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ABSTRACT

As part of Gaia Data Release 3, a large number of ellipsoidal variables were identified with supervised classification. The periodic
variability of these ellipsoidals is presumably induced by tidal interaction with a companion in a close binary system. We present
6306 short-period probable ellipsoidal variables with relatively large-amplitude Gaia G-band photometric modulations that indicate
a possible massive, undetected secondary. In case of a main-sequence primary, the more massive secondary is probably a compact
object — either a black hole or a neutron star, and sometimes a white dwarf. The identification is based on the recently suggested
robust modified minimum mass ratio (mMMR) that was derived from the observed ellipsoidal amplitude alone, without the use of the
primary mass or radius. We also list a subset of 262 systems with an mMMR higher than unity, for which the probability of a compact

secondary is higher. Follow-up observations are needed to verify the true nature of these variables.

Key words. methods: data analysis — techniques: photometric — binaries : close — stars: black holes — stars: neutron —

stars: variables: general

1. Introduction

About 20 dynamically confirmed Galactic stellar black holes
(BH) are known to reside in close binary systems. All
known stellar mass BHs have been discovered through their
X-ray emission, which is fuelled by mass transfer from
their non-compact stellar companions (e.g., Fabian et al. 1989;
Remillard & McClintock 2006; Orosz et al. 2007; Ziolkowski
2014). However, a large fraction of BHs in binaries have prob-
ably not been detected so far because their optical counterparts
are well within their Roche lobes, so that mass is not transferred
and X-rays are not generated, making these systems dormant
BHs (see the discussion about the frequency of such systems
by Breivik et al. 2017; Mashian & Loeb 2017; Yamaguchi et al.
2018; Shao & Li 2019; Yi et al. 2019; Wiktorowicz et al. 2019;
Shikauchi et al. 2020). Similar arguments apply to dormant neu-
tron stars (NSs). Only very few known X-ray binaries harbour
an NS companion, while most of similar binaries are probably
dormant.

Such a dormant binary can be identified either by a
large radial-velocity modulation (e.g., Thompson et al. 2019;
Zheng et al. 2019; Clavel et al. 2021; Jayasinghe et al. 2022) or
by the large stellar ellipsoidal modulation that is induced by
tidal interaction with its compact companion (e.g., Rowan et al.
2021). We aim to identify some of the short-period dormant
compact systems through this ellipsoidal effect as revealed
by the Gaia photometry. A similar study was performed by

* Full Table 3 is only available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/674/A19

Gomel et al. (2021c) for the ellipsoidals identified by the OGLE
team towards the Galactic bulge (Soszynski et al. 2016).

Based on the observed ellipsoidal amplitude and the esti-
mated mass and radius of the primary star, one can derive a mini-
mum secondary-to-primary mass ratio, defined as the mass ratio
obtained for an inclination of 90°, provided most of the light
is coming from the primary star (e.g., Faigler & Mazeh 2011,
Faigler et al. 2015). A binary with a minimum mass ratio signif-
icantly higher than unity might have a dormant compact-object
companion, which might be a BH, an NS, or even a white dwarf,
depending on the estimated minimum mass of the secondary.

Unfortunately, the primary mass and radius are not well
known in many cases. Therefore, Gomel et al. (2021a) presented
a simple approach that circumvents this problem by suggesting
a robust modified minimum mass ratio (mMMMR), assuming the
primary fills its Roche lobe. The newly defined mMMR depends
on the ellipsoidal amplitude and to some extent (by about a few
percent) on the effective temperature of the primary, but it does
not depend on the mass or radius of the primary star.

The mMMR is always lower than the minimum mass ratio,
which in turn is lower than the actual mass ratio. Therefore, bina-
ries with a high mMMR are likely to host a compact object sec-
ondary, even if we cannot reliably constrain their primary mass
and radius. This is especially true for binaries with an mMMR
higher than unity when the periodic modulation is due to the
ellipsoidal effect.

We analyse tens of millions of systems that were classified
as possible ellipsoidals with varying degrees of certainty by the
Gaia DR3 photometric pipeline. We apply our compact com-
panion software to analyse the Gaia light curves of these stars to
search for systems that might have compact companions.
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Our analysis is focused on the short-period binaries and
tries to avoid systems with primaries that are not on the main
sequence (MS). This is because a high mass ratio is not nec-
essarily an indication of a compact companion for giant stars,
for example. As discussed by Gomel et al. (2021a), Algol-type
binaries, with sub-giant or giant primaries, are famous coun-
terexamples. The mass ratio of these systems, which probably
went through a mass-transfer phase during their evolution (e.g.,
Fedurco & Parimucha 2018; Chen et al. 2020), can be higher
than unity and they can still have an MS secondary (e.g.,
Negu & Tessema 2018; Samadi Ghadim et al. 2018).

In these binaries, a giant, sub-giant, or stripped giant pri-
mary is the lower-mass component, but nevertheless is the
brighter star of the system (e.g., Nelson & Eggleton 2001;
Budding et al. 2004; Mennekens & Vanbeveren 2017). The
recently suggested systems consisting of an evolved primary
and a dormant compact object secondary (e.g., Thompson et al.
2019; Liuetal. 2019; Rivinius et al. 2020; Jayasinghe et al.
2021) could be Algol-type binaries or even a binary
with stripped giant companion (e.g., van den Heuvel & Tauris
2020; Irrgang et al. 2020; Shenar et al. 2020; Bodensteiner et al.
2020; Mazeh & Faigler 2020; El-Badry & Quataert 2021;
El-Badry et al. 2022; El-Badry & Burdge 2022). Therefore, a
more restricted list of candidates should only include stars that
lie on or near the main sequence, with minimum mass ratios
higher than unity. This applies to spectroscopic and photometric
candidates alike. The analysis resulted in a catalogue of short-
period binary candidates that might have compact companions.

Section 2 lists the constraints we used to define our catalogue
of 6306 candidate binaries that have mMMRs higher than 0.5
and therefore might have compact object companions, provided
their primaries are on the MS and their modulation is induced by
the ellipsoidal effect. Section 3 describes the characteristics of
the catalogue, Sect. 4 examines the CMD location of a subsam-
ple of our candidates, and Sect. 5 cross-matches the catalogue
with the available information found in Gaia Data Release 2
(DR2), Simbad astronomical database, the International Variable
Star Index (VSX) catalogue and in the Chandra catalogue of X-
ray sources. In Sect. 6, we narrow the catalogue and identify
262 binaries with an mMMR significantly higher than unity, and
we present their folded light curves and fitted ellipsoidal mod-
ulations. Section 7 presents some details of three stars from the
catalogue as examples by comparing the Gaia light curves with
OGLE, ASAS-SN, and ZTF photometry. We plot these stars in
red in the diagrams of the paper. Finally, Sect. 8 discusses and
summarises our findings.

2. Defining the catalogue

The compact companion software, which is part of the vari-
ability analysis software (VariPipe, Eyer et al. 2023), identified
~20 million possible ellipsoidal systems, obtained by combining
multiple classifiers (Rimoldini et al. 2023), with different ellip-
soidal probability selection cuts. We searched this large sample
for ellipsoidals with possible compact object companions.

In our analysis we used mainly the G light curve
(Rimoldini et al. 2022), as only a small fraction of systems had
enough Ggp or Grp measurements to derive significant ampli-
tudes. For these, we were unable to detect any colour-based
clustering, and therefore we used the colour information only
to remove three outlier systems.

We used the cleaned G light curve, folded with P, twice
the period found by a generalised Lomb-Scargle (GLS) period
search (Zechmeister & Kiirster 2009), as we assumed that the
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Gaia pipeline detected the predominant second-harmonic peri-
odicity of the ellipsoidal. The period uncertainty, P, was
derived by the pipeline.

We included only systems with more than 25 cleaned G field-
of-view (FoV) transits, with a period within 0.25 < P < 2.5d,
P/Pe; > 10, and with a frequencygram peak' >12 to ensure that
the adopted period was genuine and significant. The upper limit
of the second condition was used to avoid systems with non-MS
primaries.

As shown by Gomel etal. (2021c), the period of ellip-
soidal variables with MS primaries in most cases is shorter than
2.5 days. At this stage, we were left with 112591 candidates.

Next, a three-harmonic model was fitted to each light curve,

3 . .
— 2nmi . [ 2mi
Gmag =G+ .:E a;. Cos (?(I - TO)) + ajs sm(?(t - To)), @))

i=1

with seven free parameters, G, ai.,a;s, {i = 1,2,3}, that char-
acterise the presumed periodic modulation. Each parameter was
derived with its corresponding uncertainty. Ty was chosen so that
ars = 0. We defined the amplitude of each harmonic as

A= i +d {i=1,2,3). 2)

In the next stage of searching for candidates with compact
object companions, we chose only systems with 0.33 <
Ay/(range of G) < 0.6, Ay/Azerr > 10, A1/A1er > 3 or
A3[Azer > 3, and A /A; < 1 together with A3 /A, < 0.3.

The first two conditions were set to obtain a reliable and sig-
nificant A,. Third condition reflected our expectation for an ellip-
soidal light curve to display non-equal minima, and the harmonic
ratio of the fourth condition is typical for ellipsoidals. We were
left with a sample of 22914 systems that are highly probable
short-period ellipsoidal variables.

The G-mag histogram of the 22914 systems is shown in
Fig. 1. This magnitude was derived with Eq. (1) and is slightly
different from a simple arithmetic mean. It is evident that most
systems are relatively faint, covering a G-mag range of 13-20.
In the figure we added the 19th mag mark to denote the observa-
tional limit of a few existing multi-object spectrographs that can
be used to follow the best candidates (see discussion in Sect. 8).

The final stage of constructing the catalogue of candidates
was to identify ellipsoidals that might have compact compan-
ions. This was done using Eq. (1) of Gomel et al. (2021a), which
estimates the leading amplitude A, of the ellipsoidal as a func-
tion of the fillout factor f. This equation combines the pri-
mary volume-averaged radius divided by its Roche-lobe volume-
averaged radius (Kopal 1959; Paczyniski 1971), the orbital incli-
nation i, and the secondary-to-primary mass ratio g,

1
Ay = ——a fPE*(q) q sin®i C(q, f), 3)
L/L

0

where L is the average luminosity of the star, L, is the stel-
lar brightness without any secondary, and E(q) is the Eggleton
(1983) approximation for the volume-averaged Roche-lobe
radius in binary semi-major axis units. The ellipsoidal coefficient
a, depends on the linear limb- and gravity-darkening coefficients
of the primary and is expected to be in the 1-2 range. The cor-
rection coefficient C(q, f) starts at 1 for f = 0 (no correction), as

! Measures the height of the frequencygram peak relative to the
frequencygram mean in units of the standard deviation of the
frequencygram.
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Fig. 1. Histogram of G of 22914 compact companion candidates. The
19th mag vertical dashed green line marks the observational limit of a
few existing multi-object spectrographs that can be used to follow the
candidates (see the discussion in Sect. 8).

expected, and rises monotonically as f — 1, obtaining a value
of ~1.5at f > 0.9 (Gomel et al. 2021Db).

Assuming a fillout factor of f = 0.95, an inclination of
90°, and a typical a; of 1.3 for the G band (Claret 2019), we
solved for the mMMR, Gpin, (Gomel et al. 2021a), based on the
observed second harmonic amplitude A,. We set f to be 0.95
to be able to use the analytical approximation of Gomel et al.
(2021b). The mMMR value obtained for a fillout factor of unity
would be lower than the value we derived.

The uncertainty of G, is inherently high because A,
increases asymptotically as a function of ¢ and because of the
uncertainty in the ellipsoidal amplitude approximation we use. In
particular, a; is not well known, therefore we adopted its uncer-
tainty to be 0.1. We then derived the uncertainty of A,/a», and
assuming a Gaussian distribution for this ratio, using Eq. (3),
we obtained @I‘n{;’, which corresponds to the 15.9 percentile of
As/as. In a similar way, we derived 51;3;’, which corresponds to
the 0.135 percentile of A;/a5.

As pointed out by Gomel et al. (2021a), the mMMR is
expected to be lower than the actual mass ratio of the sys-
tem because it assumes a fillout factor close to unity and an
inclination of 90°. Therefore, we somewhat arbitrarily opted
to include systems with gmin > 0.5 in our catalogue of ellip-
soidals that might have compact companions. This resulted in
6336 candidates. Different thresholds would have yielded differ-
ent catalogues. In particular, adopting a different fillout factor,
for instance, of f = 0.98 to solve Eq. (3) would yield a smaller
catalogue.

The adopted catalogue included 27 sources that were iden-
tified as RR Lyrae variables, 25 of which are known RR Lyrae
stars in the Milky Way bulge, 24 sources from the OGLE sur-
vey (Soszynski et al. 2014) and one source from the VVV sur-
vey (Contreras Ramos et al. 2018). Two additional sources are
not known in the literature but were confirmed as RR Lyrae stars
by inspecting their light curves. Therefore we exlcuded the 27
presumably RR Lyrae variables from the final list.

Analysis of the Grp and Gpp light curves yielded only a
small number of systems with periodic colour information sig-
nificant enough for our use. We derived the second-harmonic
amplitude A, rp by using equation (1) for the Ggp light curve

10

107

107

107 | IAAI‘

12 13 14 15 16 17 18 19 20
G [mag]

Fig. 2. Histogram of G of 6306 compact companion candidates. The
three sources discussed in Sect. 7 are shown in red. For the green line,
see Fig. 1.

and inspected the A, rp/A; distribution for the 815 systems with
Asrp/Asrperr > 10. We found three outliers with amplitude
ratios lower than 0.7 that we excluded from the catalogue. This
left 6306 candidate ellipsoidal variables with compact compan-
ion secondaries.

The resulting catalogue of 6306 short-period ellip-
soidals is given online in the DR3 archival data in table
gaia_dr3.vari_compact_companion. The first 15 candidate
are described in detail in Sect. 6.

3. Catalogue

This section presents some characteristics of the catalogue of
the compact companion candidates. Figure 2 shows the G-mag
histogram of the candidates as derived by Eq. (1). The figure
shows that most of the compact companion candidates are rel-
atively faint, in a G-mag range of 15-20. Two brighter sources
lie within 13—14 mag, and one of these sources is discussed in
Sect. 7.

A density distribution of the 6306 catalogue stars in Galac-
tic coordinates, coloured according to the orbital period, is pre-
sented in Fig. 3. The candidates are spread thorughout the Galac-
tic disk, and most of them are located towards the bulge. Inter-
estingly, the 59 known X-ray binaries (e.g., Corral-Santana et al.
2016) are also concentrated in the Galactic disk, as shown in the
figure.

Our ability to identify ellipsoidals, and compact object can-
didates in particular, clearly depends on the number of FoV tran-
sits. This is reflected in Fig. 4, which displays the distribution of
the number of G-band FoV transits for the 6306 candidates. Our
imposed lower limit of N = 25 is evident. The number of G-band
FoV transits varies between 25 and 130, with a median value of
46.

The amplitude of the second harmonic A, and the mMMR,
gmin, are plotted in Fig. 5 as a function of the orbital period
P. Each value of A, corresponds to a unique value of G, as
obtained from Eq. (3). The distributions of A;, §mix and P are
plotted alongside their axes.

As mentioned above, we focused on short-period systems
with orbital periods between 0.25-2.5 d, while the lower limit of
Ay ~ 0.66 mag corresponds to a minimum value of G, = 0.5,

A19, page 3 of 12
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Fig. 3. Density distribution of the 6306 compact companion candidates
in Galactic coordinates, coloured according to orbital period. The three
sources discussed in Sect. 7 are shown in red. The 59 Galactic X-
ray binaries are shown by blue points. The conspicuous circular hole
between Galactic longitudes of ~10 and ~40deg is due to the Gaia
scan law and our imposed lower limit of 25 FoV transits.
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Fig. 4. Histogram of the number of G-band FoV transits for 6306 com-
pact companion candidates. The lower limit of N = 25 was imposed by
our analysis.

which defines our catalogue of compact companion candidates.
Since we chose our catalogue to include only systems with rela-
tively large A, and a significant frequencygram peak, we expect
a minor contamination, if any, of spurious periods caused by the
Gaia scanning law. A slight deficit of low-amplitude systems
might be noted in Fig. 5 around P ~ 0.5 d. This could be a result
of our pipeline (Sect. 2), which was sensitive to the Gaia 6-h
orbital spin.

4. Location of the candidates in the CMD

As mentioned above, we are interested in ellipsoidal variables
with primaries that are not giants or sub-giants. To determine
whether this is indeed the case, we plot in Fig. 6 the position of
a sub-sample of our candidates in the Gaia colour—-magnitude-
diagram (CMD). Only 513 candidates were included. The rela-
tive parallax precision for them was better than 20% (@ /o >
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5), the parallax was higher than 0.5 mas (@ > 0.5mas), and a
Gaia extinction estimate was available.

The location of the sub-sample in the CMD is shown
after correcting for their extinction, taken from Gaia DR3 data
(Fouesneau et al. 2023). As a background we plot the Gaia stars
that have the same characteristics as the ellipsoidal sub-sample,
but have a relative parallax precision better than 10%. The back-
ground stars mark the location of the MS, and even the red clump
is visible in the upper part of the figure. We also added two the-
oretical (green) curves that mark the expected edges of the MS,
as derived with the ISOCHRONE? software package (Morton
2015).

Figure 6 clearly shows that at least for the plotted sub-
sample, we succeeded to avoid the giant and the sub-giant branch
of the CMD, probably due to the period limit of 2.5 days. There-
fore, if the candidates are indeed ellipsoidals and if their mass
ratios are higher than unity, they might have compact compan-
ions.

‘We note, however, that the minimum mass ratio of our sam-
ple is 0.5 because we chose candidates with guin > 0.5, and
therefore the secondary of many of our candidates can still be a
MS component. This is probably reflected in the figure, which
shows the location of quite a few of the candidates above the
MS, possibly due to the light contribution of the MS secondary.
To show this point, we plot in the figure (dashed blue curve) the
theoretical upper G value that is expected for binaries with two
MS stars, which was obtained by shifting the upper bound of the
MS by 0.75 mag.

However, we emphasise that CMD locations can contain
large uncertainties in absolute G due to errors in parallax, pho-
tometry, and extinction estimates, which may be highly inaccu-
rate (Gaia Collaboration 2018; Andrae et al. 2018; Anders et al.
2019). In addition, the extinction uncertainty can shift the Ggp —
Grp colour index. We demonstrate this point by plotting nine
candidates for which the minimum mass ratio is higher than
unity, as discussed in Sect. 6. Their companions are less likely
to be on the MS, but the locations of six of them nevertheless
appear above the MS. For these, we plot the G 1o uncertainty,
showing that all six systems might still be, within 1 or 20, on the
MS strip.

We note that the figure suggests that many of the candidates
in our sample might have a mass lower than 0.8 M, for example.
Consequently, their compact companions might have a relatively
low mass in the white dwarf range.

5. Cross-match with Gaia DR2, Simbad, Chandra,
and VSX

In this section we cross-match our catalogue with the Simbad
astronomical database®, with the Gaia DR2 variability data set
(Gaia Collaboration 2018), with the Chandra source catalogue’
release 2.0, and with the VSX catalogueg.

5.1. Cross-match with the Simbad catalogue

The cross-match with Simbad used a search radius of 3" and
resulted in 528 systems. They are summarised in Table 1. The
cross-match yielded 522 stars classified as variables and 6 addi-
tional systems without a main identifier of variability. Two

2 https://github.com/timothydmorton/isochrones
% https://simbad.u-strasbg.fr/simbad/
7 https://cxc.cfa.harvard.edu/csc/

8 https://www.aavso.org/vsx/
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Fig. 5. Second-harmonic amplitude (A,) and
MMMR (Gmin) as a function of orbital period (P)
for the 6306 compact companion candidates. The
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out of the 6 systems were detected by the Chandra mission
(Evans et al. 2010) as having significant X-ray emission.

Most systems that our catalogue has in common with the
Simbad catalogue were classified by the OGLE team as eclips-
ing binaries. We inspected a few dozen of them and found in all
cases that the OGLE [ and Gaia G light curves did not present
clear narrow or flat-bottom eclipses. They showed possible very
broad two V-shape eclipses, if any, centred around phases 0 and
0.5, suggesting they might either be contact binaries or ellip-
soidal variables. It is difficult to differentiate between the two
modulations because they are both spread over the entire binary-
period phase and have similar shapes. Nevertheless, we suggest
that the contamination of the catalogue by contact binaries is
small, as discussed in Sect. 8.

We visually inspected the modulation of the two stars
identified by OGLE as RR Lyrae variables (Gaia DR3
4116610292178919936, 4107297257038868736) and found
that the OGLE classification is more probable, at least for the
second object. The fact that only two cases were found as
RR Lyrae stars out of 528 cross-matched systems suggests that
about half a percent of the stars of our catalogue might be
RR Lyrae variables.

5.2. Cross-match with Gaia DR2 variables

A cross-match of the candidate list with the Gaia DR2 vari-
ability data set (Gaia Collaboration 2018), resulted in two sys-
tems, 2024410711652386560 and 241721038597143296. The

2 mMMR was derived using a typical @, of 1.3 for the
G band and assuming a fillout factor of 0.95. The
three sources discussed in Sect. 7 are shown in red.

two sources were classified as rotational variables, with a rota-
tional period that is half the value presented in our catalogue.
Our analysis suggests that they are really ellipsoidal variables,
however. None of the sources appears in the Simbad database.

5.3. Cross-match with the Chandra source catalogue

A cross-match of the candidate list with the Chandra source
catalogue (Evansetal. 2010), using a search radius of 17,
resulted in three systems that are presented in Table 2. They
are all included in Table 1. The third object, Gaia DR3
5966509571940818048, is in the category “Other stars”, classi-
fied by Simbad as a candidate young stellar object. Its X-ray flux
is ~2 x 107 ergem™2 57!, with a relatively soft spectrum, con-
sistent with the X-ray luminosity (derived from its Gaia EDR3
parallax) coming from the stellar surface. The other two X-ray
sources are too faint for a significant flux measurement.

5.4. Cross-match with the VSX catalogue

Following the referee’s suggestion, we cross-matched our candi-
dates with the VSX catalogue’ and found 2044 common systems
with derived periodicities and available light curves. Figure 7
shows the VSX periods versus those from Gaia. Most systems
(1853) have identical periods in the two catalogues. Some sys-
tems (175) display a VSX period that is half the Gaia period,

° https://www.aavso.org/vsx/

A19, page 5 of 12
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Fig. 6. Compact companion candidates in the extinction-corrected Gaia CMD. Only 513 candidates with a minimum parallax of 0.5 mas and
parallax-over-error > 5 are plotted. The background grey-scale density map of stars with a minimum parallax of 0.5 mas and a parallax-over-
error > 10 serves as a proxy for the expected CMD. Magnitudes and extinction corrections for the candidates and the background stars are from
Gaia DR3 data (Fouesneau et al. 2023). Nine systems with §mi, > 1 are plotted in red (see text). The two green curves mark the theoretical
expected edges of the MS. The dashed blue curve is the theoretical upper G value expected for binaries with two identical MS stars, obtained by
shifting the upper bound of the MS by 0.75 mag. We show the evolutionary tracks of 0.8 and 1 M, stars within their MS phase in black. They were
obtained with the ISOCHRONE? software. The two sources DR3 4042390512917208960 (upper point) and DR3 4056017172771375616 (lower

point) are discussed in Sect. 7 and are shown in red with a black edge.

Table 1. Cross-match classifications of 528 candidates obtained from the Simbad database.

Classification Number Source
Eclipsing binaries 431 OGLE survey
9 CRTS survey (Drake et al. 2014)
7 BEST II catalogue of variable stars (Fruth et al. 2013)
2 Miller et al. (2010)
1 General catalogue of variable stars (Samus’ et al. 2017)
1 de Marchi et al. (2010)
1 Weldrake & Bayliss (2008)
Ellipsoidal variables 65 OGLE survey
RR Lyrae stars 2 OGLE survey
Rotational variable 1 CRTS survey (Drake et al. 2014)
Delta Scuti 1 BEST II catalogue of variable stars (Fruth et al. 2013)
Orion-type variable 1 Rebull (2001)
X-ray sources 2 Muno et al. (2003, 2006)
Other stars 4 Metzger & Schechter (1998), Bernabei & Polcaro (2001);

Audard et al. (2007), Kuhn et al. (2017)

consistent with them being ellipsoidal variables for which the
dominant frequency of the modulation is the second harmonic.
Three sources (shown as blue circles in Fig. 7), Gaia DR3
461521311430643456, Gaia DR3 1834964858132757504, and
Gaia DR3 1825053924741093376, analysed by the ZTF project
(Bellm et al. 2019), display a clear discrepancy between the
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Gaia and the VSX periods. We re-analysed the ZTF light curves
of the three systems!'® by deriving their corresponding power
spectra, as shown in Fig. 8. The frequencies of the strongest

10 https://irsa.ipac.caltech.edu/Missions/ztf.html
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Table 2. Cross-match with the Chandra source catalogue.

Gaia DR3

4056853999874300544  2CXO J174344.8-295445
4057484501078108800 2CXO J174512.0-285756
5966509571940818048 2CXO J165419.4—-414805

Name

peaks of the three ZTF power spectra are within 1o of the corre-
sponding Gaia frequencies.

The spectra are dominated by strong side lobes on the two
sides of the strongest peak, separated by Af = 1, reflecting the
daily window of ground-based observations. The frequencies of
the highest peaks of the three systems, which correspond to half
the Gaia orbital periods, are close to a whole number, in units
of 1/day, and therefore have one side-lobe peak with a low fre-
quency, as shown in the figure. This side lobe corresponds to the
period suggested by the ZTF analysis. This exercise shows the
potential advantage of space-mission measurements, which are
not subject to the daily cycle of ground-based observations.

6. Candidates with an mMMR higher than unity

We chose 262 ellipsoidals with 61;1}1‘17 > 1, which we considered
to have an mMMR significantly higher than unity. This makes
them more promising candidates for having compact compan-
ions. Forty one of these candidates were found in Simbad, 39 of
which are classified as eclipsing binaries and 2 as ellipsoidals by
the OGLE project (Soszyiski et al. 2016). One of the two ellip-
soidals is relatively bright, with a G magnitude of ~13.8, and is
discussed in detail in Sect. 7.

Folded light curves and a summary table for the first 15
candidates, in descending §u, order, are presented in Fig. 9
and Table 3. Similar figures and a table for all 262 candidates
are given in the online supplementary document''. The full
Table 3 is also available at the CDS. The table includes the
Gaia DR3 identifier (id), Gaia orbital period, reference time
T, [BJD-2455197.5], which was chosen so that ay; = 0, aver-
age G magnitude G, and the cosine and sine Fourier coefli-
cients a;c,a;s {i = 1,2,3} of the three-harmonic model, defined
by Eq. (1), each with its uncertainty. The table also gives the
total number of G-band FoV transits, N, the derived mMMR,
and the lower-percentile mMMR.

All included parameters of Table 3, except for N,
are given online in the DR3 archival data, in the table
gaia_dr3.vari_compact_companion. The archival data also
include reference times, averaged magnitudes, and Fourier coef-
ficients with their uncertainties for the Gaia Ggp and Ggp light
curves, the 0.135th percentile mMMR, Qr‘n?;’ and the ellipsoidal
coefficient @,, defined in Eq. (3).

Out of the 262 light curves, the light curve of Gaia DR3
4068402346632484864 has an untypical shape for ellipsoidal
variables, as shown in Fig. 9 (marked in bold), suggesting that
this star is an RR Lyrae variable. This is consistent with the
above discussion that our catalogue is contaminated by ~1% of
RR Lyrae stars.

A close look at Fig. 9 might give the impression that the two
maxima of some of the light curves have different heights. This
is reflected by the difference between the coefficient of a;; and
ass, indicating either that the light curves are not due to an ellip-
soidal modulation or that we are witnessing an additional effect.

1 https://zenodo.org/record/6686715#.YrNiTaQYoOE

However, this is probably not the case. The Gaia data are quite
sparse and in many cases not sufficient to identify such local
small features of the modulation. One good example is Gaia
DR3 4056017172771375616, discussed in the next section, in
which the Gaia model, based on only 44 measurements, does
display two different peaks, while the OGLE light curve, with
70 points, shows equal maxima.

7. Three examples of compact companion
candidates

This section concentrates on three candidates from the cata-
logue, examining their photometric modulations as obtained
by other surveys, OGLE (Soszynski et al. 2016; Pawlak et al.
2016), ASAS-SN (Shappee et al. 2014; Kochanek et al. 2017),
and ZTF (Bellm et al. 2019), and compares them with the modu-
lation of Gaia. Then we discuss their candidacy of reliably hav-
ing compact object companions. This exemplifies the potential
of the candidates in the catalogue.

The three stars are marked in the pertinent figures above,
except for Gaia DR3 4070409432055253760, which does not
have an extinction estimate and therefore does not appear in
Fig. 6. Gaia DR3 4042390512917208960 is the second brightest
candidate in our catalogue. It is marked in bold in Table 3 and
Fig. 9.

Figures 10-12 show the available photometry of the three
examples, folded with the Gaia period. It clearly displays
the Gaia modulation in the different independent data sets.
Table 4 lists some parameters of the photometric analysis
of the light curves of the three examples: source identifier,
variability classification, second harmonic Fourier coefficient
with its uncertainty, and the mMMR and its lower-percentile
value.

The first star, Gaia DR3 4042390512917208960, was clas-
sified as an ellipsoidal variable by the OGLE team, but as
a contact eclipsing binary (EW in their terminology) by the
ASASSN-V group (Jayasinghe et al. 2020). Based on the Gaia
and OGLE classification, we suggest that the system is an ellip-
soidal variable. The relatively small amplitude of the ASAS-
SN light curve is probably due to light contamination from a
neighbouring star, as expected in the dense Galactic bulge. The
second star, Gaia DR3 4070409432055253760, was classified
as an ellipsoidal variable by the OGLE team, which reinforces
our classification. The two stars have already been analysed by
Gomel et al. (2021c) in a search for compact companions. The
authors derived similar values for 6];}[‘17

The third star, Gaia DR3 4056017172771375616, with the
shortest period of the three systems, was classified as a contact
binary (EC in their terminology) by the OGLE team. Although
it is quite difficult to distinguish between the two types of mod-
ulations, the modulation shape is consistent with an ellipsoidal
modulation, and follow-up observations are required to deter-
mine the correct variability.

Table 5 lists the astrophysical parameters of the three sys-
tems, including effective temperature, log gravity, metallicity,
radius, mass, and stellar age, as derived by Fouesneau et al.
(2023). The last column of the table lists the minimum mass
of the secondary, derived from the mMMR of Table 3 and the
primary mass. In parentheses we show the 15.9 percentile of the
mass, using the 21;11;1’ value. The second star does not have an esti-
mate of the astrophysical parameters, and therefore no minimum
secondary mass was derived.
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frequency corresponding to the derived Gaia (ZFT) period.

The two stars with radius and mass in Table 5 display a radius
that indicates a slightly evolved state. In principle, we tried to
compose our catalogue of candidates with MS primaries alone
to avoid Algol-type binaries, for which the evolved primary can
outshine a more massive companion (see below). Nevertheless,
the two examples of Table 5 are still good candidates, as their
assumed secondaries, with a minimum mass of 3.2 and 1.9 M,
are massive enough to be detected in the combined luminosity
of the systems if they were MS components.
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8. Discussion

We constructed a catalogue of 6306 variable stars that may
have a massive, probably compact, companion on a short-period
orbit according to the modulation of their ellipsoidal effect. As
shown in Fig. 4, the period distribution of the candidates peaks
at ~0.3-0.4 days, with a moderate decline towards longer peri-
ods. Our search is clearly more sensitive at short periods, and the
decline is therefore probably due to selection effects. Out of the
whole catalogue, we selected 262 candidates with an mMMR
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discussed in Sect. 7.

higher than unity, with a higher probability to have a compact
companion.

As mentioned above, the reality of the candidacy of the bina-
ries in our catalogue and the sample of stars with a high mMMR
in particular, depends on two main assumptions:

— The observed periodic variability is due to ellipsoidal modu-
lation.
— The star is on the MS.
As shown, the two assumptions are not always fulfilled. Some
systems are contact binaries (CB), with two components that
are not detached. As pointed out above, it is not straightforward

to distinguish between CBs and ellipsoidal variables. For exam-
ple, Gaia DR3 4042390512917208960, discussed in Sect. 7, was
classified by our pipeline and by OGLE as an ellipsoidal vari-
able, but it is listed as a contact eclipsing binary by ASAS-SN.
Nevertheless, we suggest that the contamination of the catalogue
by contact binaries is not strong because CBs must by nature
have short orbital periods, mostly shorter than 0.25 d, as shown
by Rucinski (2010). We have avoided periodic variables with
such short periods.

In other cases, the modulations might be due to single-star
variability, such as stellar pulsation or rotation. One example is
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Table 3. Fitted parameters of the first 15 candidates in descending gy, order.

Gaia DR3 P Ty _6 aic A ase ais dos ass N Gmin Q;ig
Pere TO,err Gerr Alc.err A)c.err A3c.err Aais,err ans.err Aa3serr
[day] [BJD —2455197.5] [mag] [mag] [mag] [mag] [mag] [mag] [mag]
5938420387082046976 0.314117 2244.03610 17.8719 0.0098 0.1315 —-0.0026 0.0226 0.0000 —0.0115 43 10.0 5.6
0.000054 0.00056 0.0018 0.0028 0.0036 0.0026 0.0033 0.0021 0.0035
2613886138222158464 0.49774 2423.3476 18.6571 -0.0103 0.1105 0.0229 -0.0110 0.0000 0.0079 46 34 2.1
0.00012 0.0020 0.0039 0.0047 0.0065 0.0067 0.0067 0.0046 0.0057
4123054392395089920 0.62299 2425.4947 17.7272 -0.0101 0.1104 -0.0109 0.0220 0.0000 —0.0105 43 34 22
0.00021 0.0013 0.0031 0.0023 0.0047 0.0029 0.0055 0.0024 0.0038
1892965058567426560  0.261008 2191.02880 17.6875 0.0023 0.1097 0.0008 -0.0062 0.0000 0.0113 36 3.3 22
0.000044 0.00049 0.0022 0.0033 0.0035 0.0028 0.0028 0.0026 0.0033
4041883019496151424 1.12284 2355.7487 18.3060 —0.0314 0.1097 0.0003 -0.0068 0.0000 0.0041 34 33 2.1
0.00077 0.0054 0.0036  0.0057 0.0061 0.0052 0.0055 0.0063 0.0054
4116728150381233280  0.330273 2487.1291 18.7504 0.0175 0.1078 0.0123 -0.0068 0.0000 0.0032 53 3.0 19
0.000043 0.0014 0.0035 0.0059 0.0074 0.0061 0.0061 0.0040 0.0059
6038453229081523072  0.327324 2105.02175 16.5562 -0.0002 0.1073 0.0019 -0.0101 0.0000 0.0057 41 2.9 2.0
0.000082 0.00072 0.0020 0.0035 0.0042 0.0037 0.0033 0.0023 0.0031
4516392793079294976  0.316059 2159.86061 18.9664 0.0214 0.1066 0.0048 0.0014 0.0000 0.0034 41 29 19
0.000046 0.00074 0.0019 0.0032 0.0035 0.0029 0.0028 0.0026 0.0033
4056017172771375616 0.410707 2394.25673 16.9046 -0.0038 0.1066 —0.0008 —0.0049 0.0000 0.0112 44 29 1.9
0.000093 0.00078 0.0016  0.0023 0.0031 0.0024 0.0027 0.0024 0.0028
5889592931122816512 0.341463 2204.82654 18.3464 0.0162 0.1044 -0.0004 -0.0033 0.0000 -0.0129 39 2.6 1.8
0.000081 0.00084 0.0021  0.0031 0.0037 0.0030 0.0033 0.0026 0.0034
40684023466324848641V  1.27615 2356.9575 18.0847 -0.0103 0.1043 -0.0132 —-0.0015 0.0000 0.0135 39 26 1.6
0.00079 0.0056 0.0044 0.0062 0.0070 0.0062 0.0064 0.0055 0.0061
4042390512917208960®  0.89522 2383.8996 13.7822 0.0000 0.1039 -0.0074 0.0046 0.0000 0.0012 38 25 1.8
0.00046 0.0014 0.0015 0.0022 0.0022 0.0023 0.0020 0.0020 0.0019
1833609671396897024 1.20849 2202.2576 18.1657 —0.0286 0.1035 -0.0215 -0.0010 0.0000 -0.0083 53 2.5 1.7
0.00074 0.0028 0.0028 0.0054 0.0048 0.0038 0.0030 0.0031 0.0038
4068544041908031488 0.58456 2430.2668 18.9518 0.0258 0.1033 0.0116 -0.0027 0.0000 —0.0153 43 2.5 1.6
0.00025 0.0026 0.0043  0.0063 0.0064 0.0064 0.0058 0.0057 0.0058
6053386525470178560 0.96892 2206.1084 19.5447 -0.0177 0.1032 -0.0122 0.0016 0.0000 —0.0040 40 2.5 1.6
0.00052 0.0033 0.0035 0.0045 0.0055 0.0053 0.0053 0.0042 0.0047

Notes. "Might be an RR Lyrae variable, discussed in Sect. 6. ®One of our brightest candidates, discussed in Sect. 7. The full table is available at

the CDS.

probably Gaia DR3 4068402346632484864, whose folded light
curve resembles an RR Lyrae ab-type modulation, as shown in
Fig. 9. Furthermore, RR Lyrae c-type variables may mimic ellip-
soidal variability better. However, we suggest that only a few
single-star variables are hidden in the catalogue because the CU7
classifier is highly efficient (Rimoldini et al. 2023).

Finally, some of the stars in the catalogue might be real ellip-
soidal variables but have an MS companion. In some cases, the
derived mMMR is lower than unity. We nevertheless included
them in the catalogue because the mMMR can be substantially
lower than the actual minimum mass ratio, depending on the
actual stellar mass and radius of the primary. In other cases, the pri-
mary star is slightly evolved and therefore might outshine an MS
secondary. However, as shown in Fig. 6, a considerable portion
of the catalogue stars with extinction estimates are on the main
sequence, and even cases with slightly evolved stars, such as the
two examples discussed in Sect. 7, cannot hide an MS companion.

Nevertheless, despite all cautious measures, many of the
candidates of the catalogue may not have a compact object
companion. Therefore, only spectroscopic radial-velocity (RV)
follow-up observations can validate the high mass ratio of the
candidates. However, even before RV resources are devoted to
follow-up observations, more photometric measurements can be
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added to the light curve to better study the shape of the periodic
modulation, in particular at different photometric bands. This is
expected in future Gaia data releases!2, for which the number of
FoV transits is going to double, including the Ggp and Ggp mea-
surements, which were barely used here. The mass, radius, and
temperature of the primary star might also be measured. These
can be obtained either from the stellar position on the CMD and/or
from its spectral energy distribution, when infrared observations
and parallax are available. Any deviation from the mass-radius-
temperature relations of MS stars might indicate that either the
primary is not on the MS or that the secondary substantially con-
tributes to the brightness of the system, making the star a less
attractive candidate for having a compact companion.

Another indication for a compact companion may come from
X-ray observations (e.g., Forman et al. 1978; Voges et al. 1999;
Evans et al. 2010; Webb et al. 2020). An example is the discus-
sion of Gaia DR3 5966509571940818048 in Sect. 5.3. Some
dormant compact objects might have temporal X-ray emission
(e.g., Remillard & McClintock 2006; Belloni 2010) and there-
fore have not yet been detected as X-ray sources. Therefore, any
X-ray survey or pointed observations of the best candidates can
be very useful.

12 https://www.cosmos.esa.int/web/gaia/release
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Table 4. Parameters of the photometric analysis of light curves of the
three candidates.

ase Gmin
Classification) acerr Q;L‘:’
[mag]
DR3 4042390512917208960 ELL 0.1039 2.5
G band 0.0022 1.8
OGLE-BLG-ELL-012306 ELL 0.11219 2.5
I band 0.00053 1.7
ASASSN-V J175613.02-335233.3 EwW 0.0386
V band 0.0018
DR3 4070409432055253760 ELL 0.0995 2.1
G band 0.0027 1.5
OGLE-BLG-ELL-013007 ELL 0.09659 1.4
I band 0.00058 1.0
ZTF 282116300002763 0.0885
r band 0.0085
DR3 4056017172771375616 ELL 0.1066 2.9
G band 0.0031 1.9
OGLE-BLG-ECL-106459 EC 0.0880
I band 0.0024

Notes. (VClassification abbreviations represent ellipsoidal variable
(ELL), eclipsing contact binary (EC), or a contact binary of EW type
(EW).

When follow-up RV is performed, only a few measurements
with medium precision, on the order of 10km s~!, should be
enough to establish the binarity and the minimum mass ratio
of each system because the presumed orbital period is known
and the expected RV amplitude is on the order of 100 kms™!
Unfortunately, Gaia RVS measurements (Katz et al. 2019) are
not suitable for the candidates of our catalogue because their
stellar brightness and/or temperature are not in the RVS effec-
tive range. Thus, our candidates necessitate a dedicated program
of follow-up observations.

An RV follow-up project like this can be done, for
example, with multi-object spectrographs such as SDSS-V
(Kollmeier et al. 2017) and the upcoming 4MOST (de Jong et al.
2019). The magnitude limit of these spectrographs clearly
depends on the exposure time, spectral information of the sys-
tems, and on the required RV precision. All in all, we assume
that for our purpose, the limit is about 19th mag. This limit is
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Table 5. Astrophysical parameters of the three candidates.

Gaia DR3 Teg [K] logg FeH [dex] R [Ro] M [Ms] age [Gyr] M min [Mo]
4042390512917208960 50361"2“3‘% 4.1 8’:8:3 —0.23f8:$(7) 3.1 6’:8:}2 1.81 fg:gg 1 .4f8:§ 4.6 (3.2)
4070409432055253760 40241; 4.80’:8:82 0. 10’:8:?(5)

4056017172771375616 4282f§(2) 4.70f8:8; —0.00fgj% 1.68f8:f‘6‘ 0.99f8:8§ 11.53;2 2.8 (1.9)

marked in Figs. 1 and 2, indicating that most of our candidates
can be followed by these spectrographs.

The catalogue presented here, although the level of contami-
nation is unknown, has the capacity of opening a new window for
studying short-period binaries with a compact object companion,
either a BH or an NS, and sometimes a white dwarf, when some
of the candidates are confirmed by additional observations.
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