a cosine component if the Gaussian width is larger
than 0.4 in phase (as a Gaussian of this width is partially degen-
erate with the ellipsoidal component). The pipeline also checks
the uncertainties of the geometric model parameters, and rejects
models that have uncertainties greater than 10 mag for the ref-
erence level (C in Eq. (3)) or for the cosine amplitude (Aey),
or greater than one for the phase locations (up,uy) or widths
(01, 07) of the Gaussians. No condition is given on the uncer-
tainties of the Gaussian depths as this quantity can be uncon-
strained for well-detached systems with narrow eclipses.

After this first pruning of models, we order the list of
remaining model candidates according to their BIC score. In the
adopted BIC convention, a higher BIC score identifies a better
model fit to the data by taking into account the number of free
parameters in each model and giving a higher weight to mod-
els that have a smaller number of parameters. We then retain
all models that have a BIC score within 30 of the highest BIC
score. All these model candidates are considered to be equiva-
lently good at this point. This list is then filtered according to
several exclusion criteria. We remove: the constant model that
was added to the list of models, if it remains in the list of model
candidates; models that have a phase coverage of less than 0.6
(the phase coverage is computed by binning the phase-folded
data into ten bins and counting the fraction of filled bins); and
models that have less than three observations in an eclipse. If
multiple models survive at this point, a pre-defined model rank-
ing is used to select the model with the highest rank accord-
ing to the model ranking indicated in Table 1. It must be noted
that this model ranking inevitably introduces priors in the model
selection. For example, circular systems with two equal-depth
eclipses will be favoured over eccentric systems displaying only
one eclipse (these two cases differ by a factor of two in their
orbital periods). If no candidate model remains in the final list,
the source is removed from the catalogue.

2.3. Post-pipeline source filtering and model ranking

In this first Gaia catalogue of eclipsing binaries, the output of the
pipeline underwent a large variety of verification and validation
checks that led to the application of additional filters outlined
here. The first filter concerns the periods found in the time series;
it requires that the internal second-best model (see Sect. 2.2.5)
have a period compatible with the one found in the best model
(i.e. with period ratios equal to 0.5, 1, 1.5, or 2). Additional cri-
teria further consider the Abbe value on the folded light curves
in combination with various frequency limits and global rank-
ing criteria. Finally, sources with periods smaller than 0.2 d were
removed because of the larger occurrence in DR3 of aliases at
these small periods.

In order to compare the models of all sources in the cata-
logue, a global ranking is computed based on the fraction of vari-
ance unexplained (FVU). This quantity is defined as the ratio of
the variance of the residuals to the variance of the signal, and is
given by

Ng )
Zi:l (Gobs,i - Gmodel,i)

Ne
Zi:l (Gobs,i -

In this equation, Gops,; is the ith measurement of the Ng obser-
vations in the G time series, Gogel,; 1S the value of the model at

that time, and G the mean G magnitude. A global ranking that

FVU = “

G)?

ranges between zero and one is then derived using a linear trans-
formation of the base ten logarithm of the FUV, given by
global_ranking = 0.11 [3.45 - log,,(FVU)]. (@)
The constants in this equation are empirically derived to map the
log(FVU) values in the range from zero to one. Our last source

filter uses this global ranking. Only sources with a global ranking
larger than 0.4 are published in the catalogue.

2.4. Catalogue content

The data fields published in the catalogue are listed in Table 2.
They include the orbital frequency, the geometrical model
parameters of the G-band light curve, the parameters derived
from the model, the uncertainties on these parameters, and the
global ranking. Orbital frequencies are published rather than
orbital periods for consistency with the internal model parame-
terisation and subsequent uncertainty estimates by the Jackknife
method.

The model type is one of the six possible combinations of
two Gaussian functions and a cosine function, which are listed
in Table 1, together with the number of sources present in the
catalogue for each type. All model parameters are named with
a prefix ‘geom_’. The numbering of the first and second Gaus-
sians follows the order of dip detection in the pipeline, and does
not necessarily correspond to an order where the deepest Gaus-
sian would be Gaussian one and the shallowest Gaussian would
be Gaussian two.

The two-Gaussian model represents a purely geometrical
description of the light-curve morphology and is not intended
to model the physical properties of the binary system. However,
from the two-Gaussian model, estimates of the phase locations,
durations, and depths of the primary and secondary eclipses
are derived by identifying the deepest and second-deepest dips,
respectively, in the model light curve (see Sect. 2.2.2). These
quantities are published in the catalogue with data field names
prepended with ‘derived_’.

As mentioned in Sect. 2.2.4, the current uncertainty esti-
mation is not robust against outlying samples in the Jackknife
method, and can therefore lead to arbitrarily high uncertain-
ties in some cases. This explains the presence in the table of
unrealistically large estimates of the errors on some parame-
ters. In addition, values above 3.4E38 have been converted to
NULL values, as they cannot fit in a numeric float type in the
database. As aresult, there are 1131 sources that have NULL val-
ues for geom_model_gaussianl_depth_error, 824 sources that
have NULL values for geom_model_gaussian2_depth_error,
776 sources that have NULL values for derived_primary_
ecl_depth_error, and 1145 sources that have NULL values
for derived_secondary_ecl_depth_error, despite these same
sources having non-NULL values for the quantities to which the
errors are associated.

3. Catalogue usage
3.1. Light-curve models

The automated procedure that processes the data of the two
million Gaia eclipsing-binary candidates finds the best two-
Gaussian-model fit to the G light curves. As stressed in Sect. 2.4,
the model represents a purely geometrical description of the
light-curve morphology. The model parameters are not necessar-
ily linked to physical properties of the binary system —despite a
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Table 3. Main binary system types expected in the samples identified in Sect. 3.1.

Samples

2G-A, 2GE-A, 2G-D, 1G
2G-B, 2G-C, 2GE-B, IGE, 0GE
2G-X, 2G-Y, 2GE-Z

Main binary types % in catalogue
Wide systems (detached or, under some conditions, semi-detached) 27%
Tight systems 56%
To be investigated 17%

Table 4. Statistics for each sample identified in Sect. 3.1.

Sample Number of sources
All Tipd,G > 0.6 %

2G-A 285320 12065 4.2%
2G-B 834093 29468 3.5%
2G-C 24081 436 1.8%
2G-D 111820 6756 6.0%
2G-X 182280 33091 18.1%
2G-Y 150332 38290 25.4%
2GE-A 162630 1471 0.9%
2GE-B 265276 653 0.2%
2GE-Z 47219 3943 8.3%
1G 36984 995 2.6%
1GE 48215 1912 3.9%
0GE 36227 2477 6.8%
All 2184477 131557 6.0%

Notes. The second column gives the total number of candidates in the
sample listed in the first column. The third column gives the number
of sources that have a spearman correlation ripq higher than 0.6 (see
Sect. 3.5), with the percentage this represents in the last column.

Gaia DR3 5870741220151128832 : V614 Cen, P=6.947172 d, rank=0.694 [2G-A]
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Fig. 4. Folded light curves of V614 Ven. Top panel: G light curve. The
two-Gaussian model is superposed as a dotted line. The green areas
indicate the derived eclipse durations. Botfom panel: Ggp and Ggp light
curves (blue and red dots, respectively), shifted by a value equal to their
respective median magnitudes as written in the top of the panel. The Ggp
light curve is plotted on top of the Ggp one, the former therefore hiding
the latter when the measurements are at the same ordinate. The dotted
model and green areas shown in the bottom panel are the ones from the
G light curve shifted to match zero median magnitude. The Gaia period,
global ranking, and the light-curve classification (in brackets; see text)
are given in the title of the figure after the Gaia DR3 ID and GCVS
name.

good description of light-curve geometry—, because of, for exam-
ple, a lack of phase coverage, spurious feature identifications in
the light curves, or a potentially incorrect period determination.
However, the model parameters can in a large number of cases
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inform us about the physical properties of the eclipses (depth,
duration, eccentricity) and the ellipsoidal variability (amplitude).

A detailed analysis of the light-curve models is presented
in Appendix A, where the light curves are classified in samples
that have two, one, or no Gaussian components, with a naming
convention starting with 2G, 1G, or 0G, respectively, and with a
letter E added when an ellipsoidal component is present. In addi-
tion, groups 2G and 2GE are further subclassified depending on
model parameters by adding a postfix to the group name of -A,
-B, -C, -D, -X, -Y, or -Z. The definitions of the groups are given
in Table A.1. This basic classification is only meant to guide the
user on the catalogue content and various types of light-curve
morphologies. The main types of binary systems expected in
each of these groups are given in Table 3 (see Appendix A.6
for a discussion), with the distribution in each group detailed in
Table 4. In this section, we present examples of known eclips-
ing binaries, all available in the catalogue of Avvakumova et al.
(2013).

The overwhelming majority of G light curves are mod-
elled with two Gaussians (94% of sources in the catalogue;
see Table 1). Among these, two-thirds have strictly two Gaus-
sian components. The most obvious eclipsing-binary configura-
tion whose light curve can be modelled in this way is that of
well-detached systems with constant out-of-eclipse light. The
two Gaussians have similar widths, but not necessarily simi-
lar depths. In Appendix A, such well-detached systems define
Sample 2G-A (285 320 candidates). The G folded light curve of
V614 Ven in this sample is displayed in the top panel of Fig. 4.
We reiterate that only the G data were used to produce the results
published in the DR3 catalogue of eclipsing binaries. The Ggp
and Ggp time series are nevertheless available in the DR3 Gaia
archive. The Ggp and Ggp folded light curves of V614 Ven are
shown in the bottom panel of Fig. 4.

Tighter systems in which one or both stars fill their Roche
lobes can also display light curves reminiscent of detached sys-
tems (e.g., Pojmanski 2002; Paczynski et al. 2006) and there-
fore be found in Sample 2G-A. This can, for example, happen
when the star that fills its Roche lobe is much fainter than its
companion such that the induced ellipsoidal variability is below
the detection limit (depending on the photometric precision of
the instrument). The secondary eclipse would then also be much
shallower than the primary eclipse. These features typically char-
acterise Algo-type binaries, which are understood to result from
a past mass-transfer episode. Algol itself is not available in Gaia
DR3 because of its brightness (2.1 mag in V), but the exam-
ple of SW Cyg, a A2Ve+KI system (Malkov 2020), is given in
the top panel of Fig. 5°. The absence of detected out-of-eclipse
variability therefore does not necessarily imply a well-detached
system. The variety of binary configuration in Sample 2G-A is
also attested by the depth ratio distribution shown in blue in
the top panel of Fig. 6. The histogram covers all values from

3 The Ggp and Ggp light curves of SW Cyg as well as of the other
binaries mentioned in this section are displayed in Appendix C.
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Fig. 5. Same as the top panel of Fig. 4, but for additional eclipsing
binaries for which the G light curves are modelled with only two Gaus-
sians. From top to bottom: SW Cyg, V745 Cep, 1687 Agl, NS Cam, and
KS Eri.

close-to-zero to one, with two main peaks, one at small ratios
below 0.2, and another at depth ratios close to one.

Some light curves are modelled with a very narrow pri-
mary Gaussian and a wide secondary. In the subclassification
presented in Appendix A, these light curves are gathered in
Sample 2G-D. The secondary Gaussians of these cases are, on
average, much shallower than their primary Gaussian, as shown
in Fig. 6 (second panel, cyan histogram). When the primary
eclipse is very narrow, the detection of the secondary eclipse may
be challenging, which is due for example to insufficient measure-
ments in the eclipse and/or an overly shallow secondary eclipse.
The probability that the pipeline fails to correctly detect the sec-
ondary, or that the orbital period is incorrect, is therefore much
greater than for Sample 2G-A candidates. The second example
in Fig. 5 displays a case in Sample 2G-D, V745 Cep classified
as a semi-detached system in Avvakumova et al. (2013), where
both Gaussians correctly identify the eclipses.

Tight systems are generally modelled with two Gaussians
and a cosine to account for the ellipsoidal out-of-eclipse variabil-
ity. These light curves belong to either Sample 2GE-A or 2GE-B
in Appendix A, depending on the amplitude of the ellipsoidal
variability. Sample 2GE-A (162630 sources) contains candi-
dates with small to medium amplitudes of 2A; < 0.11 mag,
while Sample 2GE-B (265 276 sources) has 2 A, > 0.11 mag.
Sample 2GE-A is similar to Sample 2G-A except for the addi-
tional cosine component. Four such examples are shown in
Fig. 7, with increasing ellipsoidal amplitude (relative to primary
eclipse depth) from the top to the third case, and with a total
eclipse in the fourth case. The two famous eclipsing binaries -
Lyr and W UMa, the prototypes of the classical EB- and EW-
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Fig. 6. Distribution of the derived eclipse-depth ratio (secondary over
primary) for the various samples with two Gaussians in their light-curve
models without (fop and middle panels) or with (bottom panel) an ellip-
soidal component, as labelled in the panels (see text). The histograms
are area-normalised.

type eclipsing binaries, respectively, belong to Sample 2GE-B,;
their light curves are shown in Fig. 8.

Very tight systems, including semi-detached systems with
large ellipsoidal variability, in-contact systems, or systems with
a common envelope, have their light curves modelled in several
ways using a two-Gaussian model. The most common way con-
sists of two wide overlapping Gaussians of similar width. These
systems form Sample 2G-B, which contains 834 093 sources.
The Gaussians are located at a phase separation of about 0.5
from each other. The majority of these sources have similar
eclipse depths, as seen by the green histogram in Fig. 6 (top
panel). 1687 Aql is one example, shown in the third panel of
Fig. 5. An example in Sample 2G-B with significantly unequal
eclipse depths, NS Cam, is shown in the fourth panel.

A small fraction of candidates modelled with two wide over-
lapping Gaussians have non-equal Gaussian widths. This feature
can reproduce the asymmetries present in the light curves of tight
systems. Such candidates form Sample 2G-C (24 081 sources).
The distribution of eclipse-depth ratio for this sample is very
similar to that of Sample 2G-B (red dotted histogram in Fig. 6,
top panel). An example is given in the bottom panel of Fig. 5
with KS Eri, a binary system displaying the O’Connell effect.

In less than 4% of the DR3 eclipsing-binary candidates, the
light curve is modelled without a second Gaussian. These belong
to samples 1G and 1GE depending on whether or not the model
contains a cosine component. The lack of a secondary Gaussian
can be due to several factors. One is a lack of eclipse phase
coverage. Such is the case for KN And (Fig. 9, top panel) and
V379 Per (second panel). The absence of a second Gaussian
can also be due to the presence of a cosine component that is
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Fig. 7. Same as top panel of Fig. 4, but for sources with light curves
modelled with two Gaussians and a cosine of small to medium ampli-
tude. From top to bottom: AO Ser, DN Cas, MU Cyg, and HN Cas.
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Fig. 8. Same as top panel of Fig. 4, but for sources with light curves
modelled with two Gaussians and a cosine of large amplitude. From top
to bottom: § Lyr and W UMa.

sufficient to model the secondary eclipse. This is the case for
RZ Col, shown in the third panel of Fig. 9.

Finally, a single cosine may be sufficient to model a light
curve. Candidates for which this is the case form Sample 0GE
(36227 sources), and DU Car illustrates this case in Fig. 9 (bot-
tom panel).

About one-fifth of the ~2 million sources that contain two
Gaussians in their light-curve model do not fall in one of the
above categories, namely Samples 2G-A, 2G-B, 2G-C, 2G-D,
2GE-A, 2GE-B, 1G, 1GE, or OGE. These sources form three
additional categories, namely 2G-X, 2G-Y, and 2GE-Z, depend-
ing on their model parameters. We refer to Appendix A for
more details. The probability that their model components reflect
physical configurations of the eclipsing binaries is much lower
than for the other groups, and they are to be investigated on a
case-by-case basis. Examples of nevertheless correct cases in
each of these three samples, and where the Gaia period agrees
with the literature period, are shown in Fig. 10.

In conclusion, the two-Gaussian model is a powerful tool
for studying the two million eclipsing-binary candidates pub-
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Fig. 9. Same as top panel of Fig. 4, but for sources with light curves
modelled with only one Gaussian (KN And, top panel), one Gaussian
and a cosine (V379 Per in second panel and RZ Col in third panel),
or only a cosine (DU Car, bottom panel). No green area is displayed
for eclipses that are not modelled with a Gaussian component in the
light-curve model.
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Fig. 10. Same as top panel of Fig. 4, but for additional sources with
light curves modelled with at least two Gaussians. From top to bottom:
AE Mon, V444 Cyg and RU Gem.

lished in Gaia DR3. The classification provided in Appendix A
gives some insight into the types of binary system, keeping in
mind that each group defined in that Appendix contains a vari-
ety of different light-curve morphologies. In addition, there is an
inherent degeneracy in light-curve morphology between differ-
ent types of binary systems that makes it impossible to discrim-
inate between them solely based on G photometry. The case of
detached and semi-detached systems is mentioned above. From
the 119 semi-detached systems listed in Malkov (2020), 95 are
present in the DR3 catalogue and 74 have Gaia periods com-
patible within 5% with the values gathered by this latter author.
Among these 74 sources, 60 have an ellipsoidal component in
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Fig. 12. Density map of the S/N of the G time series (standard deviation
of the measurements divided by the root mean square of their uncertain-
ties) of all eclipsing-binary candidates versus their global ranking. The
density in the map is colour coded according to the colour scale shown
to the right of the figure.

their two-Gaussian model (36 in Sample 2GE-A, 19 in 2GE-B,
and 5 in 1GE), and 14 do not (5 in 2G-A, 6 in 2G-B, 1 in 1G,
and 2 in 2G-X).

3.2. Global ranking

The global ranking is directly linked to the fraction of the vari-
ance unexplained by the two-Gaussian model through Eq. (5).
As such, it informs us about the reliability of an eclipsing-binary
candidate, with a larger global ranking corresponding to a better
fit to the light curve, and therefore to a more reliable eclipsing-
binary candidate. However, a poor global ranking does not nec-
essarily imply a false detection, as it relies on the assumption that
the functions included in the model can adequately describe the
light curve of an eclipsing binary. The two-Gaussian model will
fail to recognise an eclipsing binary if some physics dominating
the shape of the light curve is not modelled by these functions.
Such would be the case, for example, for ellipsoidal variables
on an eccentric orbit including heartbeat stars; for close binaries
featuring a reflection effect (which translates into a cosine func-
tion with a period equal to the orbital period); or for short-period,
tight binaries that have asymmetric light curves due for exam-
ple to spots. These and other such cases may even be excluded
from our catalogue if their rank falls below 0.4. Sources in the
catalogue with a low global ranking will therefore necessitate
additional investigation in order to confirm and characterise their
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Fig. 13. Same as Fig. 6, but for the global ranking. The histograms of
the samples are displayed in two panels as labelled in the panels.

binary nature, and may contain systems with light-curve geome-
tries that cannot be modelled with the two-Gaussian compo-
nents. Sources with a high global ranking, on the other hand,
have a high probability of being eclipsing binaries.

The distribution of the global ranking is shown in Fig. 11
for the full catalogue (black histogram). It ranges from 0.40
to 0.84, with a maximum of the distribution around 0.51.
Candidates with low global rankings are, on average, fainter
than the ones with high global rankings. This is illustrated
by the green and red histograms in Fig. 2, where the sample
with rankings higher than 0.6 (filled green histogram) peaks
around 17.3 mag, while sources with rankings lower than 0.5
(red hatched histogram) are located at much fainter magni-
tudes around 19 mag. This apparent relationship mainly results
from the fact that faint sources have larger epoch G uncer-
tainties than bright sources, which in turn generally leads to
poorer eclipsing-binary light-curve characterisation, and hence
lower rankings. Figure 12, which plots the signal-to-noise
ratio (S/N) in G (std_dev_over_rms_err_mag_g_fov in the
Gaia archive) versus global ranking generally supports this
explanation.

The histograms of the global ranking for the various sam-
ples discussed in the previous section are shown in Fig. 13.
The largest global rankings, on average, are found in samples
whose model components have a higher probability of repre-
senting physical features (eclipses and ellipsoidal variability).
These are samples 2G-A and 2G-B without an ellipsoidal com-
ponent (respectively blue and green distributions in the top panel
of Fig. 13), and samples 2GE-A and 2GE-B with an ellipsoidal
component (respectively blue and green distributions in the bot-
tom panel). We note that the presence of an ellipsoidal com-
ponent leads to a higher global ranking, on average, as the
ellipsoidal variability is well defined by a cosine (in circular
orbits). Notable is the histogram of Sample 2G-C (dashed red
histogram in the top panel), which peaks to lower global rank-
ings than the 2G-A, 2G-B, 2GE-A, and 2GE-B samples, despite
their generally good light curves. Global-ranking-limited selec-
tions should take this into account to avoid their exclusion.
Samples 2G-X, 2G-Y, and 2GE-Z, on the other hand, which
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Fig. 14. Distribution of the orbital periods of the DR3 eclipsing-binary
candidates. The full sample is displayed with a black line, and the sam-
ple with global ranking higher than 0.6 is shown in green. The top panel
shows the number of counts per bin on a linear scale, while the bottom
panel shows them on a logarithmic scale.
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Fig. 15. Density map of the orbital period versus global ranking of the
DR3 eclipsing-binary candidates.

contain light-curve models with components that are predomi-
nantly unrelated to physical features, have small rankings.

Additional insight into the global-ranking distributions is
provided in Appendix A.6. Figure A.27, in particular, shows the
distribution of the global ranking versus G magnitude for each
sample.

3.3. Orbital periods

The distribution of the orbital periods of the full sample is shown
in Fig. 14 (black histogram) on a linear scale for the number of
sources in the top panel and on a logarithmic scale in the bot-
tom panel. In half of the cases, the periods result from the ‘string
length’ method, while the ‘phase dispersion minimisation’ and
‘generalised least squares’ methods each provide the periods for
~25% of the sample (see Sect. 2.2.3). Peaks are observed at spe-
cific periods above about five days, and especially above 20 days.
These structures result from a combination of period-search arte-
facts and potential scan-angle-dependent signals related to the
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Fig. 16. Period distributions of various samples according to their two-
model parameters as labelled in the panels (see text). The filled grey
histograms represent the combined samples in each panel.

Gaia instrument calibration and mission properties, such as the
scanning law and orientation (Holl et al. 2023). Such structures
are significantly more scarce in the sample with global rank-
ings larger than 0.60, as shown by the green filled histogram in
Fig. 14. Figure 15 gives a more detailed view of the period dis-
tribution versus global rankings. At global rankings larger than
0.54, unexpected peaks are visible mainly at periods longer than
30 days, and more specifically around —in decreasing order of
importance— 53.7d, 107.2d, and 34.1 d. These structures are far
more scarce in sources with a global ranking below 0.54. Instead,
structures are visible between 4 and 50 days. At global rankings
below ~0.5, the 6h alias due to the spacecraft rotation and its
related 12h alias become significant. The reader is referred to
Holl et al. (2023) for an in-depth discussion on the origin and
identification of scan-angle-dependent signals that can result in
the observed spurious peaks in the DR3 period distributions.
The impact of such signals on the eclipsing-binary candidates
is addressed in Sect. 3.5.

The period distributions for the various samples discussed
in Sect. 3.1 are shown in Fig. 16 (solid lines). The samples are
grouped in three categories. Wider systems (on the mean) are



Mowlavi, N, et al.: A&A 674, A16 (2023)

140 500
120 200
100
100 530 T
2 & 8
20 £
5
60 10 9
’ 5
40 | .
3 R 2
20 . - 1

040 045 050 055 0.60 0.65 0.70 0.75 0.80
global ranking

Fig. 17. Density map of the number of good measurements in the G
band versus global ranking.

shown in the top panel (samples 2G-A, 2GE-A, 2G-D, 1G). The
periods span all values, with a peak at around 1 day and an
extended tail above 20 days. The observed period distributions
reflect the real distribution of these mainly detached eclipsing
binaries convolved with the (complex) selection function result-
ing from the Gaia eclipsing-binary identification, period deter-
mination, and light-curve-modelling procedures. We also note
the presence of the alias peak at the six-hour rotation period.
The excess is predominant in Sample 2G-D, which contains very
narrow primary Gaussians (red histogram), while it is absent in
Sample 2GE-A (green histogram) where the presence of a small-
to medium-amplitude ellipsoidal component (2 A < 0.11 mag)
in the light-curve model better constrains the period.

The periods of tighter systems are shown in the second (sam-
ples 2G-B, 2GE-B, 1GE) and third (samples 0GE, 2G-C) pan-
els. They have narrower distributions than the well-detached sys-
tems, peaking at ~0.35 days (second and third panels in Fig. 16).
The tighter systems include tighter detached, contact, and ellip-
soidal systems. No excess is observed at ~0.25d in the period
distributions of these systems.

The last category shown in the bottom panel gathers samples
2G-X, 2G-Y, and 2GE-Z, whose light-curve model components
are not necessarily linked to physical features of the binary sys-
tem. This category contains about one-fifth of the full catalogue.
The period distributions reveal much more complex structures.
Many peaks are observed over the full range of periods, with a
predominance at 0.25 days and above 20 days. These distribu-
tions support the conclusions drawn in Sect. 3.1, which point out
the requirement for confirmation of their periods and the nature
of the eclipsing binaries in these samples.

Additional insight into the period distributions is provided in
Appendix A.6. Figure A.26, in particular, shows the distribution
of periods versus G magnitude for each sample, and Fig. A.28
the distribution of periods against number of measurements,
which is further discussed below.

3.4. Number of measurements

The catalogue-construction procedure described in Sect. 2 limits
the impact of the number of G measurements on the catalogue
output. In particular, no specific structure is visible in the sky
distribution of the eclipsing-binary candidates (Fig. 1), despite
the strongly non-uniform sky distribution of Ng due to the Gaia
scanning law (Fig. C.6). Likewise, no dependence of the global
ranking on Ng is visible from the full catalogue sample shown
in Fig. 17.
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Fig. 18. Number of good measurements in the G band versus period
plane. Top panel: density map. Bottom panel: median value of the
global ranking in each cell of the figure, colour-coded according to the
colour scale shown to the right of the panel.
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Fig. 19. Same as Fig. 4 for two additional candidates in group 2G-A.
Top panel: candidate with a low number of measurements in G and
high global ranking. Bottom panel: candidate with a large number of
measurements in G and low global ranking.

There are nevertheless effects of Ng on the period distribu-
tion, as shown in the top panel of Fig. 18. Alias structures are
visible when Ng < 30 in a wide range of periods below about 15
days, and at all Ng values above this period limit. One recom-
mendation could therefore be to limit the sample to candidates
with Ng > 30 and to those in given period ranges for studies
involving orbital periods. However, these period alias structures
are likely related to the so-called scan-angle-dependent signals
explained in Sect. 3.5 and can to a large degree be identified
using the ripq statistic discussed there. However, these crite-
ria must be adapted to each two-Gaussian model type. To help
the user to set suitable filtering criteria, the Ng versus period
distributions for the groups identified in Sect. 3.1 are shown in
Fig. A.28. We note, for example, that groups 2GE-A, 2GE-B,
and 1GE are not affected by aliases even at Ng < 30, which
is because of the presence of an ellipsoidal component in their
light curves. For these candidates, no restriction on Ng is neces-
sary. The case of group 2G-A is interesting as it includes well-
detached wide systems. Its N versus period distribution shown
in the top panel of Fig. A.28 suggests a filter Ng > 30 should
be predominantly applied at periods above 4 days. The same is
true for group 2G-B. These groups have a double-peaked N dis-
tribution (a peak around 23 and another one around 43), with a
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Fig. 20. Density map of the ripq correlation (providing an indication of
the possible strength of a scan-angle-dependent signal in the photomet-
ric time series) versus global ranking of the full catalogue.

majority of candidates in the second peak. The light curves of
two candidates from Group 2G-A are shown in Fig. 19, one with
a small number of measurements and yet a high global ranking
of 0.60, and another with a large number of measurements but
low ranking of 0.44. In contrast, groups 2G-X and 2G-Y have
a larger concentration of candidates with low Ny values, and
display many alias structures. These groups were identified in
Sect. 3.1 as containing a majority of candidates with unphysi-
cal light-curve model components. These are only examples of
application; users are encouraged to apply adequate Ng-period
filters depending on their case studies.

Finally, the global ranking is dependent on the location in
the Ng-versus-period plane, as shown in the bottom panel of
Fig. 18. However, here too, the distribution of global ranking
varies significantly as a function of the choice of light-curve
model. This is shown in Fig. A.29. Groups 2GE-A and 2GE-
B have high global rankings overall, while groups 2G-X, 2G-Y,
and 2GE-Z have poor rankings overall. Groups 2G-A and espe-
cially 2G-B have a clear period limit above which the ranking
becomes poor. At intermediate periods, in [~2, ~10]d for 2G-A
and [~0.5, ~1.5]d for 2G-B, the ranking increases, on average,
with increasing number of observations.

3.5. Photometric signal from source asymmetry

Holl et al. (2023) identified that asymmetric flux distributions,
that is, non-point-like sources, such as partially or unresolved
multiple sources and galaxies, can result in a scan-angle-
dependent signal in the Gaia G-derived epoch photometry. A
variety of statistics were proposed to identify sources affected by
such signals, of which the Spearman correlation ripq is one of
the most powerful. A value around 0 means the source is likely
unaffected by such a signal, while a value close to 1 means it
is very likely to be affected (values towards —1 would be trou-
bling in the same way, but do not systematically occur). This
parameter is available as spearman_corr_ipd_g_£fov in table
gaia_dr3.vari_spurious_signals in the Gaia archive and
is used hereafter to decipher the approximate number of sources
in our eclipsing-binary sample that might be affected.

The distribution of 7i,q versus global ranking is shown in
Fig. 20. The bulk of the sources has a ripq distribution around
0.1, with a dispersion that slightly increases with decreasing
global ranking. However, a small fraction of the sources (6%)
have ripqg values above 0.6, pointing to an origin of the pho-
tometric variability linked to an asymmetry of the source flux
distribution. In principal, the asymmetry could result from the
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Fig. 21. Same as Fig. 20, but versus orbital period and with a more
restricted ordinate range for better visibility.

presence of an unresolved binary, especially since we are deal-
ing with binaries. At first glance, the fact that these sources have
low global rankings might seem inconsistent with this interpre-
tation. But a high correlation means that there exists a clear sig-
nal when phase folding the light curve as function of the scan
angle (see Holl et al. 2023, for details), and not with the best-
fit period. As the two-Gaussian model used here does not have
any degrees of freedom to (additionally) fit for this scan-angle-
dependent signal, a high ripq ¢ will generally result in large resid-
uals and therefore a low global ranking. The statistics are shown
in Table 4. We see that the groups that have the largest percentage
of sources with ripgg > 0.6 are 2G-Y (25%), 2G-X (18%), and
2GE-Z (8%), with an overall level of contamination of ‘good’
sources estimated to be ~5% by comparing this to the counts for
Tipd,c values below —0.4 (the peak of the distribution is at ~0.1).
These three groups are the ones identified in Sect. 3.1 as requir-
ing confirmation of their binary nature, which is fully consistent
with their model-fit being negatively affected by a potential scan-
angle signal.

The scan-angle-dependent signals also manifest themselves
at specific spurious periods identified in Holl et al. (2023), which
again appear consistent with the main period clusters identified
in Fig. A.28 per group, and are summarised for the full catalogue
in Fig. 21. The ripqc versus period distributions for each individ-
ual group is displayed in Fig. A.30. These figures will help the
users to apply proper filters to their samples according to the
Tipd,c> period and Group to which the sources belong.

4. Catalogue quality

We assess the quality of our catalogue by comparison of our
results with literature data based on the Gaia DR3 cross-matches
presented in Gavras et al. (2023). For the Gaia DR3 catalogue of
eclipsing binaries, there are 606393 cross-matches. The main
surveys and number of cross-matched sources are listed in
Table 5. The largest number of cross-matches relates to the ZTF
survey (42%), followed by OGLE4 (17%), ASAS-SN (14%),
ATLAS (10%), CATALINA (8%), and PS1 (5%). The remaining
4% of cross-matches come from a variety of sources not detailed
here.

The statistics of the Gaia DR3 cross-matches with the liter-
ature are reported in Table 6. The first set of two rows (labelled
‘All’ in the XMs column) gives the statistics for the sample of
all cross-matches, irrespective of whether or not the source is
classified as an eclipsing binary in the literature. The table lists
the number of sources, the number of sources that have a period
reported in the literature, and the number of sources for which
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Table 5. Surveys cross-matched with the Gaia DR3 catalogue of eclips-
ing binaries.

Survey % Catalogues
ZTF 42% ZTF_PERIODIC_CHEN_2020
OGLE4 17% OGLE4_VAR_OGLE_2019 (mainly),
OGLE4_LMC_ECL_OGLE4_2017,
OGLE4_SMC_ECL_OGLE4_2017,
OGLE4_BLG_RRL_SOSZYNSKI_2019,
OGLE4_GSEP_VAR_SOSZYNSKI_2012
ASAS-SN 14% ASASSN_VAR_JAYASINGHE_2019
ATLAS 10% ATLAS_VAR_HEINZE_2018
CATALINA 8% CATALINA_VAR_DRAKE_2014,
CATALINA_VAR_DRAKE_2017
PS1 5% PS1_RRL_SESAR_2017
Other 4% Various other sources

Notes. The first column gives the survey. The second column gives
the percentage of cross-matched sources belonging to that survey. The
third column gives the catalogue label(s) used by Gavras et al. (2023),
on which we based our cross-matches. The literature references corre-
sponding to the catalogue labels are given in their Table 1.

Table 6. Some statistics on the period comparison between the Gaia
DR3 catalogue of eclipsing binaries and literature data.

XMs All with Py Piit/ PGaia
~] ~(0.5,1,2)
All 606393 600902 455821 513523
166951 144 890 123232 143245
EB 527779 527526 451575 489926
145053 144 890 121408 134949
Non-EB 78614 73376 4246 23597
21898 19286 1824 8296

Notes. The number of sources with parallaxes uncertainties better than
10% are indicated in italics below the parent sample. See text for a
description of the table.

the literature period is compatible with the Gaia period, either
directly (1:1 ratio, see Sect. 4.1) or within a factor of one or two
(1:1, 1:2 or 2:1 ratios). The second two-row set (labelled ‘EB’)
then provides the same statistics, but only for the subsample of
cross-matches that are also classified as eclipsing binaries in the
literature. The last two-row set (labelled ‘non-EB’) finally gives
the statistics for the complementary subsample of cross-matches
that are classified in the literature in a variability type other than
eclipsing binary.

Table 6 shows that the great majority (87%) of the Gaia DR3
eclipsing binaries cross-matched with literature data are also
identified in the literature as eclipsing binaries. This is a good
score given the fact that classification of large catalogues is per-
formed through automated procedures, a process that necessarily
introduces a fraction of incorrect classifications that will impact
the comparison between two independent catalogues. Among
the non-EB crossmatches, we note that the Gaia eclipsing-binary
candidates cross-matched with non-eclipsing binaries in the lit-
erature include 1205 candidates classified as ellipsoidal variables
in OGLEA4.

In Sect. 4.1, we first compare our periods with the ones found
in the literature. Questions surrounding the completeness and
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Fig. 22. Cumulative distribution of the phase deviation rp;; at the end of
the observation obtained when adopting the literature period Py instead
of the Gaia period Pg,, (see Eq. (6)). The sample of Gaia eclipsing-
binary candidates that are also classified as eclipsing binaries in the lit-
eratures is shown by the filled grey histogram, and the sample which
has literature cross-matches but with a classification other than eclips-
ing binary in the literature is shown by the red histogram.

purity of the catalogue are then addressed in Sects. 4.2 and 4.3,
respectively.

4.1. Orbital periods

Almost all Gaia DR3 eclipsing-binary candidates that have a
cross-match in the literature also have a period published in the
literature (99% of them; see Table 6), allowing a direct com-
parison with our periods. To do so, for any given source, we
evaluate the phase deviation rpy; at the end of the observation
obtained when adopting the literature period Py instead of the
Gaia period Pg,j,. This is computed by multiplying the relative
difference between the literature and Gaia periods by the number
of cycles during the observation, and is given by

P |PGaia — Pl AT
Plit =
' Pyt

P Gaia ’ (6)
where AT is the duration of the G light curve. Its cumulative
distribution is shown in a grey-filled histogram in Fig. 22 for
cross-matches that are classified as eclipsing binaries in the lit-
erature. More than 85% of the sources have a phase deviation
less than 0.5 at the last cycle of their observation. The histogram
also shows that when this is not the case, the value of rp; is
much larger than 1, indicating a significant difference between
the Gaia and literature periods. We therefore consider the Gaia
and literature periods to be equal when rpj;; < 1. The number of
such sources is reported in the fourth column of Table 6. If we
also include sources with Gaia periods that are half or twice the
literature periods (replacing Py by 0.5 Pj;; or 2 Py in Eq. (6)),
the percentage of sources with compatible Gaia and literature
data increases to 93% (fifth column of the table).

In contrast, the Gaia period is equal to that in the literature
for less than 6% of sources not classified as eclipsing binaries
in the literature (red histogram in Fig. 22 and fourth column in
Table 6). Interestingly, this number increases to 32% when con-
sidering compatible periods (Pit/Pcaia = (0.5, 1,2) in the table).
This can easily be understood if the sources have sinusoidal-
like light curves. The detected period can then easily be equal to
twice the orbital period if it is an eclipsing binary or ellipsoidal
variable, and a survey may pick either one of these periods.

The comparison between Gaia and literature periods is
shown in Fig. 23. The upper panel displays the periods of the
cross-matches classified as eclipsing binaries in both Gaia DR3
and the literature. These are distributed as expected, with the
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Fig. 23. Gaia period versus literature period for all Gaia DR3 eclipsing-
binary candidates that have a cross-match in the literature. Top panel:
candidates also identified as eclipsing binaries in the literature. Bottom
panel: candidates not classified as eclipsing binaries in the literature.
The imprints of literature catalogues are visible in the distributions of
Py (see text).

presence of (mainly) Pggia:Pric = 1:2, 2:1, and 2:3 ratios in
addition to the overwhelming 1:1 cases. Alias features are also
seen. The distribution of the Gaia eclipsing-binary candidates
cross-matched with sources classified as non-eclipsing binaries
in the literature, on the other hand, reveals the imprints of the
underlying literature catalogues in the distributions of Py (bot-
tom panel in the figure). At literature periods below 1 day, we
see the imprint of ~31 600 sources from PS1_RRL_SESAR_2017
(Sesar et al. 2017), while the main contribution at literature
periods above 20 days comes from ~17200 sources from
ATLAS_VAR_HEINZE_2018 (Heinze et al. 2018). The former cat-
alogue targets RR Lyrae variables, while the cross-matches in
the latter catalogue were assigned the tailored ‘OMIT’ classifica-
tion type in Gavras et al. (2023) in order to gather sources whose
classification in the literature was considered to be ‘too generic,
uncertain, or with insufficient variability characterisation’ (see
Gavras et al. 2023). Heinze et al. (2018) mainly assigned —in
decreasing order of number of cross-matches with our eclipsing
binaries— the types NSINE (pure sine wave fit, but noisy data),
SINE, or MSINE (modulated sine wave). However, these cross-
matches not classified as eclipsing binaries in the literature or
considered uncertain by Gavras et al. (2023) are a minority of
the full sample of cross-matches.

In summary, the Gaia periods are compatible with literature
periods in about 85% of cases. This includes cases where the
literature period is twice or half the Gaia period.
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Fig. 24. Sky distributions (density maps) in equatorial coordinates of
eclipsing-binary candidates around the LMC. The panels show, from
top to bottom, Gaia DR3 candidates, OGLE4 candidates, the Gaia-
OGLE4 cross-matches (2 arcsecs radius), and the new Gaia candidates
with respect to OGLE4. Sources highlighted by filled circles in the bot-
tom panel have their G light curves displayed in Figs. 31 and 32; they
are located in the bar of the LMC for the cyan markers and outside the
bar for the blue markers. The orange area delineates the subregion of
the sky used in the text to compute the fraction of Gaia new candidates
towards the LMC.

4.2. Completeness of the Gaia catalogue

To estimate the completeness of our catalogue, we compare
it with the OGLE4 catalogues of eclipsing binaries, which
are available, which are available for the LMC and SMC
(Pawlak et al. 2016) and for the Galactic Bulge (Soszynski et al.
2016). The sky distribution of the Gaia DR3 eclipsing binaries
towards the LMC and Galactic Bulge is displayed in the top pan-
els of Figs. 24 and 25, respectively, and the distributions of the
OGLEA4 eclipsing binaries in the second panels. Sources in com-
mon in Gaia DR3 and OGLE4 catalogues are shown in the third
panels.



Mowlavi, N, et al.: A&A 674, A16 (2023)

DEC [deg]
L b
o o o

count per bin

|
w
o

|
IS
o

OGLE4 EB | 50

|
N
o

20

|
N
o

10

DEC [deg]
&
o
count per bin

|
w
@

|
i
o

10

| |
N N
& o

|
w
oS

DEC [deg]
count per bin

|
w
[

|
EN
o

20

|
N
o

10

|
N
o1

DEC [deg]
&
o
o
count per bin

|
w
=

|
N
o

ta

280 278 276 274 272 270 268 266 264 262 260
RA [deg]

Fig. 25. Same as Fig. 24, but towards the Galactic Bulge.

Estimation of the completeness of the Gaia catalogue rela-
tive to the OGLE4 catalogues is achieved in two steps. We first
restrict the OGLE4 catalogues to sources present in the full Gaia
DR3 archive, with a cross-match search radius of one arcsec-
ond. The statistics are given in Table 7. Gaia cross-matches are
found for almost all OGLE4 eclipsing binaries in the LMC and
SMC, but for only 87% of the OGLE4 sources in the Galactic
Bulge (420321/473798 in Table 7). The 13% OGLE4 sources
from the Bulge that are not in the Gaia archive are all very red
faint sources with OGLE I magnitudes mainly between 18 and
20.5 mag. Their sky distribution is shown in Fig. 26.

We then limit the OGLE4 samples to sources brighter than
20mag in G to comply with the input magnitude selection of
the Gaia eclipsing binaries (see Sect. 2.1). The final OGLE4
samples contain 35392, 7843, and 315 523 sources in the LMC,
SMC, and Galactic Bulge* , respectively (see Table 7).

4 Most OGLE4 eclipsing binaries in the Magellanic Clouds are on the
main sequence. In contrast, in the Galactic Bulge, they are red sources.
This is reflected in their /, V, and G magnitudes shown in Fig. C.7.

Table 7. Number of OGLE4 eclipsing binaries towards the LMC, SMC,
and Galactic Bulge.

LMC SMC Bulge All
OGLE4 40204 8401 425193 473798
Cross-matches with DR3
All 40023 8392 371902 420317
G <20 35392 7843 315523 358758
G<19 21900 5796 174984 202680
Cross-matches with DR3 catalogue of eclipsing binaries
G <20 13390 3780 83885 101055
37% 48% 26% 28%
G<19 9317 2940 61557 73814
42% 50% 35% 36%

Notes. The number of cross-matches with the full Gaia DR3 sources is
given in the second, third, and fourth rows of numbers, and the number
of cross-matches with the Gaia DR3 catalogue of eclipsing binaries in
magnitude-limited samples are given in the last four rows, with their
percentages relative to the number of OGLE4-DR3 cross-matches given
below the relevant rows.
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Fig. 26. Same as Fig. 24, but for OGLE4 sources in the Galactic Bulge
that have no source counterpart in the Gaia DR3 archive.

From these OGLE4 samples, 28% are present in the Gaia
catalogue of eclipsing binaries (36% had we considered 19 mag
as the faintest limit for both OGLE4 and Gaia catalogues) . The
recovery rates are larger in the Magellanic Clouds than in the
Bulge, as detailed in Table 7, reaching 48% in the SMC while
being 26% in the Bulge. An investigation of the 72% missing
OGLEA4 sources reveals that ~45% were excluded from the ini-
tial selection (see Sect. 2.1, with ~40% not being classified as
eclipsing binaries and another ~5% having less than 16 measure-
ments in their G light curves, mainly in the Bulge). The remain-
ing ~27% of missing sources were further filtered out from the
final selection procedure (Sect. 2.3).

A small fraction of the missing OGLE4 eclipsing bina-
ries that were not classified as eclipsing binaries in Gaia DR3
are present in other variability tables published in DR3 (tables
gaiadr3.vari_%* in the Gaia archive). These consist of 2195
short-timescale variables, 426 binary candidates with a compact
companion, 384 long-period variables, 89 main sequence oscil-
lators, 32 rotation modulation variables, 31 Cepheids, and one
active galactic nucleus.

In summary, the completeness of the Gaia catalogue of
eclipsing binaries amounts to between 25% and 50% depend-
ing on the sky region when compared to the OGLE4 cata-
logues of eclipsing binaries. The missing OGLE4 sources were
excluded from the Gaia catalogue at candidate-selection steps in
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Table 8. Number of Gaia DR3 eclipsing-binary candidates in selected
sky areas of the LMC and Galactic Bulge.

All rankings Ranking > 0.5
LMC @ Bulge® LMC® Bulge®
Gaia DR3 EBs 26020 96199 8358 31446
in OGLE4 12123 33469 6912 20197
notin OGLE4 13897 62730 1446 11249
% new 53% 65% 17% 35%

Notes. The first dataset (Cols. 2-3) includes all global rank-
ings, while the second set (Cols. 4-5) consists of sources with
global_ranking > 0.50. “Within the rectangular sky region shown
in Fig. 24. ®Within the polygon sky region shown in Fig. 25.
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a 800 N not in OGLEA4, but in other surveys as EB
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5 M not in OGLE4 as EB
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Fig. 27. Median G magnitude distributions of Gaia eclipsing binaries
in specific regions of the sky. Top panel: sky region towards the LMC
shown in Fig. 24. Bottom panel: sky region towards the Galactic Bulge
shown in Fig. 25. The black histograms show all Gaia DR3 eclipsing-
binary candidates in the given sky area. The sources among them that
have or do not have a cross-match (2 arcsec radius) with the OGLE4 cat-
alogue of eclipsing binaries are shown by the green and red histograms,
respectively. The blue histograms are the distributions of sources with
no OGLE4 cross-match but a cross match with eclipsing-binary candi-
dates identified in other surveys. The abscissa range is truncated on the
bright side for greater visibility.

our processing pipeline. As a general remark, we also recall that
systems whose light curves cannot be modelled with the two-
Gaussian model will lead to low global rankings and be excluded
from our catalogue if the ranking falls below 0.4 (see Sect. 3.2).
A significant increase in the number of eclipsing-binary candi-
dates is therefore expected for the next Gaia release, DR4.

4.3. New Gaia candidates

In this section, we investigate the Gaia eclipsing-binary candi-
dates that are not present in the OGLE4 catalogues of eclipsing
binaries, using the LMC and Galactic Bulge regions as test cases.
For this purpose, two sky areas well covered by the OGLE4
surveys are defined towards these regions: the rectangle area
70° < RA <90° and —73° < Dec < —65° towards the LMC, and
the parallelogram area with corners (RA, Dec) = (269°, -37°),
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Fig. 28. Same as Fig. 27, but for the global ranking.

(275°,-30°), (275°,-23°), (265°,—-37°) towards the Galactic
Bulge. These are shown by the orange borders in Figs. 24 and
25, respectively. The statistics on Gaia and OGLE4 sources
in these regions are summarised in Table 8. There are 26 020
Gaia eclipsing-binary candidates towards the LMC and 96 199
sources towards the Galactic Bulge. More than half of these are
new relative to the OGLE4 catalogues (53% in the LMC and
65% in the Galactic Bulge; see Table 8).

The sky distribution of the new Gaia candidates towards the
LMC is shown in the bottom panel of Fig. 24; they are mostly
concentrated in the bar, where the sky density of stars is high-
est. The magnitude distribution of these sources peaks around
19mag in G (red histogram in the top panel of Fig. 27), simi-
larly to the magnitude distribution of the full Gaia sample in the
defined sky area (black histogram). In contrast, the magnitude
distribution of the Gaia—OGLE4 cross-match sample reveals a
plateau between ~18.5 and ~19.5 mag (green histogram). The
origin of this plateau is unclear, as the full OGLE4 sample in
the defined sky area shows a continuously increasing distribu-
tion of G up to 20 mag (not shown here). We checked that the
new faint sources are not contaminated by the potential presence
of a nearby brighter eclipsing binary.

The global rankings of the new Gaia candidates (with respect
to OGLE4) towards the LMC are, on average, much lower than
those of the Gaia—OGLE4 cross-matches. This is seen from the
global-ranking distributions shown in the top panel of Fig. 28,
in red for the new candidates and in green for the cross-match
sample. As the majority of these new Gaia candidates are faint
and lie in crowded regions of the LMC, the eclipsing-binary sig-
nature in the G light curves can be mingled with variability of
non-astrophysical origin. This would explain their low global
rankings. The fraction of new Gaia candidates is much smaller
if we limit the samples to sources with larger global rankings.
In a sample limited to global rankings larger than 0.5, for exam-
ple, the fraction of new Gaia candidates towards the LMC is
three times less than in the full sample (17% new candidates
with respect to OGLE4, compared to 53% considering all global
rankings; see Table 8). It is interesting to note that the global-
ranking distribution of the Gaia candidates not in OGLE4 but
identified as eclipsing binaries in other surveys (blue histogram
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Fig. 29. Same as Fig. 21, but for sources in the LMC. Top panel: sources
detected as eclipsing binaries by OGLE4. Middle panel: new candidates
with respect to OGLE4. Bottom panel: new candidates with respect to
OGLE4 in the red clump.

in the Fig. 28) peaks at values between those of the new candi-
dates and those of the Gaia—OGLE4 cross-match sample.

Figure 29 investigates a potential non-astrophysical origin
of the detected variability using the Spearman correlation ripq,g
introduced in Sect. 3.5, where we mention that a large value of
ripd,c can result from the binary nature of the source. However,
visual binaries in dense regions of the sky can also lead to asym-
metric source images. The distribution of ri,qc versus period for
the sources in the LMC also identified as eclipsing binaries in
OGLE4 (top panel of Fig. 29) does not display an excess of
sources at large values of ripqg, as expected. The distribution
of the new Gaia candidates (middle panel) shows some artefacts
with large ri,qc values at known alias periods that are most prob-
ably the result of visual binaries, but these constitute only a small
fraction of the sample of new Gaia candidates.

The distribution of the new Gaia candidates towards the
LMC in the colour-magnitude diagram is shown in Fig. 30
together with the distribution of the Gaia candidates that have
an OGLE4 cross-match. A comparison of the two distributions
reveals two features. The first is the larger Ggp — Grp colour dis-
persion in the sample of new Gaia candidates (upper-left panel
in Fig. 30) compared to that in the cross-matched sample (upper-
middle panel), most visible at the faint end of the main sequence.
The correctness of the red colours must therefore be verified, as
the Ggp and Ggp values of these faint sources may be affected
by residual background estimates and/or multiple source blend-
ing in the BP and RP spectra. The BP+RP flux excess factor
C available in the Gaia archive (phot_bp_rp_excess_factor
in the gaia_source table) provides a handy tool for this pur-
pose (assuming G is correct). This quantity, denoted C by the
authors, evaluates the excess of the integrated BP and RP fluxes
in comparison with the G flux (Riello et al. 2021); it is shown
versus Ggp — Ggrp in the bottom-left panel of Fig. 30. While
many sources are seen to have an excess factor between 1.1
and 1.2, as expected, a non-negligible fraction of them have
excess factors significantly above 1.2. This is particularly true

for the red sources. These large excess factors lead to unreliable
Ggp and/or Grp magnitudes, and can therefore be at the origin
of the large colour dispersion observed at the faint end of the
main sequence. We note that the value of C of the cross-matched
sources has a much cleaner distribution around the expected val-
ues (bottom-middle panel of Fig. 30). The G values, on the other
hand, should be reliable, within the uncertainties expected at the
faint magnitudes.

Visual inspection of the G light curves of the new Gaia can-
didates provides confidence that at least one-third of them are
genuine eclipsing binaries. Moreover, about 17% of these new
Gaia candidates towards the LMC with no OGLE4 cross-match
are classified as eclipsing binaries in other surveys, using cross-
matches from Gavras et al. (2023). These sources were mainly
identified from the EROS2 survey by Kim et al. (2014). Eleven
examples of good light curves from the Gaia new candidates not
in the OGLE4 catalogue are shown in Figs. 31 and 32. Figure 31
shows sources located outside the bar of the LMC. Two of
them, sources Gaia DR3 4651581458546544000 and Gaia DR3
4655269942119876864, are also referenced as eclipsing binaries
in EROS2. The light curves in Fig. 32 are from sources located in
the bar of the LMC. Their sky positions are indicated in Fig. 24,
in blue for the sources outside the LMC bar and in cyan for those
inside the bar. All 11 light curves show a variety of geometric
morphologies typical of eclipsing binaries.

The second feature observed in Fig. 30 is an over-density of
new Gaia candidates (with respect to OGLE4) at the location
of the red clump at G ~ 19mag and Ggp — Grp > 0.6 mag
(upper-left panel) compared to the distribution of the cross-
match sample (upper-middle panel). This could be either due to
the lack of their detection in the OGLE survey, to variability of
non-astrophysical origin, or to variability type misclassification.
Investigation of the subsample of red-clump candidates defined
with Ggp — Grp > 0.7mag, G > 18.7mag, and G < 19.3 mag
(2224 candidates) reveals that 59% of them belong to samples
2G-X, 2G-Y, or 2GE-Z, for which the binary nature requires
confirmation. Furthermore, the global ranking of the subsam-
ple, and of the new LMC Guaia candidates in general, is low
(see below), indicating large residuals. Yet, 5% of the subsam-
ple (112 sources) are detected as variables in the literature, the
majority as eclipsing binaries by Kim et al. (2014). Addition-
ally, a dozen of them are reported as RR Lyrae variables in the
literature, including by the OGLE team. The classification of
these faint candidates can be non-trivial due to potential light-
curve geometry degeneracy within the photometric uncertainties
between several variability types, such as sinusoidal-like type c
RR Lyrae variables, ellipsoidal variables, and W UMa eclipsing
binaries (the median G uncertainty at 18 mag is ~0.024 mag). We
also note that the Spearman correlation ripq of these new Gaia
candidates in the LMC red clump shown in the bottom panel
of Fig. 29 does not show any specific feature that would point
to a non-astrophysical origin of the signal. The determination
of the true nature of these LMC red clump candidates therefore
requires further investigation.

The situation of the new Gaia candidates in the Galactic
Bulge with respect to OGLE4 is very similar to the situation
described above for the LMC, with the additional observation
that the sky density is much higher in the Galactic Bulge than in
the LMC, and the sources are much redder due to heavy extinc-
tion. As a result, C reaches very large values, above three, as
shown in Fig. 33. This is particularly true for the new Gaia
candidates with no OGLE4 cross-match (bottom panel in the
figure) as compared to the sample with an OGLE4 cross-match
(top panel). Among these new Gaia candidates compared to
OGLEA4, only very few have a detection as an eclipsing binary
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Fig. 30. Colour-magnitude (fop row) and BP+RP flux excess factor versus colour (bottom row) diagrams of the Gaia eclipsing binaries in the
sky area towards the LMC shown in Fig. 24. Left panels: new Gaia eclipsing-binary candidates with respect to the OGLE4 catalogue of LMC
eclipsing binaries. Middle panels: Gaia sources with a cross-match (2 arcsec radius) with the OGLE4 catalogue. Right panels: Gaia candidates
having no cross-match with the OGLE4 candidates but a cross-match with EB candidates in other surveys. The colour of each bin is proportional
to the number of counts per bin according to the colour scales shown to the right for each row. Sources highlighted by filled circles have their G
light curves displayed in Figs. 31 and 32; they are located in the bar of the LMC for blue circle markers and outside the bar for cyan diamond
markers. The axes ranges have been truncated for greater visibility.

in other surveys. Their magnitude and global ranking distribu-
¢  tions are shown in blue in the bottom panels of Figs. 27 and
28, respectively (note the 100x amplification factor compared to
the distributions of the other samples). The higher level of sky
crowdedness towards the Galactic Bulge may explain the larger
fraction of new Gaia candidates in that region of the sky (65%
compared to 53% towards the LMC; see Table 8). This fraction is

Gaia DR3 4655269942119876864, P=3.577200 d, rank=0.499 [2G-C]

#hj

A still 35% in a sample limited to global ranking > 0.5 towards
the Galactic Bulge.

In summary, more than half of the Gaia eclipsing binaries are

new discoveries, the percentage being larger in crowded regions

; than in less dense regions of the sky. These new sources gen-

erally have low global rankings and large BP+RP flux excess
factors, requiring that caution be exercised when using their Ggp
and Grp magnitudes. However, they show genuine G light curves
of eclipsing binaries in many cases.

% 19.300 *i T, & & b, 4_,.:.%-#-3 ii T & & 5. lllustrative samples

19400 ¢ 4 Samples of the Gaia DR3 eclipsing-binary candidates towards

19.500 , g e ] the LMC and the Galactic Bulge are briefly discussed in

1 (e DRS 463101885222 3135104, PoS3.735576 d, o042 EA Sects. 4.2 and 4.3. In this section, we further illustrate the cat-

219400 ofho g P ; . alogue, first with the sample of candidates with good parallaxes
E 19,600 't ; .‘g_t“' ' 2'} {qt“ (Sect. 5.1), and then by investigating the shortage of short-period
? J o eclipsing binaries in the Magellanic Clouds (Sect. 5.2).
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Phase 5.1. Samples with good parallaxes

Fig. 31. Same as top panel of Fig. 4, but for five Gaia candidates outside
the LMC bar that are not present in the OGLE4 catalogues of eclipsing
binaries, sorted with increasing Ggp — Grp colour from top to bottom.

We consider positive relative parallax uncertainties better than
15% (409 437 sources) and restrict our analysis to sources with

The sources are Gaia DR3 4655269942119876864, 4651511051157939968,
4651581458546544000, 4651853274236480256, 4651018852223135104; their
sky positions are identified in Fig. 24.
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Fig. 32. Same as Fig. 31, but for six Gaia candidates in the LMC bar.
The sources are Gaia DR3 4657899076482979328, 4658068847785992064,
4657993978084740992,  4657143097661657728,  4657909281189517056,
4657914336358760448.

Riello et al. (2021), using the Ggp and Grp median values in
their Eq. (6). The distribution of this quantity for the sample
with good parallaxes is shown in Fig. 34. We limit our sample to
C* < 0.5. This removes 2% of the initial sample, leaving 400 996
sources. The resulting parallax distribution versus G magnitude
is shown in Fig. 35. Most sources are brighter than ~18 mag.
Sources fainter than this value lie within 2 kpc of the Sun.

The absolute M magnitude versus Ggp — Grp colour dia-
gram, hereafter referred to as the observational Hertzsprung-
Russell (HR) diagram, is shown in Fig. 36. In the top panel,
we show for reference the distribution of a sample of ten mil-
lion sources extracted randomly from Gaia DR3 under the con-
ditions of positive relative parallax uncertainty better than 5%,
with at least 135 CCD measurements in G (field phot_g_n_obs in
the Gaia archive) and at least 15 measurements in Ggp and Ggp
(phot_rp_n_obs and phot_bp_n_obs, respectively), and with no
multiple source detection (ipd_frac_multi_peak=0). The dis-
tribution of the eclipsing binaries with good parallaxes is shown
in the second panel. For comparison, contour lines of the distri-
bution of the sample of ten million stars are added in grey. The
sample of eclipsing binaries is seen to have a lower envelope of
the main sequence shifted by ~0.75 mag to the bright side com-
pared to that of the sample of ten million stars (a convincing rep-
resentation is shown in Fig. C.8), consistent with the magnitude
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Fig. 33. BP+RP flux excess factor versus colour of the Gaia eclipsing
binaries in the sky area towards the Galactic Bulge shown in Fig. 25.
Top panel: Gaia candidates with OGLE4 cross-matches. Bottom panel:
Gaia candidates with no OGLE4 cross-match. The axes ranges have
been truncated for greater visibility.
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Fig. 34. Corrected BP+RP flux excess factor versus colour of Gaia DR3
eclipsing binaries with positive parallax uncertainties better than 15%.
Median values of Ggp, Grp, and G are used in all quantities. The axis
ranges have been truncated for greater visibility.
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Fig. 35. Parallax in milliarcseconds versus median(G) of Gaia DR3
eclipsing binaries with positive parallax uncertainties better than 15%
and corrected BP+RP flux excess factor smaller than 0.5.

shift expected for binary systems containing two main sequence
stars of similar luminosities.

Almost half of the eclipsing-binary candidates in this good
parallax sample have an ellipsoidal component in their light-
curve model, with 18% of the sample belonging to group 2GE-A
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Fig. 36. Observational HR diagrams of Gaia DR3 stars with good par-
allaxes. Top panel: density map of a random sample of ten million stars
with parallax uncertainties better than 5% and additional conditions on
the number of measurements and source image quality (see text). The
yellow lines are evolution tracks of, from bottom to top, 0.8, 1, 1.5, and
2 M, solar-metallicity stellar models from Ekstrom et al. (2012). Sec-
ond panel: density map of Gaia eclipsing-binary candidates with par-
allax uncertainties better than 15% and corrected BP+RP flux excess
factors less than 0.5. Contour lines (logarithmic scale) of the sample
shown in the top panel are drawn in grey. Third panel: same as second
panel, but colour-coded with the median value of the orbital period in
each bin. Bottom panel: same as second panel, but colour-coded with
the median value of the global ranking in each bin. Median values of
the Ggp, Ggrp, and G cleaned time series are used in all panels except
in the top one, where mean values are used due to the unavailabil-
ity of median values for all sources in Gaia DR3. The colours in the
figures are coded according to the colour scales to the right of each
panel. The ranges of the axes and colour scales are truncated for greater
visibility.

and 22% to 2GE-B). An additional 24% are tight systems with
the light curves described by two wide Gaussians (group 2G-B),
and 10% belong to group 2G-A.

The orbital period distribution across the observational HR
diagram is shown in the third panel from the top of Fig. 36, with
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Fig. 37. Same as third panel of Fig. 36, but for the subset with global
rankings higher then 0.6 or belonging to the group 2G-C.
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Fig. 38. Period distributions of the good parallax sample. The filled
grey histogram represents the full distribution, while the orange, blue,
magenta, red, and green histograms represent the 2G-A, 2G-B, 2G-C,
2GE-A, and 2GE-B subsamples, respectively. Top panel: all candidates
in the good parallax sample with C* < 0.5. Bottom panel: same as top
panel, but restricted to candidates with global rankings larger than 0.6
except for group 2G-C.

the per-bin median period colour coded. The period is seen to be
well correlated, on average, with the stellar radius, as expected
for tight systems. However, this is not observed for intrinsically
faint main sequence candidates with absolute Mg > 7 mag, or
for candidates below the main sequence where cataclysmic vari-
ables are found. The global rankings of these faint candidates are
generally also very low, as can be seen from the bottom panel of
Fig. 36. The observational HR diagram displays a much tighter
period—stellar radius correlation over the full magnitude range
if we restrict the sample to candidates with high global rank-
ings. This is illustrated in Fig. 37 with the sample of good paral-
laxes restricted to sources with a global ranking higher than 0.6,
to which all 24081 tight binaries from Sample 2G-C are also
added’. More than half of this new sample of 144 994 sources
have an ellipsoidal component (among which 21% in Sample
2GE-A and 38% in Sample 2GE-B), and 15% are in Sample

5 The tight binaries in Sample 2G-C have, on average, lower global

rankings than the candidates in Samples 2G-A, 2G-B, 2GE-A and 2GE-
B, despite their light curves being generally very good (see Sect. 3.2 and
Figs. A.9 and A.27).
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2G-B. The period distributions in the two samples, namely the
full sample with good parallaxes and the sample restricted to
high global rankings, are very similar, but systems with a strong
ellipsoidal component (2GE-B) become predominant at short
periods in the sample restricted to high global rankings, as shown
in Fig. 38.

Bright candidates without detected ellipsoidal variability.
About ten percent of the sample with good parallaxes have two
Gaussians in their light curve and no detected ellipsoidal vari-
ability (group 2G-A), pointing to detached systems (and some
semi-detached ones; see Sect. 3.1). As expected, they have, on
average, longer periods than the tighter systems (see Fig. 38).
A key question concerns the circularisation of these systems at
short periods. While we do not model the binary systems, and
hence do not know their eccentricity, an eccentricity proxy eproxy
can be derived from the relative eclipse locations and durations
provided by the two-Gaussian model. The relevant equations
are provided in Appendix B, where we show that most candi-
dates in groups with potential tidal interactions (groups 2G-B,
2G-C, 2GE-A and 2GE-B) have eccentricity proxies compatible
with circular systems, while large eccentricity proxies are found
in Sample 2G-A of systems without detected tidal interaction.
However, the analysis also reveals the unexpected presence of
short-period systems with large eccentricity proxies (top panel
of Fig. B.1), while these systems are expected to have been cir-
cularised.

In order to check the status of these short-period systems
with large eccentricity proxies, we focus on the subset of bright
candidates with G < 12 mag. There are 401 such candidates in
the good parallax sample with large global rankings defined
above. Their P—ep0xy diagram is shown in Fig. 39. The eccen-
tricity limit above which all systems at a given period are
expected to be circular is shown by the dashed blue line, follow-
ing Eq. (4.4) of Mazeh (2008) with E = 0.98, A = 3.25, B = 6.3,
and C = 0.23. The figure shows 48 systems that are unexpect-
edly above this limit; we refer to these as outlier sources. The
uncertainty on their eccentricity proxy, a quantity that can be
computed from the parameter uncertainties of the two-Gaussian
model (see Eq. (B.4)), does not resolve the issue. If we take
the 10 lower values of the eccentricity proxies considering their
&(eproxy) uncertainties, 27 candidates remain above the limit (the
1o downward corrections are shown as vertical grey line seg-
ments in Fig. 39), and 14 still have a 20- downward correction.
The depth of the secondary eclipse is colour-coded in Fig. 39,
red corresponding to shallow dips and blue to deep dips. Most
of the outliers are seen to have very shallow secondary eclipses,
namely less than ten milli-magnitudes in depth (red markers in
the figure). The figure also encodes the secondary over primary
depths ratios, with the size of the markers proportional to this
ratio such that smaller circles correspond to smaller depth ratios.
The large majority of the outliers are seen to have a secondary
eclipse that is much shallower than the primary eclipse (small
marker size). These features suggest careful verification of the
reliability of the secondary eclipse is required.

A comparison of the Gaia periods with literature periods,
when available, provides additional insight. The top panel of
Fig. 40 shows this comparison for candidates that have accept-
able eccentricity proxies, that is, below the expected upper limit.
A very good match between Pg,i, and Py is seen for a large
majority of the sources, with most of them having a 1:1 ratio and
some a 1:2 ratio (Pguiy =~ 2 Pi). In contrast, only very few out-
lier sources have Pg,i, =~ P, as shown in the bottom panel of

Fig. 40, but the majority of them still have a Gaia period ‘com-
patible’ with the literature period within a factor of two, with
Pgaiq = 0.5 Py This suggests that the Gaia pipeline considered
the two distinct eclipses as one unique eclipse, and detected a
(usually very shallow) artefact in the folded light curve to repre-
sent an imaginary secondary eclipse. A typical example of such
a case is shown in the top panel of Fig. 41, where the secondary
has a very shallow secondary dip identified at phase around 0.1,
barely visible in the figure. If we increase the Gaia period of the
outlier sources by a factor of two, the majority of them become
compatible with the expected maximum eccentricity given their
period in Fig. 39. We note that in that case, the eccentricity proxy
would also take another value as the two-Gaussian model will be
different.

The above analyses suggest that a quick way to clean the
P—eproxy diagram in Fig. 39 is to remove all small red points. If
we do this, a few outlier sources will still remain, which have
significant secondary eclipse depths both in terms of absolute
depth (non-red colour) and of secondary over primary depth
ratio (large marker sizes). We investigate the four systems with
the shortest periods below. These are, in increasing order of
orbital period, Gaia DR3 4524651705941314432 (0.2411507 d),
5712304991851559040 (0.2450746d), 2589992273084612480
(0.2818606 d), and 4455992049496820992 (0.3682685 d). They
are identified with open diamonds in Fig. 39, and their G, Ggp,
and Ggp light curves are shown in Fig. 41. All two-Gaussian
models to the G light curves (dashed lines in the figure) appear
acceptable. However, a closer look reveals some features that
lead us to question the periods extracted from the G light
curves, which have only a small number of measurements in the
eclipses. Investigation of the Ggp and Ggp light curves, which
were not used in the DR3 processing of eclipsing binaries,
suggest that the periods derived from the G light curves may be
incorrect, at least for the second and third sources. Therefore,
the periods of these outlier sources should be double checked.

Two of these four outliers are identified in the ASAS-
SN survey as eclipsing binaries (Jayasingheetal. 2019),
but with different periods from the Gaia period. Gaia
DR3 4524651705941314432 is mentioned with a period of
3.3972697d (ASASSN-V ]075432.26-211826.4), and Gaia DR3
5712304991851559040 with a period of 5.9965616d (ASASSN-V
J184156.16+192755.8). Their Py versus Pg,i, values are high-
lighted by the diamonds in the bottom panel of Fig. 40. The
Gaia DR3 4524651705941314432 light curve is compatible with
the ASAS-SN period (see Fig. C.9 which displays the Gaia
light curve folded with the ASAS-SN period). However, this
period was not selected by the automated Gaia pipeline because
of the scarcity of points that would result in the secondary
eclipse. Regarding Gaia DR3 5712304991851559040, the period
proposed by ASAS-SN is not compatible with the Gaia light
curve. The ASAS-SN period is actually not compatible with
the ASAS-SN light curve® either. However, twice this period
(119931232 d) would be compatible with both ASAS-SN and
Gaia light curves. Nevertheless, here too, the scarcity of Gaia
measurements that would result in the secondary eclipse pre-
vented the Gaia pipeline from chosing this period.

In summary, Gaia results of eclipsing binaries are generally
very good given the available Gaia time series. However, further
investigations must be performed for specific cases. This is espe-
cially true for well-detached eclipsing binaries with long periods,

® Downloaded from the ASAS-SN database of light curves at https:
//asas-sn.osu.edu/variables
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Fig. 39. Eccentricity proxy versus orbital period of Sample 2G-A eclipsing binaries (well-detached and without ellipsoidal component) that are
brighter than 12 mag in G and that have parallax uncertainties better than 15%, a corrected BP+RP flux excess factor lower than 0.5, and global
rankings higher than 0.6. The colour of each marker is related to the depth of the secondary eclipse (in G magnitude) according to the colour-scale
to the right of the figure, with ratios larger than 0.45 rendered in black. The size of each marker is proportional to the secondary over primary
depth ratio. The vertical line segments indicate the 10~ uncertainty of the eccentricity proxy. For clarity, this error has only been drawn on the small
eccentricity side. The blue dashed line is Eq. (4.4) from Mazeh (2008) with E = 0.98, A = 3.25, B = 6.3, and C = 0.23. The five sources above
this line that are highlighted with open diamonds have their light curves displayed in Fig. 41.

for which an incorrect (very) short period may instead be chosen
as the best solution by the DR3 pipeline.

5.2. Short-period binaries in the Magellanic Clouds

The period distributions of eclipsing binaries in the Magellanic
Clouds are shown in Fig. 42. Here, we have excluded candidates
from groups 2G-D, 2G-X, 2G-Y, and 2GE-Z, for which the peri-
ods are less reliable, and include only candidates with global
rankings above a certain limit as mentioned in the caption of the
figure in order to limit the impact of aliases (see Sects. 3.3 and
3.4). The distributions of both the LMC (blue filled histogram in
the figure) and SMC (red filled histogram) peak at values above
1 day (~1.7 and ~1.3d, respectively), in contrast to the distri-
bution of candidates in the Galaxy, which peaks at ~0.33 day
(grey histogram). This shortage of short-period (less than about
1 day) eclipsing binaries in the Magellanic Clouds has already
been reported by the OGLE survey team (Pawlak et al. 2016).
The Gaia data allow us to confirm the origin of this observed
shortage. The absolute magnitudes of the tight systems (see
Table 3) with relative parallax uncertainties better than 10% and
global ranking above 0.5 (above 0.45 for candidates in Sample
2G-B) are shown versus their orbital period in Fig. 43 (in grey).
A clear correlation is visible of decreasing period with decreas-
ing brightness, resulting in a lack of systems with periods shorter
than 0.5 days at magnitudes brighter than Mg =~ 1.5 mag. This
limit translates to an apparent magnitude G =~ 20 at the dis-
tance of the LMC, considering a distance modulus of 18.476 mag

A16, page 24 of 45

100 0<dw@)/w<0.5, C* <05, rank > 0.6, G < 12mag 7
50| 2G-A o Rox
20 €proy < Elimit T ///: o2 o
I 10 g
= 5 0.15 —
< 3
2 0.10 S
1
0.5 1| ~ 0.05
100 0 < ¢(w)/w < 0.15, C* < 0.5, rank > 0.6, G < 12mag 7
50| 2G-A o Rox
00| Gorow > imit . //,/’ o2 o
E /,/ )
2 015 £
<
0.10 S
0.05
0

10 20 50
Pgaia [d]

Fig. 40. Same as Fig. 39, but for non-Gaia literature period versus Gaia
period for those sources that have a period published in the literature.
The dashed line is Pi; = Pguia, and the dotted lines are the relations
Pric = 2 Pgaiq and Pri; = 0.5 Pggi, - Top panel: sources that have eccen-
tricity proxies smaller than the eccentricity limit shown in Fig. 39. Bot-
tom panel: sources with eccentricity proxies larger than this limit.

(Pietrzynski et al. 2019), explaining the lack of short-period sys-
tems in the LMC, as hypothesised in Pawlak et al. (2016). The
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Fig. 41. Same as Fig. 4, but for five bright candidates with eccen-
tricity proxies larger than the expected limit shown in Fig. 40. From
top to bottom: Gaia DR3 2888711169825554688, 4524651705941314432,
5712304991851559040, 2589992273084612480 and 4455992049496820992.

distribution of the Gaia tight systems in the LMC is shown in
red in Fig. 43. The same conclusion is reached with the sam-
ple of wide systems in groups 2G-A and 2GE-A. Despite a less
pronounced correlation between M and P, a lack of these wide
system with periods shorter than about 1 day is observed at abso-
lute magnitudes brighter than M =~ 1.5 mag. For illustrative pur-
poses, the observational HR diagram of the Galactic and LMC
tight systems discussed above is shown in Fig. 44.
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Fig. 42. Period distributions of eclipsing-binary candidates with global
rankings higher than 0.5 (>0.45 for Sample 2G-B). Samples 2G-D, 2G-
X, 2G-Y, and 2GE-Z are excluded. The distributions of candidates sat-
isfying these conditions towards the LMC and SMC, with sky position,
proper motion, and parallax criteria taken from Mowlavi et al. (2019),
are shown in blue and red, respectively. The distribution of the remain-
ing sources satisfying these conditions is shown with the filled grey
histogram. The distributions are normalised to their maximum values.
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Fig. 43. Absolute G magnitude versus orbital period for tight system
candidates (samples 2G-B, 2G-C, 2GE-B, 1GE and 0GE) with global
ranking higher than 0.5 (>0.45 for Sample 2G-B). Sources with relative
parallax uncertainties better than 10% in the Galaxy are shown in grey
and sources towards the LMC (same selection criteria as in Fig. 42)
are shown in red. A distance modulus of 18.476 mag is adopted from
Pietrzynski et al. (2019) for the LMC.

6. Summary and conclusions

This paper presents the first Gaia catalogue of eclipsing bina-
ries made available in June 2022 within Gaia DR3. It contains
more than two million candidates, which are filtered from a
larger set of eclipsing-binary candidates identified by the gen-
eral classification pipeline of the variability processing modules
within the Gaia DPAC (Rimoldini et al. 2023). The orbital peri-
ods are determined based on the cleaned G light curves. A two-
Gaussian model is used to characterise the morphology of their
light curves —which contains up to two Gaussian functions and
one sine function— and a global ranking is provided that quanti-
fies the quality of the model fit to the G light curves. The model
adequately identifies the eclipses and ellipsoidal variability when
they are clearly detectable in the light curves, and several groups
of eclipsing binaries, from wide to tight systems, are identified
in Sect. 3.1 based on the model parameters. However, the two-
Gaussian model can contain components that are not relevant
to describing real eclipses or ellipsoidal variability, though they
reliably describe the geometry of the light curves. The Ggp and
Grp light curves were not considered in the processing of the
eclipsing binaries in DR3.

About 600 000 of the Gaia candidates have a cross-match in
the literature, of which 88% are also identified as eclipsing bina-
ries in the literature. The Gaia and literature periods are similar
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Fig. 44. Observational HR diagram of Gaia DR3 for the tight candi-
dates shown in Fig. 43, displayed as a density map for Galactic sources
(colour-coded according to the colour scale to the right of the figure)
and as red circles for candidates towards the LMC (same selection cri-
teria as in Fig. 42). The contour lines (logarithmic scale) of the random
sample of ten million stars shown in the top panel of Fig. 36 are drawn
in black.

for 86% of the sources identified as eclipsing binaries in both
Gaia and the literature. This number increases to 93% when also
considering period ratios of two. The overall completeness of the
catalogue is estimated to lie between 25% and 50% —depending
on the sky region— based on a comparison with OGLE4 cata-
logues of eclipsing binaries towards the Magellanic Clouds and
the Galactic Bulge. More than half of the catalogue consists of
new candidates, with larger percentages of new candidates in
dense regions of the sky. We estimate that overall perhaps 6% of
our candidates could be affected by scan-angle-dependent sig-
nals in their photometry (Sect. 3.5), meaning that their reported
period and model is likely wrong even though a subset of them
will be of eclipsing-binary origin.

Mlustrative samples with good parallaxes —with the major-
ity being tight systems— confirm that their properties, such as
distribution in the observational HR diagram and periods, are
as expected overall. The analysis of the period—eccentricity
diagram for a subset of detached systems, on the other hand,
highlights the challenges in dealing with these systems, and
illustrates how the catalogue can be used. Finally, we show how
the sample of Galactic short-period (less than 1 day) systems
with good parallaxes confirms the observational origin of the
lack of short-period systems in the Magellanic Cloud.

This release represents the largest catalogue of eclipsing-
binary candidates available so far in the literature. Looking to the
future, the next Gaia Data Release 4 (DR4) will provide an even
larger catalogue of candidates, with improved characterisation
due not only to the larger time baseline and increased number of
measurements (DR4 will be based on 66 months of data instead
of the 34 months in DR3), but also to further improvements in
our processing pipeline by, for example, taking into account Ggp
and Ggp time series.

Acknowledgements. We thank the referee for useful comments. Specific
acknowledgements related to the Gaia data on which this work is based are
given in Appendix D. This research has made use of the free Starlink Tables

A16, page 26 of 45

Infrastructure Library (STILTS and TOPCAT, Taylor 2006). This research has
made use of NASA’s Astrophysics Data System Bibliographic Services.

References

Alcock, C., Allsman, R. A., Alves, D., et al. 1997, ApJ, 486, 697

Andersen, J. 1991, A&A Rev., 3, 91

Avvakumova, E. A., Malkov, O. Y., & Kniazev, A. Y. 2013, Astron. Nachr., 334,
860

Burke, E. W., Jr, Rolland, W. W., & Boy, W. R. 1970, JRASC, 64, 353

Chen, X., Wang, S., Deng, L., et al. 2020, ApJS, 249, 18

Cumming, A., Marcy, G. W., & Butler, R. P. 1999, ApJ, 526, 890

Devor, J., Charbonneau, D., O’Donovan, F. T., Mandushev, G., & Torres, G.
2008, AJ, 135, 850

Drake, A. J., Djorgovski, S. G., Catelan, M., et al. 2017, MNRAS, 469, 3688

Ekstrom, S., Georgy, C., Eggenberger, P, et al. 2012, A&A, 537, A146

ESA 1997, in The HIPPARCOS and TYCHO catalogues. Astrometric and photo-
metric star catalogues derived from the ESA HIPPARCOS Space Astrometry
Mission, ESA Spec. Publ., 1200

Eyer, L., Mowlavi, N., Evans,
[arXiv:1702.03295]

Eyer, L., Audard, M., Holl, B, et al. 2023, A&A, 674, A13 (Gaia DR3 SI)

Feigelson, E. D., & Babu, G. J. 2012, Modern Statistical Methods for Astronomy
(Cambridge University Press)

Gaia Collaboration (Prusti, T., et al.) 2016, A&A, 595, Al

Gaia Collaboration (Brown, A. G. A, et al.) 2021, A&A, 649, Al

Gaia Collaboration (Arenou, F., et al.) 2023a, A&A, 674, A34 (Gaia DR3 SI)

Gaia Collaboration (Vallenari, A., et al.) 2023b, A&A, 674, A1 (Gaia DR3 SI)

Gavras, P., Rimoldini, L., Nienartowicz, K., et al. 2023, A&A, 674, A22 (Gaia
DR3 SI)

Heck, A., Manfroid, J., & Mersch, G. 1985, A&AS, 59, 63

Heinze, A. N., Tonry, J. L., Denneau, L., et al. 2018, AJ, 156, 241

Holl, B., Fabricius, C., Portell, J., et al. 2023, A&A, 674, A25 (Gaia DR3 SI)

Jayasinghe, T., Stanek, K. Z., Kochanek, C. S., et al. 2019, MNRAS, 486, 1907

Jurkevich, I. 1971, Ap&SS, 13, 154

Kim, D.-W., Protopapas, P., Bailer-Jones, C. A. L., et al. 2014, A&A, 566, A43

Kirk, B., Conroy, K., Prsa, A., et al. 2016, AJ, 151, 68

Lafler, J., & Kinman, T. D. 1965, ApJS, 11, 216

Malkov, O. Y. 2020, MNRAS, 491, 5489

Mazeh, T. 2008, EAS Publ. Ser., 29, 1

Mowlavi, N., Lecoeur-Taibi, 1., Holl, B., et al. 2017, A&A, 606, A92

Mowlavi, N., Trabucchi, M., & Lebzelter, T. 2019, The Gaia Universe, 62

Paczynski, B., Szczygiet, D. M., Pilecki, B., & Pojmanski, G. 2006, MNRAS,
368, 1311

Palaversa, L., Ivezi¢, Z., Eyer, L., et al. 2013, AJ, 146, 101

Pawlak, M., Soszynski, I., Udalski, A., et al. 2016, Acta Astron., 66, 421

Pietrzynski, G., Graczyk, D., Gallenne, A., et al. 2019, Nature, 567, 200

Pigulski, A., Pojmanski, G., Pilecki, B., & Szczygiet, D. M. 2009, Acta Astron.,
59,33

Pojmanski, G. 2002, Acta Astron., 52, 397

Prsa, A., Kochoska, A., Conroy, K. E., et al. 2022, ApJS, 258, 16

Renault, C., Aubourg, E., Bareyre, P., et al. 1998, A&A, 329, 522

Riello, M., De Angeli, F., Evans, D. W, et al. 2021, A&A, 649, A3

Rimoldini, L., Holl, B., Gavras, P., et al. 2023, A&A, 674, A14 (Gaia DR3 SI)

Schwarzenberg-Czerny, A. 1997, Astron. Time Ser., 218, 183

Sesar, B., Hernitschek, N., Mitrovié, S., et al. 2017, AJ, 153, 204

Soszynski, I., Pawlak, M., Pietrukowicz, P, et al. 2016, Acta Astron., 66, 405

Southworth, J. 2015, ASP Conf. Ser., 496, 164

Stellingwerf, R. F. 1978, ApJ, 224, 953

Taylor, M. B. 2006, ASP Conf. Ser., 351, 666

Udalski, A., Szymanski, M., Kaluzny, J., Kubiak, M., & Mateo, M. 1992, Acta
Astron., 42, 253

Wall, J. V., & Jenkins, C. R. 2003, Practical Statistics for Astronomers, 3 (UK:
Cambridge University Press)

Watson, C. L., Henden, A. A., & Price, A. 2006, Soc. Astron. Sci. Ann. Symp.,
25, 47

Zechmeister, M., & Kiirster, M. 2009, A&A, 496, 577

D. W, et al. 2017, ArXiv e-prints


http://linker.aanda.org/10.1051/0004-6361/202245330/1
http://linker.aanda.org/10.1051/0004-6361/202245330/2
http://linker.aanda.org/10.1051/0004-6361/202245330/3
http://linker.aanda.org/10.1051/0004-6361/202245330/3
http://linker.aanda.org/10.1051/0004-6361/202245330/4
http://linker.aanda.org/10.1051/0004-6361/202245330/5
http://linker.aanda.org/10.1051/0004-6361/202245330/6
http://linker.aanda.org/10.1051/0004-6361/202245330/7
http://linker.aanda.org/10.1051/0004-6361/202245330/8
http://linker.aanda.org/10.1051/0004-6361/202245330/9
http://linker.aanda.org/10.1051/0004-6361/202245330/10
http://linker.aanda.org/10.1051/0004-6361/202245330/10
http://linker.aanda.org/10.1051/0004-6361/202245330/10
https://arxiv.org/abs/1702.03295
http://linker.aanda.org/10.1051/0004-6361/202245330/12
http://linker.aanda.org/10.1051/0004-6361/202245330/13
http://linker.aanda.org/10.1051/0004-6361/202245330/14
http://linker.aanda.org/10.1051/0004-6361/202245330/15
http://linker.aanda.org/10.1051/0004-6361/202245330/16
http://linker.aanda.org/10.1051/0004-6361/202245330/17
http://linker.aanda.org/10.1051/0004-6361/202245330/18
http://linker.aanda.org/10.1051/0004-6361/202245330/19
http://linker.aanda.org/10.1051/0004-6361/202245330/20
http://linker.aanda.org/10.1051/0004-6361/202245330/21
http://linker.aanda.org/10.1051/0004-6361/202245330/22
http://linker.aanda.org/10.1051/0004-6361/202245330/23
http://linker.aanda.org/10.1051/0004-6361/202245330/24
http://linker.aanda.org/10.1051/0004-6361/202245330/25
http://linker.aanda.org/10.1051/0004-6361/202245330/26
http://linker.aanda.org/10.1051/0004-6361/202245330/27
http://linker.aanda.org/10.1051/0004-6361/202245330/28
http://linker.aanda.org/10.1051/0004-6361/202245330/29
http://linker.aanda.org/10.1051/0004-6361/202245330/30
http://linker.aanda.org/10.1051/0004-6361/202245330/31
http://linker.aanda.org/10.1051/0004-6361/202245330/31
http://linker.aanda.org/10.1051/0004-6361/202245330/32
http://linker.aanda.org/10.1051/0004-6361/202245330/33
http://linker.aanda.org/10.1051/0004-6361/202245330/34
http://linker.aanda.org/10.1051/0004-6361/202245330/35
http://linker.aanda.org/10.1051/0004-6361/202245330/35
http://linker.aanda.org/10.1051/0004-6361/202245330/36
http://linker.aanda.org/10.1051/0004-6361/202245330/37
http://linker.aanda.org/10.1051/0004-6361/202245330/38
http://linker.aanda.org/10.1051/0004-6361/202245330/39
http://linker.aanda.org/10.1051/0004-6361/202245330/40
http://linker.aanda.org/10.1051/0004-6361/202245330/41
http://linker.aanda.org/10.1051/0004-6361/202245330/42
http://linker.aanda.org/10.1051/0004-6361/202245330/43
http://linker.aanda.org/10.1051/0004-6361/202245330/44
http://linker.aanda.org/10.1051/0004-6361/202245330/45
http://linker.aanda.org/10.1051/0004-6361/202245330/46
http://linker.aanda.org/10.1051/0004-6361/202245330/47
http://linker.aanda.org/10.1051/0004-6361/202245330/47
http://linker.aanda.org/10.1051/0004-6361/202245330/48
http://linker.aanda.org/10.1051/0004-6361/202245330/49
http://linker.aanda.org/10.1051/0004-6361/202245330/49
http://linker.aanda.org/10.1051/0004-6361/202245330/50

Mowlavi, N, et al.: A&A 674, A16 (2023)

Appendix A: Analysis of the two-Gaussian model
parameters

This Appendix provides some insight into the two-Gaussian
model properties of the Gaia DR3 catalogue of eclipsing-binary
candidates. In Sects. A.1 and A.2, we discuss the cases of mod-
els including two Gaussians, which constitute the overwhelming
majority of the catalogue (94% of the candidates; see Table 1
in the main body of the article). Models containing one Gaus-
sian (4% of the catalogue) are then considered in Sects. A.3 and
A.4. The remaining 2% of candidates, whose light curves are
modelled with only an ellipsoidal component, are discussed in
Sect. A.5. A summary is provided in Sect. A.6.

A.1. Models with only two Gaussians

Almost three quarters (73%) of the sources in the catalogue have
their light curves modelled by two Gaussians and without an
ellipsoidal component. These are identified in the Gaia table
with model_type=TWOGAUSSIANS or num_model_parameters=8.
The distributions of the phase widths o, and o of their pri-
mary and secondary Gaussian functions, respectively, are shown
in Fig. A.1 (top panel). The bulk of the sources lie along the
diagonal line of equal Gaussian widths, where two distinct sam-
ples can be discerned. We define samples 2G-A and 2G-B as the
ones at smaller and larger width, respectively. A third distinct
sample is visible at o, 2 0.17, which we label Sample 2G-C.
The exact definition of each sample is given in Table A.1, and
their locations in the o, — o5 plane are summarised in Fig. A.2.
We briefly describe their properties in the following paragraphs.

Sample 2G-A. The first sample identified along the diagonal
line of equal Gaussian widths at phase widths smaller than ~0.06
(blue region in Fig. A.2) contains well detached eclipsing bina-
ries. It can also contain semi-detached systems if the star that
fills its Roche Lobe is much fainter than the primary star such
that the ellipsoidal variability induced by the pear-shaped faint
companion remains undetected in the light curve. In this case,
the secondary eclipse is expected to be much shallower than the
primary eclipse. The two Gaussians in Sample 2G-A are sepa-
rated by 0.5 in phase in the majority of cases, as shown in the
second panel from top in Fig. A.1, suggesting circular orbits for
the majority of them. Two example light curves’ are shown in
Fig. A.3, one with a circular orbit and one with an eccentric orbit.

The depth ratio between the two eclipses takes all values
between (close-to) zero and one (thin blue histogram in the
top panel of Fig. 6 in the main body of the text), suggesting,
for close-to-circular systems, a wide range of luminosity ratios
between the two binary stars. The median value of this ratio is
about 0.6 in all bins in the o), — o; diagram where o, ~ o, as
seen in the third panel of Fig. A.1. However, the per-bin median
depth ratio drops quickly when moving away from the equal-
width area, with ratios reaching below 0.3 at the edges of the 2G-
A region. This may indicate the presence of sources for which
the two Gaussians are not catching the real eclipse dips. Two-
Gaussian models that realistically describe the eclipse properties
of well-detached eclipsing binaries are expected to have similar
Gaussian widths.

7 The Ggp and Ggp light curves are shown together with the G light

curves in all the examples shown in this Appendix for information pur-
pose only. These Ggp and Ggp light curves were not used in the process-
ing pipeline that led to the results published in Gaia DR3.
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Fig. A.1. Secondary versus primary Gaussian widths for models with-
out an ellipsoidal component. The widths are expressed in phase units.
Top panel: Density map of the sample, colour-coded according to the
colour-scale shown to the right of the panel. Second panel: Bin-median
value of the phase separation of the two Gaussians, shifted between 0
and 0.5. Third panel: Bin-median value of secondary to primary Gaus-
sian depths ratio. Bottom panel: Bin-median value of global ranking.
The values are colour-coded according to the colour-scales to the right
of each panel. The axes ranges have been restricted for better visibility.

Detection of spurious eclipses by the automated algorithm is
unavoidable. An example of such a case is shown in Fig. A.4
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Table A.1. Sample definition.

Sample Definition

—— Two Gaussians only (num_model_parameters=8)
2G-A
2G-B

~0.007406 + 0.7 o7 + 0.4(4.3 07y — 0.1)> < oy < min(0.0119 + 1.26 07y — 0.6(2 7 — 0.1)%,0.14 — 1.4 07y
max(0.14 — 1.4 7, —0.013972 + 0.88624 ) < o7 < min(0.012 + 1.26 07, 0.43 — 1.6 77y

2G-C oy > max(0.18 -0.207,0.43 - 1.6 0,0.204 — 51(0op, — 0.146)

2G-D o> 0p, 0p <0.02, notin Sample 2G-A
2G-X oy > 0p, notinsamples 2G-[A,B,C,D]
2G-Y o <0p, notinsamples 2G-[A,B,C,D]

—— Two Gaussians + cosine (num_model_parameters=9)
2GE-A 2Aell <0.1 1, Aoj((pec]) < 0.07
2GE-B  2Aq = 0.11, Ags(gec) < 0.07
2GE-Z Ay5(@eq) = 0.07

—— One Gaussian only (num_model_parameters=>5)
1G All

—— One Gaussian + cosine (num_model_parameters=6)
1GE All

—— One cosine only (num_model_parameters=4)
0GE All

2G-A
2G-B
2G-C
2G-D
2G-X
2G-Y

Secondary Gaussian width
o o
) w

=4
o

0.1 0.2 0.3
Primary Gaussian width

Fig. A.2. Distribution in the primary versus secondary Gaussian width
plane of the samples defined in Table A.1 for the models without an
ellipsoidal component.

(top example), where a spurious shallow dip detected close to
the primary eclipse is identified as the secondary eclipse, which
is probably due to the lack of measurements at a phase distant
by 0.5 from the primary, or due to a period that is too small by a
factor of two. We note that the primary eclipse still appears to be
correct in that example. A visual check of a random set of 100
sources in Sample 2G-A leads to an estimated 5%-10% sources
that could have spurious secondary-eclipse identifications.
Finally, we must caution that an eclipse may lack sufficient
phase coverage to properly constrain its depth. An example of
such a case is shown in Fig. A.5. The Gaussian depths and
derived eclipse depths are consequently much larger than the
magnitude range of the observations, as expected from the lack
of observations in the faint parts of the eclipse. Additional obser-
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Fig. A.3. Example G light curves (top panels in each set) and Ggp and
Grp light curves (bottom panels in each set) of sources in Sample 2G-
A modelled with only two Gaussians. The Ggp and Ggrp magnitudes
are shifted by a value equal to their median magnitudes, the values of
which are given in the panel. The two-Gaussian model obtained from
the G light curve is superposed as a dotted line in both panels of each
set. The green areas indicate the derived eclipse durations. The top set is
for the circular candidate Gaia DR3 5632871775033302656 and the bottom
set is for the eccentric candidate Gaia DR3 2059784985669541760.

vations are needed to confirm the true eclipse depth of these
cases. Figure A.6 (top panel) reveals that this mainly occurs for
eclipse durations between ~0.07 and ~0.17 days. These dura-
tions correspond to the time intervals between successive pas-
sages in the Gaia FOVs, which are 1.775 hours from FOV1 to
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Fig. A.4. Same as Fig. A.3, but illustrating cases of incor-
rect model identifications. From top to bottom sets: Spuri-
ous secondary eclipse identification in Sample 2G-A (Gaia DR3
264837033617656448), incorrect period estimate in Sample 2G-B (Gaia
DR3 4045605519248336256), spurious ellipsoidal variable in Sample 2G-
C (Gaia DR3 2195008530582714880).
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Fig. A.5. Same as Fig. A3, but for a case (Gaia DR3
5684917462874690560) with an insufficient coverage of the primary
eclipse that leads to the poor constraint of its depth.

FOV2 and 4.225 hours from FOV2 to FOV1 given the six-hour
rotation period of the spacecraft and the 106.5 degree basic angle
between the two FOVs. For eclipse durations in this time inter-
val, observations of a particular source may be lacking in the
core of its eclipse depending on the observation time distribu-
tion over the 34 months covered in DR3. Let us consider such
a source where only very few observations fall in its eclipse
time window during these 34 months. For durations longer than
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Fig. A.6. Density map of the primary eclipse depth versus duration (in
days) for the samples 2G-A (top panel), 2G-D (middle panel), and 1G
(bottom panel). The primary eclipse duration is taken equal to Weci.1 Porb-
The larger occurrence of eclipse depths larger than about 1 mag for
eclipse durations between ~0.07 and ~0.17 days is linked to the equiv-
alent time intervals between successive observations in the two Gaia
FOVs (see text, Sect. A.1). The axis ranges have been limited for
improved visibility.

4.2 h, the probability of having measurements inside the eclipse
is large, as the source will be observed during a minimum of
two successive FOV passages. For durations shorter than 4.2 h
(but larger than 1.8 h), the probability of having sufficient obser-
vations in the middle of the eclipse decreases with decreasing
eclipse duration. If measurements are still available at the edge
of the eclipse, the eclipse will be caught by the pipeline, but with
rather unconstrained eclipse depth. For durations shorter than
1.8 h, the probability of having observations only at the edges of
the eclipse decreases considerably as this duration is shorter than
the shortest time interval between two successive FOVs. These
aspects explain the excess of sources with (excessively) large
primary eclipse depths in Fig. A.6 for eclipse durations between
~0.07 and ~0.17 days.

Sample 2G-B. The second sample identified along the line of
equal Gaussian widths in the top panel of Fig. A.1 lies at phase
widths between 0.06 and 0.15. This is the most populated region
in the diagram. Their larger Gaussian widths lead to the absence
of flat inter-eclipse phases. These are tighter binaries than can-
didates in Sample 2G-A. The phase separation between the two
eclipses is close to 0.5 (see second panel from top of Fig. A.1),
as expected for these types of eclipsing binaries. The distribution
of the eclipse depth ratio (green thick histogram in the top panel
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Fig. A.7. Same as Fig. A.3, but for two sources in Sample 2G-B of
light curves modelled with only two Gaussians. The top set is for
EW-type eclipsing-binary candidate Gaia DR3 5256648720295981184 and
the bottom set is for EB-type eclipsing-binary candidate Gaia DR3
1807942504467443456.

of Fig. 6) peaks at a value of 1 with a tail extending down to
below 0.4. Example light curves are shown in Fig. A.7.

In this sample 2G-B, spurious cases can happen when a
potentially erroneous period is obtained. An example of such
a case is shown in the second source from the top in Fig. A.4.
Visual inspection of a random set of 100 sources in Sample 2G-
B reveals only one such case, suggesting a very low fraction of
spurious cases on the order of 1%.

Sample 2G-C. A subset of the sources shown in the top panel
of Fig. A.1 forms a distinct group —at primary Gaussian widths
larger than ~0.17— from the majority of the sources that lie
along the diagonal line of equal Gaussian widths. We define
this subset as Sample 2G-C; it represents less than 2% of the
TWOGAUSSIANS models. The light curves of these sources are
modelled with two wide and deep overlapping Gaussians. When
the Gaussians have similar depths and widths, which is the case
at o, = 0.2, the light-curve shape is close to sinusoidal. An
example is shown in Fig. A.8 (top case). For o, values above 0.2,
o decreases with increasing o-,. These sources are ellipsoidal
binaries with light-curve modulations. An example is given by
the second case in Fig. A.8. The change of light-curve shape
with increasing o, of these Sample 2G-C sources is illustrated
in the third panel of Fig. A.1, where the per-bin median depth
ratio decreases from above 0.9 at o, =~ 0.2 (red colours) to about
0.6 at o, ~ 0.35 (green colours).

The phase separation between the locations of the two Gaus-
sians is expected to be ~0.5 for these tight systems. This is
indeed confirmed for the majority of the sources in the sample
(see second panel from top in Fig. A.1), with 90% of them hav-
ing a deviation from a 0.5 separation of less than 0.015 in phase.
The ones with larger deviations are spurious cases. An example
light curve of such an apparently spurious case is shown by the
third case in Fig. A.4.
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Fig. A.8. Same as Fig. A.3, but for two ellipsoidal variable candi-
dates from Sample 2G-C of light curves modelled with only two
Gaussians. The top set is for a typical ellipsoidal variable (Gaia DR3
1872983530689181312) and the bottom panel for an ellipsoidal variable
with light amplitude modulation (Gaia DR3 1980590328522237824).
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Fig. A.9. Same as Fig. 6, but for the global ranking. The histograms are
not area-normalised.

The global ranking of the candidates in Sample 2G-C is gen-
erally lower than that of the candidates of samples 2G-A and 2G-
B, with only very few cases above 0.6. This is shown in the top
panel of Fig. A.9. Nevertheless, the light curves are very good in
the majority of cases.

Finally, we must mention the value
of derived_primary_ecl_depth (and
derived_secondary_ecl_depth) reported in the cata-

logue for these 2G-C binaries. This value represents the depth
of the faintest point of the primary dip in the modelled light
curve. For most of the candidates in the catalogue, the value of
derived_primary_ecl_depth is similar to the depth of the
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Fig. A.10. Density map of the depth of the primary eclipse versus
the depth of the deepest Gaussian. The sample of sources whose light
curves are modelled with two Gaussians and without an ellipsoidal com-
ponent is shown in the top panel, while those with two Gaussians and a
cosine function are shown in the bottom panel. The density in the maps
is colour coded according to the colour scales shown to the right of each
panel. The axes ranges have been restricted for better visibility.

deepest Gaussian. When there is a significant overlap between
the two Gaussian components, as is the case for candidates in
Sample 2G-C, a significant difference exists between the depths
of the Gaussians and the derived depths in the modelled light
curve. This is illustrated in the top panel of Fig. A.10, which
compares these two values for the primary Gaussian of models
containing only two Gaussians. Sample 2G-C is identified as
the distinctive subsample below (and almost parallel to) the
diagonal line, with primary Gaussian depths (on the abscissa)
that are between two and ten times larger than the actual depth
in their light curves (on the ordinate).

Sample 2G-D. The remaining areas in Fig. A.1 (top panel)
other than the ones defined by samples 2G-A, 2G-B, and 2G-
C contain a variety of light-curve geometries. Among them, the
ones with narrow primary and much wider secondary Gaussians
stand out, with secondary Gaussian depths that are much smaller,
in general, than the primary Gaussian depths, as seen in the
third panel of Fig. A.1. We therefore define Sample 2G-D with
op < 0.02 and o5 2 3 0. The histogram of their depth ratio
is shown by the cyan dotted histogram in Fig. 6 (bottom panel).
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Fig. A.11. Same as Fig. A.3, but for two candidates in Sample 2G-D
of light curves modelled with only two Gaussians. The top set shows
a case with a convincing primary eclipse detection while the sec-
ondary eclipse is spurious (Gaia DR3 2056622657089571968). The bot-
tom set shows a seemingly good case from the G light curve (Gaia DR3
4077271415493214080).

Most of them have depth ratios lower than 0.2. This sample con-
tains about 5% of the full catalogue.

While their primary Gaussians correctly identify the pres-
ence of a detached eclipse in most cases, caution must be taken
as to the reality of the second Gaussian identification. The auto-
mated algorithm can indeed fail to detect a narrow secondary
eclipse in the case of inadequate phase coverage and/or an overly
shallow secondary, and instead pick up a wide and shallow fea-
ture in the light-curve geometry for the secondary eclipse. This
can also result from an incorrect orbital period, for example if
the true period is twice the determined period. An example of
such a light curve is shown in the top panel of Fig. A.11, where
the failure to detect a secondary eclipse may be due to either a
lack of observations in the phase range distant by 0.5 from the
primary eclipse (if circular orbit), or to a period determination
(3.07 d) that is half the true value. Instead, a physically improb-
able wide and shallow secondary is picked up by the automated
pipeline at a phase 0.3 apart from the primary. The Ggp and Ggrp
light curves confirm these conclusions drawn from the G light
curve. The second example in Fig. A.11 illustrates a case where
the Ggp and Ggp light curves would not be useful were they to
be considered in the analysis, as they lack reliable observations
due to the source being faint and lying in a dense region on the
sky close to the Galactic bulge.

It must also be mentioned that a fraction of sources in this
2G-D sample lack sufficient observations to properly constrain
their eclipse depth. This was already noted for Sample 2G-A
at eclipse durations between 0.07 and 1.5 days (top panel of
Fig. A.6). The same is true in this sample 2G-D, as clearly seen
in the middle panel of Fig. A.6, affecting an even larger fraction
of sources in this sample than in Sample 2G-A due to the shorter
eclipse durations of the candidates in Sample 2G-D. Sources in
this sample merit additional investigation using Gaia data them-
selves and/or complementary observations.
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Fig. A.12. Same as the top panel of Fig. A.1, but for the subset of
sources with global rankings higher than 0.52. The colour scale is kept
identical to that of the top panel of Fig. A.1 to allow direct comparison.

Samples 2G-X and 2G-Y. The two remaining areas in Fig. A.1,
namely the areas above and below the area of equal Gaus-
sian widths (which respectively define samples 2G-X and 2G-
Y), contain sources with various light-curve model geometries.
Their Gaussian depth ratios span all values from almost O up
to 1 (yellow and pink histograms in the bottom panel of Fig. 6,
respectively). The phase separation between the two Gaussians
also has a wider distribution than those of Samples 2G-A to C,
with median values between 0.4 and 0.45 (greenish regions in
the second panel of Fig. A.1). Both these features suggest that a
careful investigation of the light curves is required, as the two-
Gaussian model components may be insufficient to account for
the physics of the binary system that determines its light vari-
ability. This is also suggested from their generally low global
rankings shown in the bottom panel of Fig. A.1, with median
per-bin values below 0.48 for a majority of them (yellowish and
reddish colours in the panel). The histograms of their global
rankings shown in the bottom panel of Fig. A.9 confirm this.
Restricting the samples to sources with global rankings greater
than 0.52 removes much of the sources in samples 2G-X and
2G-Y, as shown in Fig. A.12 (to be compared with the top panel
of Fig. A.1). The total number of sources in each of these two
samples amounts to about 10% of the full catalogue.

A.2. Models with two Gaussians and an ellipsoidal
component

About one-quarter (23%) of the sources in the catalogue have
their G light curves modelled with two Gaussians and an addi-
tional ellipsoidal (cosine) component. The two Gaussians have
similar widths ® (see Fig. A.13), reminiscent of Sample 2G-A of
wide binaries identified in Sect. A.1. However, contrary to Sam-
ple 2G-A, Sample 2GE-A candidates are all tight systems with a
visible ellipsoidal component.

The amplitude distribution of the ellipsoidal component is
shown in Fig. A.14, and reveals two main subsamples: one at
small amplitudes (2A.; < 0.11 mag; pink filled histogram),
which defines Sample 2GE-A, and one with larger amplitudes

8 When the model includes an ellipsoidal (cosine) term, the Gaus-

sian widths are, by construction, smaller than 0.4/5.6=0.0714 to avoid
a degenerative competition between the wide Gaussian and the cosine
functions (see Sect. 2.2 in the main body of the text).
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Fig. A.13. Same as the top panel of Fig. A.1, but for the sample
of sources whose light curves are modelled with two Gaussians and
an ellipsoidal component (samples 2GE-A, 2GE-B and 2GE-Z). The
dashed line delineates the region defined for Sample 2G-A eclipsing
binaries of the models containing two Gaussians but no ellipsoidal com-
ponent (Table A.1 and Fig. A.2).
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Fig. A.14. Peak-to-peak amplitude distributions of the ellipsoidal com-
ponent (cosine) of the two-Gaussian models in the various samples con-
taining the cosine component as labeled in the figure. The abscissa scale
has been limited for better visibility.

(2Aen = 0.11 mag; blue filled histogram in the figure), which
defines Sample 2GE-B. We further restrict the sources in these
two samples to those that have eclipse separations close to 0.5
in phase, because our choice to use a cosine function to describe
the ellipsoidal variability implies, in principle, a circular orbit.
To do this, we define the separation Ag 5(¢ec) between the loca-
tions of the primary (gec1,1) and secondary (gec12) eclipses in the
models measured relative to a separation of 0.5 as

AO.S(‘pecl) = | |<pecl,1 - ()Oecl,ZI -05 | (Al)

The distribution of Ags(@ec1) versus the ellipsoidal peak-to-peak
amplitude is shown in Fig. A.15. This confirms that the majority
of sources with two Gaussians and an ellipsoidal component are
nearly circular, with Ags(¢ec1) < 0.07 (i.e. a phase separation of
0.5 + 0.07 between the eclipses) for 90% of them. A clear sep-
aration is actually seen between samples with Ags5(gec) < 0.07
and Ags5(ec1) > 0.07. We therefore restrict Samples 2GE-A and
2GE-B to Ag5(¢ec1) < 0.07, and put candidates with Ag 5(@ect) >
0.07 in Sample 2GE-Z. The definitions of the three samples are
summarised in Table A.1. These samples are successively dis-
cussed in more detail in the following paragraphs.

Sample 2GE-A. Sample 2GE-A mainly consists of eclips-
ing binaries with inter-eclipse brightness variations of small
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Fig. A.15. Density map of the ellipsoidal variation amplitude (peak-
to-peak) versus deviation from 0.5 of the phase separation between pri-
mary and secondary eclipse locations for the sample of sources with two
Gaussians and an ellipsoidal component. The expression of Ags(@eci) 1S
given by Eq. (A.1). The dashed lines delineate the three samples 2GE-A
(lower-left region), 2GE-B (upper-left region), and 2GE-Z (right region)
defined in the text. The axis scales have been limited for greater visibil-
ity.
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Fig. A.16. Density maps of two-Gaussian-related quantities versus
ellipsoidal amplitude (peak-to-peak) of the samples 2GE-A (2Aq; <
0.11) and 2GE-B (2 A¢; = 0.11) of sources with two Gaussians and an
ellipsoidal component. Top panel: Primary Gaussian depth, with 1:1
(solid), 2:1 (upper dashed), and 1:2 (lower dashed) lines to guide the
eyes. Bottom panel: Secondary-to-primary Gaussian depth ratio. The
axis scales are truncated for greater visibility.

to moderate amplitudes due to ellipsoidal variability. It con-
tains one-third of the binaries whose light curves are modelled
with two Gaussians and a cosine (Table A.1). The top panel of
Fig A.16 displays the primary Gaussian depth versus (peak-to-
peak) amplitude of the ellipsoidal component for the combined
2GE-A + 2GE-B samples. The 2GE-A sample lies, by definition,
at 2 Aep < 0.11 mag. The depth of the primary Gaussian goes up
to ~0.8 mag for the bulk of the sample, and up to more than two
magnitudes at the tail of the distribution. Samples 2GE-A and
2GE-B are relatively well separated in the figure.

Three example light curves are shown in Fig. A.17. The two
first examples show cases with about equal eclipse depths, the
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Fig. A.17. Same as Fig. A.3, but for three candidates in Sample 2GE-A
of light curves modelled with two Gaussians and an ellipsoidal compo-
nent. The top set shows a case with weak ellipsoidal variability (Gaia
DR3 1920242361505734784), the middle set with a mild ellipsoidal com-
ponent (Gaia DR3 509661748731132800), and the bottom set with very
different eclipse depths (Gaia DR3 520547841550454784).

top one with a mild ellipsoidal variability and the middle one
with a stronger ellipsoidal variability. The bottom example illus-
trates a case with significantly unequal eclipse depths. This last
case represents the majority of candidates in Sample 2GE-A, as
seen from the bottom panel of Fig A.16. The bulk distribution
of the 2GE-A sample is seen in the figure to have depths ratios
smaller than 0.3, which is distinct from the second concentration
at close-to-equal depth ratios.

Sample 2GE-B. In this sample, the large amplitudes of the
ellipsoidal component in the two-Gaussian models dictate the
overall morphology of the light curves. The peak-to-peak ampli-
tudes range from 0.11 mag (by definition) to above 0.35 mag (see
Fig. A.16, top panel). The Gaussian components, on the other
hand, determine the sharpness of the eclipses in the light curve.
The depth of the Gaussian component is typically between
half and twice the peak-to-peak amplitude of the ellipsoidal
amplitude. Three example light curves are shown in Fig. A.18. In
the top example, the Gaussian (depth of 0.15 mag) is less promi-
nent than the ellipsoidal component (peak-to-peak amplitude of
0.25 mag). The middle example shows a case with a stronger
Gaussian component (depth of 0.51 mag) than the ellipsoidal
amplitude (peak-to-peak amplitude of 0.25 mag). The impact of
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Fig. A.18. Same as Fig. A.3, but for three candidates in Sample 2GE-B
of light curves modelled with two Gaussians and an ellipsoidal compo-
nent. The top case shows an example of light curve where the ellipsoidal
component is the major contributor to the light-curve shape (Gaia DR3
3444083186030598272), while the second case shows an example with
a larger Gaussian depth than the ellipsoidal variability amplitude (Gaia
DR3 249126318130979840). The bottom case exemplifies a Sample 2GE-
B source with a small depth ratio (of 0.14) between the secondary and
primary Gaussian depths.

the Gaussian component on the otherwise sine-like shape of the
light curve is clearly visible. The bottom example illustrates a
case with a secondary Gaussian that is much shallower than the
primary Gaussian. This last case characterises a small fraction
of the candidates in Sample 2GE-B, which have Gaussian depth
ratios lower than about 0.3. In Fig. A.16 (bottom panel), these
are seen to be an extension of the distribution of Sample 2GE-A
towards larger ellipsoidal amplitudes.

Sample 2GE-Z Only 10% of the models with two Gaussians
and a cosine fall in Sample 2GE-Z, which is characterised by
eclipse separations deviating from 0.5 by Ags(@e) > 0.07.
The majority of these sources have small ellipsoidal variability
amplitudes (Fig. A.15, lower right sample). An analysis based on
their Gaussian widths, similarly to what is done in Sect. A.1 for
models containing only two Gaussians, suggests that the model
components in Sample 2GE-Z may not reflect physical features
of binary systems and that further investigation is required before
drawing conclusions. The Gaussian widths are indeed widely
distributed in the o — 0, plane, contrary to the distributions of
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Fig. A.19. Same as Fig. A.15, but for the global ranking versus
eclipse phase separation relative to 0.5. Top panel: Density map. Bot-
tom panel: Primary-to-secondary Gaussian depth ratio colour-coded
according to the colour scale shown to the right of the panel.

the 2GE-A and 2GE-B samples. Sample 2GE-Z is reminiscent
of Samples 2G-X and 2G-Y in Sect. A.1.

Another indication that the Gaussian models of Sample 2GE-
Z should be taken with caution comes from their global rank-
ings. The distribution of the rankings of all sources with two
Gaussians and a cosine is shown in Fig. A.19 against Ag s5(@ec1)-
Sample 2GE-Z, defined by Ags(@e) > 0.07, has a distribu-
tion peaked towards low global rankings, while samples 2GE-
A and 2GE-B, located at Ay s5(¢ec1) < 0.07, are predominantly
found at larger rankings. Moreover, the candidates in Sample
2GE-Z that do have large global rankings, have, on average,
very shallow secondary Gaussians, as shown in the bottom panel
of Fig. A.19. The second eclipse of these models, despite their
good global rankings, may therefore be spurious. We note that
samples 2GE-A and 2GE-B have, on average, good global rank-
ings. Sample 2GE-Z therefore harbours a variety of cases that
require additional investigation before using their two-Gaussian
model parameters. Sample 2GE-Z represents only 2% of the full
catalogue.

A.3. Models with only one Gaussian

Sample 1G. The number of sources whose light-curve model
contains only one Gaussian, defining Sample 1G, amounts to
1.7% of the full catalogue. Eccentric systems can result in the
occurrence of only one eclipse. The detection of only one eclipse
can also happen if the light emitted by the companion in the con-
sidered photometric band is below the instrument detection limit.
But such a situation can also come about if the period is wrong
(typically by a factor of two), or if there are insufficient observa-
tions in the eclipse(s). Three example light curves are shown in
Fig. A.20. In the top example, the period may be too small by a
factor of two. In the second example, the secondary eclipse may
lack sufficient observations. In the third example, the lack of suf-
ficient eclipse coverage leads to an unconstrained eclipse depth,
resulting in an excessively large depth. This last case is similar
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Fig. A.20. Same as Fig. A.3, but for three candidates in Sample 1G of
light curves modelled with only one Gaussian. The top set (Gaia DR3
5524068296237910272) shows a case where the period is probably a fac-
tor of two too small, the second set (Gaia DR3 3033226683222463872)
shows a case where observation may be missing at the phase window of
the second eclipse, and the third case (Gaia DR3 5541461814286341632)
illustrates a case where the lack of sufficient phase coverage within an
eclipse leads to an overestimation of the eclipse depth.

to what was noticed in Sect. A.1 for some sources in samples
2G-A and 2G-D. The distribution of the primary eclipse depth
versus eclipse duration is shown in the bottom panel of Fig. A.6
for Sample 1G. In summary, the eclipsing-binary candidates in
Sample 1G require additional investigation in order to confirm
their properties.

A.4. Models with one Gaussian and an ellipsoidal component

Sample 1GE. For 2.2% of the sources in the catalogue, the
G light curve is modelled with one Gaussian and an ellipsoidal
component. These sources define Sample 1GE, and are compa-
rable to sources modelled with two Gaussians and an ellipsoidal
component, but with a secondary eclipse (on top of the ellip-
soidal variability) that is too faint to be detected, leading to the
absence of a second Gaussian in the model. The Gaussian depth
is shown in Fig. A.21 versus the peak-to-peak amplitude of the
ellipsoidal variability. A comparison of this figure with the sim-
ilar figure for models containing two Gaussians (Fig. A.16, top
panel) confirms that Sample 1GE can be considered to be an
extension at small primary Gaussian depths of samples 2GE-A
and 2GE-B. The peak-to-peak amplitude distribution of the ellip-
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Fig. A.21. Same as the top panel of Fig. A.16, but for the sample 1GE
with one Gaussian component and an ellipsoidal component. The axis
scales are kept identical to those in Fig. A.16 for ease of comparison.
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Fig. A.22. Same as Fig. A.3, but for three candidates in Sample 1GE
of light curves modelled with one Gaussian and an ellipsoidal com-
ponent. The top, middle, and bottom sets show cases with large (Gaia
DR3 5310453356151345408), mild (Gaia DR3 4513043989925301760), and
small (Gaia DR3 4052342222634008320) ellipsoidal component relative to
the Gaussian depth. The secondary eclipse of the middle case may have
gone undetected because of a lack of Gaia measurements at a phase of
0.5 apart from the primary eclipse.

soidal component in Sample 1GE is shown by the red histogram
in Fig. A.14. Example light curves of sources in this sample are
displayed in Fig. A.22.
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Fig. A.23. Density map of the S/N (computed as the ratio of the stan-
dard deviation over the root-mean-square of the G magnitude uncertain-
ties) versus G magnitude for the sample of candidates modelled with
only a cosine function (Sample OGE). The contours delineate the den-
sity of sources in the sample 2GE-B (modelled with two Gaussians and
an ellipsoidal component with large amplitude (see text). Six contours
are shown on a linear scale of the density of sources on the map.
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Fig. A.24. G magnitude distribution of the various samples containing
an ellipsoidal component in their light-curve models, as labeled in the
figure The abscissa has been truncated at the bright side for greater vis-
ibility.

A.5. Models with only an ellipsoidal component

Sample 0GE. The remaining candidates in the catalogue are
modelled with only a cosine and no Gaussian function, and make
up only 2% of the full catalogue. We label them Sample OGE. In
most cases, a purely cosine model is favoured by the automated
procedure over a solution involving Gaussians when photomet-
ric uncertainties are large. This is shown in Fig. A.23, where the
signal-to-noise ratio is plotted versus G magnitude. For compar-
ison, the distribution of the 2GE-B sample is also shown in the
figure by six contour lines equally distant on a linear scale. As
a result, since photometric uncertainty increases with increas-
ing magnitude, the magnitudes of the OGE sample are, on aver-
age, fainter than any of the other samples containing an ellip-
soidal component (see Fig. A.24). The presence of intrinsic scat-
ter in the light curve may also cause the automated procedure to
favour a purely cosine model over models containing Gaussian
functions.

An example light curve of a faint (~18.25 mag in G) O0GE
source is shown in Fig. A.25 (top case). The Ggp and Ggp light
curves confirm the ellipsoidal-like variability, though with much
larger uncertainties on the measurements. The second example
displays another OGE faint source (~19.05 mag in G) with a clear
sinusoidal-like variability in G, but with no such clear variability
in Ggp and Ggp. Sources like this one require further confirma-
tion of their variability. The last example in Fig. A.25 shows a
(rarer) bright case, with G around 13.3 mag.
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Fig. A.25. Same as Fig. A.3, but for three candidates in Sample 0GE
(light curves modelled with only a cosine). The first two examples
show the most common cases of faint candidates, with (top case,
Gaia DR3 5923298253884922624)and without (middle case, Gaia DR3
4037337565429141376) clear confirmation of the variability in the Ggp
and Ggp light curves. The bottom example shows a relatively rare case
(in this sample) of a bright candidate (Gaia DR3 5236421790821776256).

A.6. Summary

Table 3 in the main body of the text summarises the various sam-
ples, which are categorised according to the type of binary sys-
tem expected for the majority of candidates in each one of them.
The light curve alone does not always allow us to uniquely iden-
tify the type of binary system that it originates from. The light
curve of an Algol-type eclipsing binary, for example, in which
a star that fills its Roche lobe is much fainter than its compan-
ion, can resemble that of a fully detached system. We therefore
consider wide versus tight systems without further subclassifica-
tion. Wide detached systems lead to light curves that are either
devoid of ellipsoidal variability (samples 2G-A, 2G-D, 1G) or
have a mild ellipsoidal component (2GE-A). Algol-type systems
where the secondary is much fainter than the primary would
preferentially be classified in this category as well. This first cat-
egory gathers about one-fourth of the catalogue. The second cat-
egory contains tighter systems, displaying light curves that have
either a predominant ellipsoidal component (samples 2GE-B,
1GE, OGE), or are described by two wide overlapping Gaussians
(2G-B, 2G-C). These represent more than half of the catalogue.
We note that the two famous tight systems S Lyr and W UMa
belong to Sample 2GE-B (see Fig. 8 in the main body of the
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Fig. A.26. Density maps of period versus G magnitude for the various

samples defined in Table A.1.
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A16, page 38 of 45



Mowlavi, N, et al.: A&A 674, A16 (2023)

26-A |} 50 ¢
Q2
© 20 5
s 10 &
= 5 €
> 8
2G-B <
100 2
(G} (9]
3 o
< 10 £
=]
o
o
26-C |f2O ¢
10 &
o g
8 5 2
f=
2
P4V
2G-D c
10 8
© 9]
< 5 o
f=
2G-X
20 5
@ 10 g
& 5 2
f=
2§
2G-Y || 50 ¢
20§
3 10 =
2 5 2
2 8
1
26eA |0 <
20 8
o 10 &
<& 5 42
> 8
1
2GE-B
100 5§
o g
£ 10 £
3
3
2cez [f 2 ¢
10 8
© &
g © g
f=
2 3
o
1 1G 2 c
10 8
o g
2 ° g
f=
2 3
o
16E [ 20
=)
0y
& 5
5
2 3
ocE |l 20 <
£
« 10 g
k! g
f =
2 3
02 05 1 2 5 10 20 50 100 200 500
Period [d]

Fig. A.30. Density map of the ripq correlation versus orbital period for
each sample.

article). The third category, containing less than one-fifth of the
catalogue, gathers samples 2G-X, 2G-Y, and 2GE-Z. Identifying
the nature of the majority of the candidates therein will require
further investigation. The grouping of the samples in these three
categories is supported by their period distributions shown in
Fig. 16. The samples in the first category (2G-A, 2GE-A, 2G-D,
1G) all display wide period distributions reaching values above
10 days (top panel in the figure), as expected for wide systems,
while the samples in the second category have period distribu-
tions peaking below 0.5 days (second and third panels in the
figure), as expected for tight systems. The distributions of the
period versus magnitude for all samples are shown in Fig. A.26.
Likewise, the distributions of their global ranking versus mag-
nitude are shown in Fig. A.27. The abscissa and ordinate scales
are kept identical in all panels of each figure to enable straight-
forward comparison.

Several additional figures per sample are shown in Figs. A.28
to A.30. Figure A.28 shows the distribution of the number of
cleaned measurements in the G light curves versus orbital period
for each sample. Figure A.29 complements Fig. A.28 by show-
ing the distribution of the global ranking in this plane. These two
figures are discussed in Sect. 3.4 of the main text. Figure A.30,
on the other hand, shows the Spearman correlation r;pq,g between
source image goodness of fit and the G time series, versus period
for each sample, and is discussed in Sect. 3.5 of the main text.

The categorisation presented in Table 3 is not intended to
provide a thorough classification of the two million eclipsing-
binary candidates, a task that would require additional analysis.
Rather, it offers a convenient, quick analysis and overview of
the catalogue content. It must also be stressed that the definition
of the samples as given in Table A.1 is based on well-defined
cuts on o, 0, Aelt and Ag 5(@ec1), which introduces an additional
source of uncertainty in the classification.

Appendix B: Eccentricity proxy

A proxy for the eccentricity can be derived using the two-
Gaussian model results based on the derived relative locations
and durations of the eclipses. At small eccentricities, the pro-
jected eccentricity eproxy COS w can be approximated from the
phase separation of the eclipses with
b

€proxy COS W = §(|‘pecl,2 - ¢ecl,1| -0.5), (B.1)
where epoxy is the eccentricity proxy and w is the periastron
argument. Equation B.1 is readily computable from the derived
model parameters. In addition to eclipse locations, the mod-
els also provide the durations wec,; and wep of the primary
and secondary eclipses, respectively. From these parameters,
€proxy SIN w can be computed using

Wecl,2 — Wecl,1

—echz Tedl (B.2)
Wecl,2 + Wecl, 1

€proxy SIN W =

The eccentricity is then easily derived from Eqgs. B.1 and B.2,
and writes

211/2
Wecl,2 — Wecl, 1 ) :|

2
T 2
€proxy = _(|90ecl,2 - Qoecl,1| -0.5)" + (
proxy 4 Wecl,2 + Wecl,1

(B.3)

The uncertainty &(eproxy) On the eccentricity proxy can be com-
puted from Eq. B.3 by propagation of the uncertainties &(¢ecr.1),
8(‘;0501,2), 3(wecl,1) and 8(wecl,2) of Pecl,15 Pecl,2> Wecl,1 and Wecl,2,5
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Fig. B.3. Histograms of the relative uncertainty on the eccentricity
proxy for various samples with conditions on the parallax, corrected
BP+RP flux excess factor and global ranking as written in the figure.

respectively. Assuming these uncertainties are uncorrelated, we
obtain

1

& (eproxy) = X

2 €proxy
7T2
{? |(|¢ecl,2 - ‘Pecl,1| -0.5)] [S(QOecl,l) + ‘9(‘109,01,2)]

4 |wecl,2 - wecl,1|
(wecl,Z + wecl,l)3

The eccentricities are shown versus period in Fig. B.1 for the
various samples defined in Sect. 3.1 that contain two Gaussians
in their light-curve models. The samples displayed in the figure
are limited to the candidates analysed in Sect. 5 that have good
parallaxes (uncertainties better than 15%), corrected BP+RP
flux excess factor C* smaller than 0.5, and either have global
rankings larger than 0.6 or belong to group 2G-C. Figure B.1
shows that most candidates in groups with potential tidal interac-
tions (groups 2G-B, 2G-C, 2GE-A and 2GE-B) have eccentric-
ity proxies smaller than 0.1. The uncertainties on these values,
shown versus eccentricity in Fig. B.2, can be as large as 0.15
even at these small eccentricity proxies. These small eccentrici-
ties are therefore compatible with circularised systems.

In contrast, large eccentricity proxies (epoxy = 0.3) are
found in group 2G-A (top panel in Fig. B.1), which contains
well-detached systems with no tidal effect. In particular, many
short-period systems are seen to have large eccentricity prox-
ies, contrary to the expectation of them being circularised. This
can be seen in the figure, where the eccentricity limit at any
given orbital period —above which systems are expected to
be circularised— is shown by the dashed blue line based on
Eq. (4.4) of Mazeh (2008; with E = 0.98, A = 3.25, B = 6.3
and C = 0.23). However, a careful analysis of the systems with
eccentricities larger than this limit, performed in Sect. 5 of the
main body of this article, concludes that the eccentricity and/or
orbital period of these systems are incorrect. Caution must there-
fore be taken in the interpretation of the two-Gaussian model
results when analysing specific cases.

Large eccentricity proxies are also derived for candidates
in groups 2G-D, 2G-X, 2G-Y, and 2GE-Z (Fig. B.1). These
groups are shown in Sect. 3.1 to have unreliable light-curve mod-
els. Their large eccentricities are therefore mostly spurious, and
require confirmation on a case-by-case basis.

[wecl,Z g(wecl,l) + Wecl, 1 g(wecl,Z)]} . (B4)

Appendix C: Additional figures

Figures C.1 to C.5 show the Ggp and Ggp folded light curves
of the eclipsing binaries displayed in Sect. 3.1, except for
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Fig. C.1. Ggp and Ggp folded light curves of the eclipsing binaries
whose G are shown Fig. 5 in the main body of the article. The Ggp
and Ggp magnitudes are shifted by a value equal to the median mag-
nitudes of their respective light curves, given in the top of each panel.
The dotted line represents the two-Gaussian models determined from
the G light curves, with the green areas indicating the derived eclipse
durations.

V614 Ven, for which the Ggp and Ggp light curves are shown
in Fig. 4.

Figure C.6 shows the sky distribution of the number of good
G-band measurements of all sources in the Gaia DR3 catalogue
of eclipsing-binary candidates. This figure is to be compared to
the sky distribution of these candidates shown in Fig. 1 in the
main body of this article.

Figure C.7 shows the magnitude distributions of the OGLE4
samples of eclipsing binaries used in Sect. 4.2 to estimate the
completeness of the Gaia catalogue. The figure plots the dis-
tributions of the OGLE4 sources in the /, V and G bands sep-
arately for the OGLE4 samples towards the LMC (top panel),
SMC (middle panel), and Galactic Bulge (bottom panel). The G
distribution of the Gaia — OGLE4 cross-matches is also shown
in each panel by the filled blue histograms.

Figure C.8 shows the observational diagram of the sample
of eclipsing-binary candidates with parallax uncertainties better
than 15%, with the absolute magnitudes Mg shifted by 0.75 mag
to compare with the distribution of a random sample of Gaia
DR3 sources. For this purpose, the contour lines of the ran-
dom ten million sources shown in the top panel of Fig. 36 (see
Sect. 5 in the main text of the article) have not been shifted by
0.75 mag. Figure C.9 shows the light curves of two Gaia candi-
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Gaia DR3 1199493144965904768 : AO Ser, P=0.879346 d, rank=0.668 [2GE-A]
median(BP) = 10.977 mag, median(RP) = 10.596 mag
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Fig. C.2. Same as Fig. C.1, but for the eclipsing binaries whose G light
curves are shown in Fig. 7 in the main body of the article.
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Fig. C.3. Same as Fig. C.1, but for the eclipsing binaries whose G light
curves are shown in Fig. 8 in the main body of the article.

dates discussed in Sect. 5, folded with the ASAS-SN periods of
the respective cross-matched ASAS-SN sources.
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median(BP) = 11.876 mag, median(RP) = 11.163 mag
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Fig. C.4. Same as Fig. C.1, but for the eclipsing binaries whose G light
curves are shown in Fig. 9 in the main body of the article.
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Fig. C.5. Same as Fig. C.1, but for the eclipsing binaries whose G light
curves are shown in Fig. 10 in the main body of the article.
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Fig. C.6. Sky distribution (Galactic coordinates) of the number N of
FOV observations selected for variability analysis in the G light curves
of the Gaia eclipsing binaries, colour-coded according to the colour
scale shown to the right of the figure.
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Fig. C.7. Magnitude distributions of OGLE4 eclipsing binaries that
have a Gaia G magnitude. The distributions are given for the LMC
(top panel), the SMC (middle panel) , and the Galactic bulge (bottom
panel). The OGLE4 I and V magnitudes are shown with a thin green and
a dashed grey line, respectively, and their Gaia G magnitude is shown
with a thick red line. The G distribution of the subset present in the Gaia
catalogue of eclipsing binaries is shown by the filled blue histogram.
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Fig. C.8. Same as second panel of Fig. 36 in the main body of the text,
but with the absolute magnitude Mg shifted by 0.75 mag. The contour
lines representing the ten million random sample shown in the top panel
of Fig. 36 have not been shifted by 0.75 mag.
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Fig. C.9. Light curves of Gaia DR3 4524651705941314432 and Gaia
DR3 5712304991851559040 shown in Fig. 41 in the main body of
the text, folded with the periods published by the ASAS-SN survey
for the respective cross-matches (ASASSN-V J075432.26-211826.4
with P=3.3972697 d, and ASASSN-V J184156.16+192755.8 with
5.9965616 d, respectively).
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