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Abstract

Binary and multiple stars have long provided an effective empirical method of testing stellar formation and
evolution theories. In particular, the existence of wide binary systems (separations >20,000 au) is particularly
challenging to binary formation models as their physical separations are beyond the typical size of a collapsing
cloud core (∼5000–10,000 au). We mined the recently published Gaia-DR2 catalog to identify bright comoving
systems in the five-dimensional space (sky position, parallax, and proper motion). We identified 3741 comoving
binary and multiple stellar candidate systems, out of which 575 have compatible radial velocities for all the
members of the system. The candidate systems have separations between ∼400 and 500,000 au. We used the
analysis tools of the Virtual Observatory to characterize the comoving system members and to assess their
reliability. The comparison with previous comoving systems catalogs obtained from TGAS showed that these
catalogs contain a large number of false systems. In addition, we were not able to confirm the ultra-wide binary
population presented in these catalogs. The robustness of our methodology is demonstrated by the identification of
well known comoving star clusters and by the low contamination rate for comoving binary systems with projected
physical separations <50,000 au. These last constitute a reliable sample for further studies. The catalog is available
online at the Spanish Virtual Observatory portal (http://svo2.cab.inta-csic.es/vocats/v2/comovingGaiaDR2/).

Key words: astronomical databases: miscellaneous – binaries: visual – catalogs – parallaxes – proper motions –
virtual observatory tools

1. Introduction

It is widely accepted that stars are born from the gravitational
collapse of protostellar clouds. As it collapses, a molecular
cloud breaks into smaller and smaller pieces in a hierarchical
manner, until the fragments reach stellar mass. In this process,
stars are not formed isolated but in embedded clusters,
comprising up to a few thousand stars sharing roughly the
same age and metallicity. Lada & Lada (2003) suggested that
only a small fraction of the embedded clusters survive
emergence from molecular clouds to become open clusters,
associations of stars loosely bound by mutual gravitational
attraction. Typically, after a few hundred million years, open
clusters become disrupted by close encounters with other
clusters and clouds of gas, as they orbit the Galactic center. As
a remnant of this process, a significant fraction of main-
sequence stars (the exact percentage depends on the spectral
type) are in binary and multiple systems (e.g., Duquennoy &
Mayor 1991; Raghavan et al. 2010).

Depending on authors, the definition of wide binaries is very
ample, ranging from the minimum physical separation
necessary to avoid Roche lobe filling and mass transfer after
the main-sequence phase, to common proper motion pairs
(pairs of stars traveling together through space with orbital
periods ranging from a few thousand to millions of years and,
thus, without any discernible relative orbital motion) with
separations up to thousands of astronomical units (Caballero
2009). Wide binaries are weakly bound and they can be
disrupted by inhomogeneities in the Galactic potential due to
stars or molecular clouds passing nearby. This makes these
systems valuable indicators of the Galactic dynamical environ-
ment. Moreover, wide multiple systems can be regarded as

mini star clusters with components born at the same time and
with the same chemical composition, but evolving in an
independent way due to the large physical separations among
them. This makes them excellent candidates for testing stellar
models and for age indicators.
There is not a consensus about the maximum physical

separation at which a wide pair is still physically bound and
orbits around its center of mass, and its numerical value has
changed with time. During many years a cutoff at ∼20,000 au
in projected physical separation of binaries was widely
accepted (e.g., Weinberg et al. 1987; Close et al. 1990).
However, Caballero (2009) demonstrated the existence of
multiple systems in the solar neighborhood with projected
separations larger than this threshold. Such wide systems are
more likely found in the Galactic halo, where the probability of
encountering stars is minimal, and in young associations, where
the systems have had less time for encounters. Recently,
Oelkers et al. (2017) claimed the discovery of the binary
system with the largest separation, nearly 3.2 pc.
Over the past years, numerous wide binaries have been

discovered (see, for instance, Gálvez-Ortiz et al. 2017). This
type of object, with separations similar to or larger than the
typical prestellar cores, poses a problem on classical models, in
which the formation of binary systems is understood to occur
during a coeval fragmentation of the giant molecular cloud.
Various hypotheses have been proposed to overcome this
matter. Reipurth & Mikkola (2012) suggest that triple systems
are born very compact and can develop extreme hierarchical
architectures on timescales of millions of years, as one
component is dynamically scattered into a very distant orbit.
The energy of ejection would come from shrinking the orbits of
the other two stars. Kouwenhoven et al. (2010), on the other

The Astronomical Journal, 157:78 (10pp), 2019 February https://doi.org/10.3847/1538-3881/aafacc
© 2019. The American Astronomical Society. All rights reserved.

1

mailto:fran.jimenez-esteban@cab.inta-csic.es
http://svo2.cab.inta-csic.es/vocats/v2/comovingGaiaDR2/
https://doi.org/10.3847/1538-3881/aafacc
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/aafacc&domain=pdf&date_stamp=2019-01-28
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-3881/aafacc&domain=pdf&date_stamp=2019-01-28


hand, suggested that these binary/multiple systems are not
primordial, but they originate from different birth sites and
become gravitationally bound during the dissolution phase of
young star clusters.

The first Gaia data release, Gaia-DR1 (Gaia Collaboration
et al. 2016), took place in September 2016 and included the
astrometric data set called TGAS (Tycho-Gaia Astrometric
Solution), which contains positions, proper motions, and
parallaxes for about 2 million of the brightest stars in the
sky, which are in common with the Hipparcos and Tycho-2
catalog. Three works were published with searches for wide
binaries and moving groups in the TGAS catalog (Andrews
et al. 2017; Oelkers et al. 2017; Oh et al. 2017). The three of
them utilized sophisticated Galactic models to identify
comoving pairs using likelihood functions obtained from
different statistical approaches. Each work identified several
thousands of comoving candidate pairs with projected physical
separations up to several parsecs. Oh et al. (2017) and Oelkers
et al. (2017) found bimodal distributions for the projected
separation and the binding energy, with a large number of pairs
with separations >1 pc and energies below 10−34 J. These
authors explained the shape of the distributions in terms of two
different binary populations: one of wide stable systems,
corresponding to the higher energy and shorter separations
peaks, which are expected to survive 10 Gyr or longer, and
another one with ultra-wide young unstable systems, corresp-
onding to the lower energy and larger separation peaks, which
are not expected to last more than a few gigayears. The
confirmation of a population of pairs with separations larger
than 1 pc would provide further constraints in the Galactic
gravitational potential.

The second Gaia data release, Gaia-DR2 (Gaia Collaboration
et al. 2018a), took place in 2018 April. This release provides the
astrometry solution for 1.3 billion sources, including those in
TGAS. Gaia-DR2 uncertainties (typically ∼0.06mas yr−1 in
proper motion and ∼0.04mas in parallax) are better than the
TGAS uncertainties by an order of magnitude for the parallax
and two orders of magnitude for the proper motion. Furthermore,
Gaia-DR2 includes new photometric filters (GBP and GRP) and
radial velocities (RVs) for several million stars with a mean
G magnitude between 4 and 13. All this makes Gaia-DR2 an
ideal resource to search for comoving systems and to check the
reliability of the results obtained with TGAS.

In this paper we describe the discovery and characterization
of 3741 candidate pair and multiple systems found using the
Gaia-DR2 catalog, and the comparison with the previous
comoving systems from TGAS. The paper is organized in the
following way: We describe the methodology used to search
the comoving candidate systems in Section 2; we present the
catalog in Section 3; we study the physical properties of the
comoving candidate binary systems in Section 4; we discuss
our result in Section 5; and, finally, we present our conclusions
in Section 6.

2. Search Methodology

2.1. Search of Comoving Systems

We used Gaia-DR2 data to search for comoving systems
among the brightest stars in the sky, i.e., those included in the
Tycho-2 catalog (Høg et al. 2000), using a simple approach
based on the astrometric solution. Restricting our search to the
∼2.5 million Tycho-2 sources implies that comoving systems

with a low-mass and faint companion will not be detected.
Since the limiting magnitude of Tycho-2 was ∼11.5 mag in the
visible, we estimate that Tycho-2 is completed up to ∼40 pc for
M dwarfs, up to ∼200 pc for G dwarfs, and up to ∼400 pc for F
dwarfs.
The search was carried out using a workflow consisting of

the following steps:

1. Our input file was the table gaiadr2.tycho2_best_neigh-
bour, available in the Gaia archive at ESA.3 This table
contains the list of Gaia-DR2 sources with Tycho-2
counterparts (hereafter the Gaia-DR2-Tycho-2 sample;
Marrese et al. 2019). Only sources with good astrometric
solutions were considered. We followed the latest
recommendations published by the Gaia ESA team in
the Known issues with the Gaia DR2 data web page.4

According to them, we selected sources with the re-
normalized unit weight error <RUWE 1.4 (technical
note GAIA-C3-TN-LU-LL-124-015). In addition, we
restricted our sample to Gaia-DR2-Tycho-2 sources with
positive parallaxes and relative errors <10% in both
proper motion components and parallax. The errors that
we used were the external uncertainties calculated as
indicated by Lindegren et al. (2018) at the IAU GA
Division A meeting in Vienna on 2018 August 27.6 We
used the correction proposed for Gaia objects fainter than
13 mag in G band. Finally, given the Tycho-2 limiting
magnitude, we removed any source with Gaia >G 13.

The 10% in the relative error criterion was
conservative enough to keep pairs with small differences
in the proper motion due to the orbital velocity and to
avoid biases in the distance estimation due to large errors
in parallax (e.g., Astraatmadja & Bailer-Jones 2016).
This criterion, nevertheless, favored the selection of
nearby objects with high proper motions, in the sense that
it was more likely to find relative errors above 10% in
objects with low proper motion and/or parallax.

This selection resulted in 1,936,422 sources (79% of
the total sources of gaiadr2.tycho2_best_neighbour).

2. Systems with projected physical separations larger than
50,000 au have been reported in the literature. Caballero
(2010) actually pushed this limit up to 1 pc for a multiple
system in the Castor moving group. Other authors like
Jiang & Tremaine (2010) supported the existence of wide
binary stars with even larger separation from a theoretical
point of view. Furthermore, the three TGAS catalogs of
comoving systems aforementioned have a large number
of pairs separated more than 1 pc. Thus, we decided to set
a generous upper limit of 500,000 au (∼2.5 pc) assuming
that pairs beyond this limit are most likely not physically
bound.

Therefore, for each of the 1,936,422 sources
selected in the previous step, we looked for companions
with the same parallax and proper motion in R.A. and
decl. within 2.5σ (typically 0.13 mas in parallax and 0.2
mas yr−1 in proper motion), with σ being the largest error
of the two stars in the pair, and with a projected physical

3 https://gea.esac.esa.int/archive/
4 https://www.cosmos.esa.int/web/gaia/dr2-known-issues
5 http://www.rssd.esa.int/doc_fetch.php?id=3757412
6 An extended version of this presentation can be found on the Known issues
with the Gaia DR2 data web page.
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separation in the sky lower than 500,000 au. Before, we
applied the proper motion correction for bright stars due
to inertial spin of the Gaia DR2 proper motion system
(Lindegren et al. 2018). We used the classical expression
to convert parallaxes to distances: d=1000/π, where π
is the parallax measured by Gaia in milliarcseconds and d
is the distance in parsecs. For each comoving pair
candidate, the adopted parallax was the error weighted
arithmetic mean. The distances derived from parallaxes
and the small-angle approximation (tanρ≈ ρ) were used
to convert angular separations between components (ρ)
into projected physical separation (s) using the form-
ula s=ρ× d.

3. In some cases, an individual source was assigned to more
than one comoving companion, meaning that there were
more than two sources sharing the same values (within
the errors) of proper motion and parallax. These sources
were considered to form multiple (>2 members) comov-
ing systems. For multiple system s was calculated taken
as reference the source closest to the center of the group,
and using a weighted arithmetic mean parallax for all
members of the system. This produced a number of cases
where the projected physical separation between the
central member and other members of the group was
larger than the adopted threshold (500,000 au). However,
for every source in the multiple system there was always
another source separated less than the given threshold.

This workflow resulted in 11,834 individual sources grouped
into 3852 comoving binary and multiple candidate systems that
fulfilled the previous conditions.

2.2. RV Rejection

If the members of our candidate systems are really physically
bound they should present similar RVs within the errors.
However, RVs of field stars have a typical dispersion of
20–40 km s−1, depending on the direction of the sky. Thus, the
probability of chance alignment within 2.5σ (typically
2.3 km s−1) is non-negligible. So, similar RVs cannot be used
as a confirmation that two stars close in the sky form a
physically bound system, but it is a good approach to find fake
systems. We would like to stress that our candidate systems
already share the same proper motion and distance. Therefore,
coincident RVs is an additional indication that increases their
chance of being real.

The Gaia-DR2 catalog provided RVs for 3318 of our
sources. For the rest, we used TOPCAT7 to cross-match our
candidate systems with the Radial Velocity Experiment
(RAVE, DR5)8 (Kunder et al. 2017) available at Vizier
(Ochsenbein et al. 2000). A 3″ search radius was adopted after
using the proper motion information to refer the position to the
epoch J2000. We found 338 counterparts in the RAVE catalog.

For our analysis, we were restrictive in the quality of the RV,
using only values with errors lower than 5 km s−1. This
reduced the available data to 2877 from Gaia-DR2 and 282
from RAVE. Two hundred and eleven sources had RV data in
both catalogs. In all but four cases, the RV values from Gaia-
DR2 and RAVE were compatible within the errors. For these
common sources we used Gaia-DR2 data because of their

lower errors, typically better than 1 km s−1. Thus, we collected
RVs for 2948 individual sources of our candidate sample.
We compared the RVs of the members of each candidate

system using the same criteria used for the proper motion and
the parallax (values differing in less than 2.5σ). 678 candidate
pairs had RV data available for both components. Of these, 108
pairs (∼16%) were found to have discrepant RVs. Moreover,
66 objects assigned to multiple system showed incompatible
RVs with the rest of the members of the system, and they were
consequently discarded. In total, we removed 282 sources on
the basis of their RVs.
Makarov et al. (2008) estimated a multiple hierarchical

system rate larger than 25% in a sample of comoving pairs
within 25 pc from the Sun, while Tokovinin (2014) obtained a
lower rate (13%) in a sample of solar-like dwarfs within 67 pc
from the Sun. Thus, part of the 16% of candidate pairs with
discrepant RV could be true wide binaries where one of the
members has an unresolved companion, i.e., they could be
multiple hierarchical high order systems.

3. Results: Comoving Star Catalog

The final catalog of comoving candidate systems with the
same (within the errors) parallaxes and proper motions in Gaia-
DR2 is made up of 11,552 sources grouped in 3741 systems
out of which 575 have also the same RVs within the errors.
3055 systems are comoving pairs, but there are also 686 higher
order multiple systems with up to 94 candidate members.
Table 1 summarizes the number of systems according to
multiplicity.
All the relevant information of these systems can be gathered

from The SVO archive of Gaia-DR2 double and multiple
bright stars at the Spanish Virtual Observatory portal9 (see the
Appendix).

3.1. Spatial Distribution of the Comoving Groups

Figure 1 shows the sky distribution of the sources of our
comoving system catalog. Filled red circles represent the
sources belonging to multiple systems with more than seven
candidate members. There is a concentration in the direction of
the Galactic plane, but avoiding the direction toward the
Galactic bulge. This distribution is similar to the one presented

Table 1
Number of Systems According to Multiplicity

Members Systems Similar RV

2 3055 570
3 288 4
4 104
5 63
6 42 1
7 34
8 21
9 16
10 14
>10a 104

Total 3 741 575

Note.
a Candidate systems with more than 10 candidate members.

7 http://www.star.bris.ac.uk/~mbt/topcat/
8 http://cdsarc.u-strasbg.fr/viz-bin/Cat?III/279/rave_dr5 9 http://svo2.cab.inta-csic.es/vocats/v2/comovingGaiaDR2/
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in the Tycho double star catalog (see Figure 2 in Fabricius et al.
2002). The authors of this catalog explained it on the basis of
the nature of the Hipparcos scanning law. Since our search
sample was constructed from Tycho-2, it is expected that our
comoving systems present a similar distribution.

As listed in Table 1, we found a large number of high order
multiple systems, probably members of star clusters or moving
groups, most of them concentrated in the Galactic plane. In
fact, some of them belong to very well known star clusters
(e.g., Melotte 22 or IC 2391), but we also found sources not
reported in SIMBAD as cluster members.

A detailed analysis of the multiple systems is a demanding
task that goes beyond the scope of this paper. Thus, in what
follows, we will focus on the binary system candidates.

4. Physical Properties

4.1. Dwarf/Subgiant and Giant Separation

We used the Gaia MG absolute magnitude ( = + +M G 5G
p5 log ) versus Gaia -G GBP RP color to build a Hertzsprung–

Russell diagram (HRD). Figure 2 shows the position in the
HRD of our comoving candidate members.

We separated dwarfs/subgiants from giants by eye in the
HRD considering dwarfs/subgiants all sources with MG

´ - +( )G G4.5 11.5BP RP (shown as a dashed line in
Figure 2). According to their position in the HRD 1094 objects
(∼10%) were classified as giants and 10,458 as dwarfs/
subgiants (∼90%).

4.2. Effective Temperatures

The next step was the determination of effective tempera-
tures (Teff). Although Gaia-DR2 includes information on
temperatures, these values, derived from the three broad
photometric bands, may be affected by different issues (Andrae
et al. 2018). Furthermore, the estimation of Teff for Gaia-DR2
was restricted to the range from 3000 to 10,000 K, which may
not be the case for our sources. Thus, we decided to use
VOSA10 (Bayo et al. 2008) to get our own estimation of the
Teff. VOSA is a Virtual Observatory tool designed to determine
physical parameters from the comparison of observed photo-
metry to different collections of theoretical models.

Using VOSA we queried the GALEX (Bianchi & GALEX
Team 2000), Tycho-2 (Høg et al. 2000), Gaia-DR2 (Gaia
Collaboration et al. 2018a), APASS (DR9; Evans et al. 2002),

2MASS (Skrutskie et al. 2006), and WISE (Wright et al. 2010)
photometric catalogs to build the Spectral Energy Distribution
(SED) from the ultraviolet to the infrared. For those sources
with no values of extinction found in VO archives, we used the
ones provided by Gaia-DR2. For the rest of the sources we
assumed no extinction. Dereddened observational SEDs were
then compared to the grid of BT-Settl model atmospheres
(Allard et al. 2012). We adopted log g 4.0 and log g< 4.0 for
dwarfs/subgiants and giants (classified according to their
position in Figure 2, see Section 4.1), respectively. We
assumed solar metallicity for all of them. We used the VOSA
internal goodness of fit criterion (Vgfb

11 <15) to select the
sources with good SED fitting (11,143 sources).
Figure 3 shows the distribution in effective temperature of

our sample. Most of the sources have Teff between 3500 K
(M5V) and 12,500 K (B8V), with the maximum of the
distribution at ∼6500 K (F4V), as expected from the Tycho-2
limiting magnitude.
In order to evaluate the accuracy and reliability of the

effective temperatures derived using the SED fitting method,
we used a control sample consisting of 126 stars from the

Figure 1. Sky distribution in Galactic coordinates of our comoving candidate
sources. Filled red circles are the sources belonging to multiple systems with
more than seven candidate members.

Figure 2. Hertzsprung–Russell diagram of our comoving candidate sample.
The dashed line depicts the selected separation criterion between dwarfs/
subgiants and giants (see the text).

Figure 3. Effective temperature distribution of our sample.

10 http://svo2.cab.inta-csic.es/theory/vosa/

11 Vgfb: Modified reduced c2, calculated by forcing s ( )Fobs to be larger than
´ F0.1 obs, where s ( )Fobs is the error in the observed flux (Fobs). This can be

useful to avoid the risk of overweighting photometric points with under-
estimated photometric errors. Vgfb smaller than 10–15 is often perceived as a
good fit.
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California-Kepler Survey (CKS, Petigura et al. 2017) included
in the Gaia-DR2-Tycho-2 sample. Petigura et al. (2017) used
two different codes to obtain the physical parameters of these
stars from high-resolution optical spectra, achieving an
accuracy of 60 K in Teff. We then used VOSA to construct
the SEDs of these 126 stars and estimate the Teff in an identical
manner to the stars in our catalog. Figure 4 shows the
comparison between the Teff obtained from spectroscopy by the
CKS and from the SED fitting by VOSA. The Gaussian fit
gives a standard deviation of ∼147 K and shows that there is
no systematic offset between both data sets. Assuming error
propagation in quadrature and taking into account that the
typical error in CKS is±60 K, we estimated the error in the
effective temperatures calculated by VOSA in±135 K.

The existence of hierarchical tertiary unresolved companions
that may have passed the RV filter could affect the estimation
of the Teff. However, for most of these cases, the combined
SED will clearly deviate from the photospheric models and,
therefore, the SED fitting will be poor. So it is expected that
these systems did not fulfill our goodness of fit criterion
(Vgfb<15).

4.3. Binding Energies

Stellar masses were derived from effective temperatures and
the dwarf/subgiant and giant classification by interpolating in
the Tables B1 and B2 of Gray (2008) for giants and dwarfs
until M0. For cooler dwarfs we used the relationship given in
Reid & Hawley (2005). Seventy-one giants had Teff beyond the
range covered by Gray (2008) and their masses were not
obtained. For each source with good SED fitting, we took 1σ in
Teff to obtain a minimum and a maximum Teff, and used them
to derive minimum and a maximum masses. Finally, we
assumed as the uncertainty in the mass estimation half of the
difference between the minimum and maximum mass. From
this exercise, we obtained a typical uncertainty in mass lower
than 0.05 M . However, the assumption of solar metallicity in
the SED fitting for all our stars introduced an additional
uncertainty. With the aid of isochrones for stars of 5 Gyr age
from the Dartmouth Stellar Evolution Database12 (Dotter et al.
2008), we evaluated the effect of the metallicity in the mass
estimation, obtaining an uncertainty of 0.1–0.2 M depending

on the Teff of the star. Consequently, we assume that the typical
mass uncertainty for our objects is typically lower than 0.2 M .
Masses were then used to calculate the binding energy (U) of

the comoving pairs, under the assumption that they are physical
binaries. The binding energy of a pair is defined as the
gravitational potential energy between the two objects U=
−GM1M2/a, where G is the gravitational constant, M1 and M2

are the masses of each component and a represents the physical
separation between the two stars. Since a is not a priori known,
we use the logic of Fischer & Marcy (1992) who assumed
a=1.26 s, where s is the projected physical separation in the
plane of the sky. From the uncertainties in mass and parallax,
we concluded that the typical uncertainty in the binding
energies is ∼18%.

4.4. Main Sequence and Binary Dissipation Lifetimes

Even if a system possesses the necessary binding energy to
remain stable, a large separation, coupled with the local
Galactic environment, could cause the system to dissipate over
time: encounters with other stars or molecular clouds or even
subtle changes in the overall Galactic potential can contribute
to disrupting the system’s stability and cause it to break apart
(Weinberg et al. 1987). Age is, thus, a fundamental parameter
to accurately assess whether a binary system is really
physically bound or not: the younger a pair is, the lower the
probability of having had an encounter with stars or molecular
clouds will be.
In this work we used the main-sequence lifetime (tMS) as a

proxy to estimate the ages of our objects. For the objects in the
main sequence (the great majority of the members of our
systems), tMS represents an upper limit in age, while for giants
tMS is a lower limit. But even in this case, as the time spent by
an object in the giant phase is relatively small compared to tMS,
this parameter can also be considered a reasonably good age
estimator. Taking into account that the luminosity of a main-
sequence star is typically assumed to be proportional to M3.5,
tMS can be estimated by using the following expression:

~ = - ( )t M L M10 10 1MS
2.5

where M and L are the stellar mass and luminosity in solar
units, and tMS is in gigayears.
Following Oelkers et al. (2017) we define the dissipation

lifetime (tD) as:

~ ( )t M a1.212 2D tot

where a is the physical separation in parsecs, Mtot is the total
mass of the system in solar masses, and tD is in gigayears.
In Figure 5 we compare the dissipation and main-sequence

lifetimes for the comoving candidate pairs of our catalog. The
dashed horizontal line depicts the classical empirical limit of
Ug=1034 J for a system to be considered physically bound.
The tMS of a pair was defined as that of the most massive
member, i.e., the one with the shortest lifetime. We found 2359
candidate pairs with tD> tMS (blue open circles), 558 of which
had consistent RVs (red filled circles). Particularly interesting
are the three systems (ID 947, ID 3145, and ID 3331) with
binding energies below 1034 J and consistent RVs.
On the other hand, there are 429 candidate binary systems

with tD< tMS (green open triangles). Although these candidate
systems have a high probability of being chance alignments,
some of them, in particular, the youngest ones, can be real
comoving systems. Among them, we can find some promising

Figure 4. Comparison between the effective temperatures obtained with high-
resolution spectroscopy by the CKS and with SED fitting by VOSA. The
dashed line represents a Gaussian fit.

12 http://stellar.dartmouth.edu/models/index.html
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candidates based on the RV consistency (36 pairs with binding
energies above 1034 J and 41 below this limit, black filled
triangles).

5. Discussion

5.1. The Contamination Rate

Our systems cover a large range in physical separations. We
found comoving candidate pairs separated in the sky as close as
only 1 8 up to as far as ∼1°.4, and at distances from the Sun
ranging from ∼40 to ∼2600 pc. This translates into a wide
range of projected physical separations from ∼400 to
500,000 au (the limit imposed in our search procedure).

Any search for comoving stars is affected by contamination
by chance alignments (i.e., stars showing the same motion
within the errors but that are actually not physically related).
This contamination is expected to be stronger at large projected
physical separations. The amount of contamination by chance
alignments depends on the data set used in the identification of
the comoving systems, their nominal errors, and the selection
criteria. Thus, in our case, it depends on the density of Gaia-
DR2-Tycho-2 sources in a specific region of the sky, their
astrometric solutions (parallaxes and proper motions, and their
associated errors), and the adopted 2.5σ criterion.

In order to assess the degree of contamination of our catalog,
we followed two different approaches.

5.1.1. Galaxy Specular Star Test

Following the exercise by Shaya & Olling (2011), we took a
star from the Gaia-DR2-Tycho-2 sample and we virtually
moved it to the opposite side of the Galactic plane by
multiplying by −1 its Galactic latitude. This way, we created a
specular star in a region with similar stellar density and velocity
field (Gaia Collaboration et al. 2018b). Finally, we searched for
comoving companions of the specular star using the criteria
described in Section 2. Any comoving systems found following
this methodology were false positives due to change alignment.

After this exercise we obtained 714 false comoving systems:
617 false pairs and 97 high order false systems with up tp 15
members. About 98% of the false pairs had projected physical
separations larger than 50,000 au. Figure 6 shows the

distribution of the false comoving pairs in the function of the
projected physical separation. It shows a clear correlation,
increasing the number of false positives with the separation of
the system.
Adopting this false positive occurrence as the expected in

our catalog, it would imply that ∼20% of our system would,
indeed, be chance alignments. However, this ratio strongly
depends on the projected physical separation being just ∼1% of
the candidate pairs with s<50,000 au, ∼10% for s between
50,000 and 100,000 au, and increasing up to almost 40% for
the largest separations. Thus, we should expect low contam-
ination for small projected physical separations, especially
below 50,000 au.

5.1.2. Expected Chance Alignment Counterparts

We also performed an exercise similar to that described in
Smith et al. (2018) to quantify the contamination rate
associated with our comoving candidate binary systems. First
we defined an inner circle with a radius corresponding to the
projected physical separation of 500,000 au at the pair’s
distance. This inner circle corresponds with the search area.
Then, we defined an annulus constrained between the inner
circle and an external radius five times larger than the inner

Figure 5. Binding energy as a function of the projected physical separation for the comoving candidate pairs of our catalog. Blue open circles represent systems with
tD > tMS, and those with consistent RVs are plotted with red filled circles. Green open triangles show the systems with tD < tMS, and in black filled triangles those with
consistent RVs. The dashed horizontal line depicts the classical empirical limit for separation in wide binaries (Ug ∼ 1034 J). Error bars are smaller than the
symbol size.

Figure 6. Distribution of the chance alignment false positives using the
specular test as a function of the projected physical separation. The dashed line
represents a linear fit.
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circle radius, i.e., with an area 24 times larger than the
searching area. We then searched for sources fulfilling our
criteria in the annulus, and we assumed that all these matches
were chance alignments. We calculated the number of expected
false counterparts due to chance alignment within our search
area multiplying the number of change alignment matches in
the annulus (MCA) by the ratio between the number of Gaia-
DR2-Tycho-2 sources in the internal circle (Nc) and in the
annulus (Na).

= ´ ( )M N NECAC 3c aCA

We refer to this number as the expected chance alignment
counterpart (ECAC). It is important to note that ECAC is
independent of the physical properties of the comoving
candidate systems, like masses, separations, binding energies,
as well as dissipation and main-sequence lifetimes.

For most of the comoving candidate pair members (4212 out
of 6110), we did not find any matching source in the annulus,
so ECAC was equal to zero. Sources with ECAC> 0 (∼31% )
have a higher probability of being false positive due to chance
alignments. Similarly to the previous exercise, they are evenly
distributed with respect to projected physical separation,
ranging from ∼5% for s<50,000 au, ∼18% for s between
50,000 and 100,000 au, and increasing up to to ∼51% at largest
separations. This reinforces our previous conclusion that most
of the comoving candidate binaries with s< 50,000 au are real.

5.2. Binding Energy and Projected Physical Separation
Distributions

Figure 7 shows the binding energy (upper panel) and
projected physical separation (lower panel) distributions of the
2788 pairs with calculated masses (black solid line). In
addition, we plotted the distribution of the subset of the
systems with tD>tMS (blue dashed line), and those last with
compatible RV (filled green). Finally, we show the candidate
systems with ¹ECAC 0 (red dashed line), and the fake
systems from the specular test (filled red at the bottom panel).

The binding energy distribution shows a clear bimodality,
with all candidate pairs with U above 1033 J (1040 erg), the
lowest limit defined by Dhital et al. (2010) and Caballero
(2009), and most of them (∼88%) above the classical 1034 J
limit (vertical dashed line). As expected from the existent
correlation between separation and binding energy (Figure 5),
the projected physical separation distribution also shows a
bimodal shape, with a peak at ∼10,000 au, then decreases up to
∼50,000 au, and steeply increases up to 500,000 au, the
maximum separation imposed in this work. This bimodality
is in agreement with the results found in SloWPoKes (Dhital
et al. 2010, 2015) and, at least, two of the three catalogs based
on TGAS data (see Section 5.3). As already mentioned, these
authors explained the shape of the distribution in terms of two
different binary populations: one formed by wide stable
systems (the higher energy and shorter separation peaks) and
another with ultra-wide young unstable systems (the lower
energy and longer separation peaks).

Nevertheless, as we report in Section 5.1, the number of false
positives is expected to be high at large separations, and so, at
low binding energies. This would imply that the peaks
identified in these regions are mainly due to change alignment
contamination rather than to real binary systems. Moreover, the
bimodality disappears in both magnitudes if we restrict the
analysis to sources with compatible RV. However, on the other

hand, the expected number of false positives is not high enough
to explain the whole distribution at large separations and low
energies, implying that some of these pairs might be real
binaries. Our conclusion is that although ultra-wide binaries
may exist, they should be rare and they are probably binary
systems that are dissipating. However, we have to wait for
subsequent Gaia releases (Gaia-DR3 is foreseen for the first
half of 2021) to confirm or reject this result on the basis of the
RV information.

5.3. Comparison with TGAS Binary Systems Catalogs

Our catalog of comoving systems was obtained from the
subsample of Gaia-DR2 sources in common with the Tycho-2
catalog. Tycho-2 was the basis for the TGAS catalog. Thus, it
is interesting to compare our results with those of the three
comoving system catalogs obtained using TGAS data (the
comoving TGAS catalogs, hereafter) and published in the last
two years (Andrews et al. 2017; Oelkers et al. 2017; Oh et al.
2017). Figure 8 shows the projected physical separation
distributions of our candidate pairs and those of the comoving
TGAS catalogs.
We then cross-matched our catalog with the three comoving

TGAS catalogs. Only 34 out of 543, 82 out of 4236, and 601
out of 7108 of the systems reported in Oelkers et al. (2017); Oh
et al. (2017), and Andrews et al. (2017), respectively, were in
common with our catalog. The distribution of comoving pairs
in common with Andrews et al. (2017) is shown in Figure 8
with a blue dashed line. This distribution does not show
bimodality. This supports the previous conclusion that the peak
at larger separations is probably due to contamination and not
to a real population of ultra-wide binaries.
The low percentage (2%–8%) of candidate pairs in common,

in particular, with Oh et al. (2017), was completely unexpected.
This is mainly because there is a high percentage of candidate
binary systems based on TGAS data that do not pass the cuts in
parallax and proper motion when the superior Gaia-DR2
astrometric solution is used. Thus, due to the lower accuracy of
TGAS data, we would expect a significant number of
nonphysical binary systems in the comoving TGAS catalogs.
However, using Gaia-DR2 data, Andrews et al. (2018) claimed
that the level of contamination affecting Andrews et al. (2017)
was very low (∼6%), which seems not to support our findings.

6. Conclusions

In this paper we searched for bright binary and multiple star
systems using the Tycho-2 sources with information in the
Gaia-DR2 catalog. We identified 11,552 sources whose
parallaxes, proper motions, and, whenever available, RVs are
consistent with being physically bound systems. A total of
3471 comoving candidate systems were found, 3055 being
binary systems. We also identified higher order comoving
candidate systems, some of them already identified as members
of Galactic open clusters or moving groups, but many others
are reported for the first time in this work.
The candidate system members are quite diverse in spectral

type, ranging from O/B to M, although the majority of them
have Teff corresponding to F and G spectral types as expected
from the magnitude limited Tycho-2 catalog. The projected
physical separation of the comoving candidate pairs ranges
from ∼400 au to 500,000 au, the maximum separation imposed
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in this work, with 1411 candidate binaries with projected
physical separations larger than 1 pc.

The bimodal distribution previously reported in the literature
is also seen in our analysis, both using projected physical
separations and binding energies. We evaluated the contamina-
tion by chance alignment in our sample. The contamination rate
was estimated to be very low for the systems with projected
physical separation s< 50,000 au, which correspond to the
higher binding energies. Thus, we are confident that these
candidate systems constitute a reliable sample for further
studies, like testing stellar evolution models or age calibration
studies. However, the contamination by chance alignment
increases at larger separations and lower energies.

The comparison with other comoving system catalogs
obtained using TGAS data offers two conclusions: (i) TGAS-
based catalogs are affected by a high degree of contamination
of false candidate systems, most likely due to the lower
accuracy of TGAS data; (ii) the bimodality disappears, keeping
only the peak at shorter physical separations and lower binding
energies. Actually, the latter also happens if we restrict our
analysis to the subsample of systems with RV information.

Thus, we cannot confirm the ultra-wide binary population
suggested in some of the comoving TGAS catalogs. Ultra-wide
binary systems may exist, but they should be rare. However, it
will be necessary to wait for the third Gaia data release,
planned for the first half of 2021, to have a statistically
significant number of systems with RV information to confirm
or discard this conclusion.

We thank J. A. Caballero and M. Cortés-Contreras for their
comments and useful discussions on an early draft of this
paper. This work has made use of data from the European
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institutions participating in the Gaia Multilateral Agreement.
This publication makes use of VOSA, developed under
the Spanish Virtual Observatory project supported by the
Spanish MINECO through grant AyA2017-84089. This
research has made use of the VizieR catalog access tool,

Figure 7. Binding energy (upper panel) and projected physical separation (lower panel) distributions of the pairs with calculated masses (black solid line). The blue
dashed histogram represents the binary candidate systems with TD>TMS, while the filled green histogram shows the distribution of those fulfilling the previous
condition and with consistent RVs. The red dashed line represents the binary candidate systems with ¹ECAC 0 and the filled red histogram represents the chance
alignment false positives (see Section 5.1). The vertical dashed line in the upper panel represents the classical empirical limit in binding energy.
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Figure 8. Comparison of the projected physical separation of our candidate binary systems with those obtained in the comoving TGAS catalogs. Solid lines represent
the original distributions found, while the blue dashed line represents the candidate pairs in common among our sample and the sample by Andrews et al. (2017). We
have truncated the distributions to s=500,000 au, the limit imposed in this work. Colours are as labeled in the figure.

Table 2
Description of the Catalog

Label Unit Description

Source_GaiaDR2 Gaia-DR2 ID
Source_Tycho2 Tycho-2 ID
GroupID ID for match group
GroupSize Number of rows in match group
Sep_ang arcsec Angular separation in the plane of the sky
Sep_sky au Projected physical separation in the plane of the sky
ra_epoch2000 deg R.A. (J2000)
dec_epoch2000 deg decl. (J2000)
ra deg Gaia-DR2 R.A.
dec deg Gaia-DR2 decl.
parallax mas Gaia-DR2 parallax
parallax_total_error mas Estimated Gaia-DR2 parallax total error (see text)
pmra_corrected mas yr−1 Gaia-DR2 proper motion in R.A. corrected for the inertial spin (see the text)
pmra_corrected_error mas yr−1 Error of the Gaia-DR2 proper motion in R.A. corrected for the inertial spin (see the text)
pmdec_corrected mas yr−1 Gaia-DR2 proper motion in decl. corrected for the inertial spin (see the text)
pmdec_corrected_error mas yr−1 Error of the Gaia-DR2 proper motion in decl. corrected for the inertial spin (see the text)
phot_g_mean_mag mag Gaia-DR2 G band magnitude
phot_bp_mean_mag mag Gaia-DR2 GBP band magnitude
phot_rp_mean_mag mag Gaia-DR2 GRP band magnitude
RUWE Gaia-DR2 re-normalized unit weight error
radial_velocity km s−1 Gaia-DR2 radial velocity
radial_velocity_error km s−1 Gaia-DR2 radial velocity error
HRV km s−1 Heliocentric radial velocity (HRV) from RAVE
HRV_error km s−1 Error on HRV (eHRV) from RAVE
D/G Dwarf/Giant classification (see the text)
Teff K Effective temperature of the model in Kelvin from VOSA
Teff_error K Uncertainty in the effective temperature of the model in Kelvin from VOSA
Av mag Av used in VOSA
Mass M Mass
Mass_error M Mass error (see the text)
U J Binding energy
U_error J Binding energy error (see the text)
td Gyr Dissipation lifetime
td_error Gyr Dissipation lifetime error (see the text)
tms Gyr Main-sequence lifetime
tms_error Gyr Main-sequence lifetime error (see the text)
ECAC Expected chance alignment counterparts
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Appendix
Online Catalog Service

In order to help the astronomical community in the use of the
catalog of comoving star systems, we have built an archive
system that can be accessed from a web page13 or through a
Virtual Observatory ConeSearch.14 Table 2 lists the data
accessible through the catalog.

A.1. Web Access

The archive system implements a very simple search
interface that permits queries by coordinates and radius as
well as by other parameters of interest. The user can also select
the maximum number of sources to return (with values from 10
to unlimited).

The result of the query is an HTML table with all the sources
found in the archive fulfilling the search criteria. The result can
also be downloaded as a VOTable or a CSV file. Detailed
information on the output fields can be obtained placing the
mouse over the question mark (“?”) located close to the name
of the column. The archive also implements the SAMP15

(Simple Application Messaging) Virtual Observatory protocol.
SAMP allows Virtual Observatory applications to commu-
nicate with each other in a seamless and transparent manner for
the user. This way, the results of a query can be easily
transferred to other VO applications, such as, for instance,
Topcat.
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