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Abstract We highlight the importance of eclipsing double-line binaries in our
understanding on star formation and evolution. We review the recent discoveries
of low-mass and sub-stellar eclipsing binaries belonging to star-forming regions,
open clusters, and globular clusters identified by ground-based surveys and space
missions with high-resolution spectroscopic follow-up. These discoveries provide
benchmark systems with known distances, metallicities, and ages to calibrate
masses and radii predicted by state-of-the-art evolutionary models to a few percent.
We report their density and discuss current limitations on the accuracy of the
physical parameters. We discuss future opportunities and highlight future guidelines
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to fill gaps in age and metallicity to improve further our knowledge of low-mass stars
and brown dwarfs.

1 The Importance of Eclipsing Binaries

1.1 Scientific Context

Low-mass M dwarfs are the most common stars in the Solar neighbourhood and,
more generally, in the Universe, accounting for about 70% of the entire population
of hydrogen-burning stars with masses below 0.6 M� [1, 2]. Determining their
physical parameters (luminosity, mass, radius) is fundamental to understand stellar
evolution and constrain theoretical isochrones. At lower temperatures, the numbers
of brown dwarfs, objects unable to fuse hydrogen in their interiors [3–5], with
accurate mass and radius measurements remain very limited.

Eclipsing binaries (EBs) are systems with two components lying on the same
plane with respect to the observer transiting each other periodically. They are
fundamental probes of stellar evolution and stellar candles to measure distances
of clusters [6] because the radius and mass of each component can be derived with
high precision from the photometric light-curves and radial velocity monitoring,
respectively [7].

The numbers of EBs has increased dramatically over the past two decades
thanks to the advent of large-scale photometric and spectroscopic surveys as well
as space missions. Following up on the original reviews on fundamental parameters
of stars derived from EBs [8, 9], a catalogue of detached EBs with their main
physical parameters including masses and radii determined to precisions better than
a few percent is constantly updated [10].1 Another public databases with physical
parameters of EBs is the Binary Star Database [11],2 which contains physical
and positional parameters of the components of 120,000 stellar multiple systems
compiled from a variety of published catalogues and databases.

Other unrelated projects contributed, currently supply, and will add to our
knowledge of EBs. As a few example, the OGLE project principally devoted
to microlensing provides huge amount (several hundred thousands) of eclipsing
systems over a wide range of mass and evolutionary states towards the Galactic
Bulge [12].3 The All Sky Automated Survey (ASAS)4 is a low cost project dedicated
to constant photometric monitoring of the full sky to study variable phenomenon
of any kind, including the study of EBs [13]. The Large Sky Area Multi-Object
Fiber Spectroscopic Telescope (LAMOST) is a large Chinese project dedicated to

1The catalogue is maintained at http://www.astro.keele.ac.uk/jkt/debcat/.
2The Binary Star Database can be found at http://bdb.inasan.ru/.
3http://ogle.astrouw.edu.pl/.
4http://www.astrouw.edu.pl/asas/.

http://www.astro.keele.ac.uk/jkt/debcat/
http://bdb.inasan.ru/
http://ogle.astrouw.edu.pl/
http://www.astrouw.edu.pl/asas/
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spectroscopy of several millions of stars with spectral classification. This program
has brought several thousands of EBs over a wide range of spectral type [14], with
some masses and radii determined for a few low-mass systems [15]. Other programs
mainly dedicated to the discovery and tracking of minor bodies, such as the Catalina
Sky Survey [16–18]5 or the Asteroid Terrestrial-impact Last Alert System (ATLAS)
project [19]6 do regularly contribute to the discovery of EBs.

This review focuses on low-mass EBs with at least one M dwarf or sub-stellar
companions members of star-forming regions (Sect. 2), open clusters (Sect. 3),
and globular clusters (Sect. 4). We discuss the frequency of EBs in clusters and
the impact of age, metallicity, and stellar variability/activity on their physical
parameters (Sect. 5). This review is timely due to the most recent contribution of the
Kepler K2 mission [20, 21] to our knowledge of low-mass EBs in clusters, whose
masses and radii can directly be confronted to model predictions. The study of EBs
requires huge observing time investment on both photometric and spectroscopic
sides needed to infer masses and radii, as demonstrated by the WIYN cluster survey
[22–24], the Young Exoplanet Transit Initiative (YETI) focusing on young clusters
[25], the Palomar Transient Factory survey [26, 27],7 and the Kepler K2 mission.
We finish this review with a list of requirements and prospects to fill in gaps in the
Hertzsprung-Russell (H-R) diagram (Sect. 6).

1.2 How Masses and Radii Are Determined Observationally

The first attempts to determine the parameters of eclipsing binaries and their
components were done in the end of nineteenth century. Up to late 1960s and 1970s
year a series of method were developed and used on light curves and radial velocity
curves series to subtract and interpolate data from tables of different quantities
(more details in [28] or [29]). The spread of computers fasten the development of
many codes such as EBOP(Eclipsing Binary Orbit Program) [30], SEBM (Standard
Eclipsing Binary Star Model) [31–33], WINK [34–36], LIGHT2 [37, 38], version of
WUMa [39, 40] and others.

In 1971, Wilson and Devinney published the results of their code (hereafter WD)
where they used for the first time the least-squares method to extract the parameters
of light curves [41–44]. This WD code has been regularly upgraded up to now and
could be downloaded from author’s ftp.8 Independently, users created graphical
user interfaces and some minor upgrades. However, the project PHOEBE [45] is
not only GUI for calculations based on WD core, nowadays it has become a more
general code to models both the photometric light curve and radial velocity curves of

5https://catalina.lpl.arizona.edu/.
6https://atlas.fallingstar.com/.
7https://www.ptf.caltech.edu/iptf.
8ftp://ftp.astro.ufl.edu/pub/wilson/.

https://catalina.lpl.arizona.edu/
https://atlas.fallingstar.com/
https://www.ptf.caltech.edu/iptf
ftp://ftp.astro.ufl.edu/pub/wilson/
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eclipsing binaries. The new version of PHOEBE2, which is still under development,9

contains more physics and improved mathematical methods for the solutions of
eclipsing binaries [46–48].

Independent codes like MECI (Method for Eclipsing Component Identifica-
tion) and DEBil (Detached Eclipsing Binary Light curve fitter) [49, 50], EBAS

(Eclipsing Binary Automated Solver) [51, 52], FOTEL [53], JKTEBOP,10 ROCHE

[54], NIGHTFALL,11 BINARY MAKERS (BM) [55] are used in limited numbers of
publications. Two authors of these codes also collect binary stars solutions—David
H. Bradstreet, author of Binary Maker, manages the Catalog and AtLas of Eclipsing
Binaries (CALEB) based only on BM solutions12 and John Southworth the DEBCat
catalogue,13 which contains physical properties of well-studied detached eclipsing
binaries where errors on the mass and radius determinations are mostly below 2%.

From the aforementioned codes, we can estimated the physical parameters of
each component of a multiple system. The main parameters derived from the
analysis of the light curve(s) are orbital period, (possibly) eccentricity, orbital
inclination, relative ratio of the radius of the primary and secondary of the
system considering the separation of the components (top panel in Fig. 1), system
luminosity and photometric mass ratios. However, in some cases photometric mass
ratios might be unreliable in comparison to spectroscopic mass ratios [57, 58].

The light curve solution usually requires photometric data in at least two filters.
The availability of only one passband data means that some of parameters must
be estimated and/or fixed. The effective temperature of primary is inferred from
its spectral type or colour indices. Limb darkening coefficients are interpolated
from tables e.g. [59], gravity brightening and bolometric albedo coefficients are set
according to the expected type of stellar atmospheres. Then, except for the parame-
ters mentioned above, one can determine the surface potentials, the rotational/orbital
synchronicity, and the third light.

The situation improves rapidly when radial velocity measurements are available
for both components (Fig. 1). In this case, it becomes possible to figure out
the spectroscopic mass ratio and distance of the components, which serve as a
scaling factor for the radii of each component. The combination of photometric
and spectroscopic datasets leads to the determination of absolute eclipsing binary
parameters in physical units, including masses, sizes, and luminosities of both
components as well as distance from Earth. In this process, we can also calculate
the atmosphere model and corresponding parameters (see e.g. [60–65]).

Some of aforementioned codes coupling light curve and radial velocity solutions
are also capable to process additional kinds of parameters like timings of minima,
interferometric measurements, and so on.

9http://phoebe-project.org.
10http://www.astro.keele.ac.uk/jkt/codes/jktebop.html.
11https://www.hs.uni-hamburg.de/DE/Ins/Per/Wichmann/Nightfall.html.
12http://caleb.eastern.edu/.
13http://www.astro.keele.ac.uk/jkt/debcat/.

http://phoebe-project.org
http://www.astro.keele.ac.uk/jkt/codes/jktebop.html
https://www.hs.uni-hamburg.de/DE/Ins/Per/Wichmann/Nightfall.html
http://caleb.eastern.edu/
http://www.astro.keele.ac.uk/jkt/debcat/
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Fig. 1 Top: Kepler light-curve for USco J16163068−2512201 (= EPIC 203710387) over the full
∼76 days of the K2 campaign two in Upper Scorpius. Bottom: Radial velocity measurements
as a function of phase for the primary (blue symbols) and the secondary (red symbols) of
USco J16163068−2512201. Figure taken from [56]
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2 Review of EBs in Star-Forming Regions

The first low-mass EBs discovered in star-forming regions were identified in
dedicated long-term photometric surveys monitoring the Orion region [66–68],
one of the best studied area in the sky [69–74]. The first pair of eclipsing brown
dwarfs (2MASS0535−05) at an age of about 1 Myr was reported by Stassun et
al. [66] with a period of about 10 days, an eccentric orbit, a significant mass
ratio characterised by complementary high-resolution spectroscopy [67]. Above
the hydrogen-burning limit, there two pairs of low-mass stars reported in the
Orion Nebula Cluster. JW 380 (= 2MASS J05351214−0531388) was identified in
the Monitor project [68] with masses of 0.26 and 0.15 M� and in a period of 5.3
days. Par 1802 (= 2MASS J05351114−0536512) was identified independently by
several team. It is a pair of M4 twins with a mass of 0.4 M�, a period just under
5 days and non-zero eccentricity. Despite similar masses, both components exhibit
distinct temperatures and luminosities, suggesting that newborn binaries may differ
in the physical properties as a result of their formation [75–77]. In the ONC, we
should add ISOY J0535−0447 announced by Morales-Calderón et al. [78] whose
masses are estimated rather than measured because they fixed the semi-major axis.
The primary is a K0 dwarf with a mass of 0.83 M� and a temperature of 5150 K
while the secondary is most likely sub-stellar (0.05 M�) but none have independent
radius measurements because the lines are not resolved spectroscopically. These
systems are key to test predictions from the theoretical pre-main-sequence models.

The advent of the K2 mission after the loss of one gyroscope of the Kepler
satellite [20] led to the discovery of a handful of EBs over a wide range of
masses in the nearest OB association to the Sun, Upper Scorpius (USco). USco
is located at 145 pc from the Sun and its age is currently debated in the literature,
ranging between 5 and 10 Myr [79–86] and subject to numerous photometric and
spectroscopic surveys [87–89]. The first one in the M dwarf regime, UScoCTIO 5
(2MASS J15595051−1944374), was selected as a photometric member by Ardila
et al. [90] later resolved as a spectroscopic binary by Reiners et al. [91], and
fully characterised by Kraus et al. [92] combining light curve from the photometry
and high-resolution spectroscopy. A couple of other low-mass M dwarf EBs with
EPIC numbers have been identified in the K2 light curves [56, 86, 93] as well as
the first brown dwarf (RIK72 = 2MASS J16033922−1851297) orbiting a low-mass
dwarf [86]. A few other higher mass EBs have been reported at the age of USco
but are not included in this review because we focus on the lowest mass objects
[86, 93, 94]. Nonetheless, we should emphasise that the EB sequence of USco is
fairly well constrained from high-mass stars down to the sub-stellar regime thanks
to the exquisite light curve delivered by K2 [86].

At very young ages, we should also mention the discovery of the low-mass,
pre-main sequence eclipsing binary, CoRoT 223992193 (= 2MASS J06414422+
0925024), whose secondary lies at the K/M border with a mass just under 0.5 M�
and K dwarf primary with 0.67 M�. This object belongs to the 3–6 Myr-old star-
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forming region NGC 2264 that was monitored continuously for 23.4 days by the
CoRoT mission.

3 Review of EBs in Open Clusters

We can divide the stellar clusters targeted by K2 into two groups: the intermediate-
age clusters (100–200 Myr) whose main reference is the Pleiades with an age of
125±10 Myr [95–100] and the older more evolved open clusters like the Hyades
(625±50 Myr) [101–108] and Praesepe (590–900 Myr) [99, 100, 102, 106, 109–
112]. All these clusters are within 200 pc [113] and have metallicities close to solar
or slightly super-solar [114–116].

In the Pleiades, HII 2407 known as a single-lined EB was identified eclipsing
every 7.05 days [117]. The primary is well characterised with a spectral type of
K1-K3, an effective temperature of 4970±95 K, a mass of 0.81±0.08 M�, and
a radius of 0.77±0.13 R�. The secondary is a low-mass M dwarf, undetected in
high-resolution spectra shortwards of 800 nm, yielding mass and radius estimates
of 0.18 M� and 0.21 R�, respectively. Another two EBs members of the Pleiades
have been characterised photometrically and spectroscopically: HCG 76 and MHO 9
[118]. Both systems have long orbital periods with masses and radii well determined
from the K2 light curve and multiple radial velocity epochs. Two other higher mass
EBs are presented in [118] as well as a possible member but not discussed in this
review focusing on low-mass dwarfs. Finally, we highlight the possibility of MHO 9
being a hierarchical triple system due to its position above the Pleiades sequence in
the H-R diagram (Fig. 2).

A pair of M dwarfs (2MASS J04463285+1901432) with a short period (∼0.62
days) was reported by Hebb et al. [119] with masses of 0.47±0.05 and 0.19±0.02
M� in the 150 Myr-old cluster NGC 1647 [120] located at 540 pc from the Sun
[121]. The system is confirmed as a photometric and spectroscopic member with
a radial velocity consistent with the mean value of the cluster. This new low-mass
system represent an important link between the Pleiades and older clusters discussed
below.

Four low-mass EBs have been revealed in the Praesepe cluster. PTFEB132.707+
19.810 was announced by Kraus et al. [122] as a pair of 0.38+0.20 M� going
around each other every 6 days and independently announced by Gillen et al.
[123] as AD 3814. Another three EBs were included in the sample of low-mass
EBs discussed in [123]. Two of these cluster candidates were classified as Praesepe
members by four of six surveys [124–129], while the fourth one (AD 1508) is only
labelled as member in two of these surveys. AD 2615 is a pair of almost equal-mass
M dwarfs (0.21+0.25 M�) with a period of 11.6 days and no eccentricity. The most
special system, AD 3116, is composed of a M dwarf (∼0.28 M�) and a brown dwarf
with an estimated mass of 0.052 M�. The period of this system is quite short, around
2 days, and this is the only system with an significant eccentricity of 0.142. The last
system, with a doubtful membership, is composed of two low-mass dwarfs close to
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Fig. 2 Mass-radius relation for low-mass and sub-stellar eclipsing binaries in star-forming
regions, open clusters, and globular clusters. The primaries and secondaries are plotted as dots
and squares, respectively. Colour scheme as follows: 1–5 Myr (cyan), 5–10 Myr (blue); 125 Myr
(orange); 600 Myr (red); globular clusters (yellow). The primaries and secondaries of EBs from the
DEBcat database whose accuracies are better than 2% on their masses and radii are displayed as
black and grey symbols. Overplotted with green lines are the BT-Settl isochrones for ages of 1 Myr,
5 Myr, 10 Myr, 120 Myr, 625 Myr, 1 Gyr, and 10 Gyr. We added the 5 Gyr-old low-metallicity
tracks at [M/H] = −2.0 and −1.0 dex as orange and red lines, respectively

the 0.5 M�, limit set in this review, revolving every 1.55 days. For a complete census
of eclipsing systems in the Beehive cluster, we should highlight the seven transiting
exoplanets, including three orbiting members with masses equal or below 0.5 M�
[130]. These four system are unambiguously confirmed as astrometric members of
the Praesepe cluster from the 3D kinematic selection using the second release of
Gaia [100].

In the Hyades, no low-mass EB was disclosed in the K2 light curves. However,
one transiting system member of the Hyades [131, 132] was announced indepen-
dently by David et al. [118] and Mann et al. [133]. The primary, vA 50, has a
Neptune-size planet with an upper limit on its mass of 1.1 Jupiter mass based on
high-resolution spectroscopic radial velocity with an accuracy of around 0.3 km s−1.
This planet is orbiting a M dwarf member of the Hyades with a mass of 0.26 M� and



Low-Mass and Sub-stellar Eclipsing Binaries in Stellar Clusters 221

a radius of 0.32 R� every ∼3.5 days. This object is confirmed as a Gaia astrometric
member located at 4.63 pc from the center of the Hyades cluster in 3D space [134].

4 Review of EBs in Globular Clusters

The globular clusters of our Milky Way are the oldest objects we know of. They are
very massive containing up to a million of individual stars. There are two distinct
populations of globular clusters, namely the classical population in the Galactic
Halo [135] and the one in the Galactic Bulge [136]. The latter is younger (ages
about 10 Gyr) and more metal-rich (−0.7< [Fe/H] <+0.5 dex) than the one in the
Galactic Bulge [137]. The H-R diagram for a typical globular cluster looks very
different than that of an open cluster. There are no main-sequence stars of spectral
types earlier than F, but there are many red giants and other objects of the late
evolutionary phase (for example the horizontal branch) of low-mass stars.

Since the first discovery of different internal populations (of the main-sequence
as well as the giant branches) of stars in globular clusters [138] using the Hubble
Space Telescope, this characteristic was found for almost all known aggregates.
However, there are no unique pattern or correlation with other astrophysical
parameters known so far. The only possible explanation of the observations is a
different (enriched) helium abundance of these internal populations [139]. However,
the evolutionary mechanism behind this enrichment of helium is still unknown.

From an observational point of view, globular clusters are difficult to observe
because they are very dense (up to 100 stars per arcsec2), typically far away (several
kpc) from the Sun, and the low-mass members have apparent magnitudes fainter
than 20th magnitude. In order to resolve most of the cluster areas, large ground-
based telescope and good seeing conditions or satellite measurements are needed.
Especially time-series of radial velocity measurements are almost not available.

In a series of papers, the Clusters Ages Experiment (CASE; [140, 141]) inves-
tigated photometrically and spectroscopically several eclipsing binary systems in
different globular clusters. Most of these systems are so-called blue stragglers which
are more luminous and bluer than stars at the main-sequence turnoff point for their
host cluster [142]. Therefore, these objects are the brightest main-sequence stars
in the cluster and easier to observe. However, these eclipsing binary systems are
peculiar in the sense that normally a significant interaction between the components
took place. For example, there is a scenario in which the primary component is
reborn from a former white dwarf that accreted a new envelope through mass
transfer from its companion. The secondary star has lost most of its envelope while
starting its ascent onto the sub-giant branch. It failed to ignite helium in its core
and is currently powered by an hydrogen-burning shell [140]. The time scales of
the different stages of all these processes are not known. Analysing the individual
components in the mass versus radius diagram (Fig. 1) might help putting further
constraints on the models.
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The estimation of the binary fraction of globular cluster members is severely
influenced by the above described observational constraints. Sollima et al. [143]
investigated the fraction of binary systems in a sample of 13 low-density Galactic
globular clusters using Hubble Space Telescope observations. They analysed the
colour distribution of main-sequence stars to derive the minimum fraction of
binary systems required to reproduce the observed colour-magnitude diagram
morphologies. They found that all the analysed globular clusters contain a minimum
binary fraction larger than 6% within the core radius. However, the estimated
global fractions of binary systems range from 10 to 50% depending on the cluster.
More recently, [144] determined the binary fractions for 35 globular clusters using
different models including a star superposition effect. They derived a binary fraction
of 6.8–10.8% depending on the assumed shape to the binary mass-ratio distribution,
with the best fit occurring for a binary distribution that favours low mass ratios
(and higher binary fractions). Later on, [145] presented a long-time observational
campaign using FLAMES spectra of 968 red giant branch stars located around the
half-light radii in a sample of ten Galactic globular clusters. From these only 21
radial velocity variables were identified as bona-fide binary stars, yielding a binary
fraction of 2.2 ± 0.5%. Finally, [146] found a binary fraction between 3 and 38%
depending on the regions of eight globular clusters. This short overview shows
already the wide range of derived values and the need for a new homogeneous
analysis of all available photometric and spectroscopic data.

The newest version (November 2017) of the variable stars in Galactic globular
clusters catalogue [147] was used to estimate the percentage of eclipsing binary
systems in respect to all known variables. Here, we want to recall that in these
old aggregates, we find mainly pulsating variables, such as Cepheids, Giants,
SX Phoenicis, RR Lyrae, and RV Tauri stars. The pulsational characteristics (i.e.
periods as well as amplitudes) and astrophysical driving mechanism are widely
different [148]. Nevertheless, the amplitudes of these stars are comparable to those
of eclipsing binaries which should not introduce a significant bias in the detection
rate. The mentioned catalogue includes 5604 stars in 151 globular clusters. In
total, 399 eclipsing binaries of all types (excluding field stars) are listed. The
distribution of the apparent magnitudes ranges from 12 to 24 with a peak at 17.5
mag, respectively. To put this number in a broader context, we need an estimate of
the total number of investigated stars per cluster and thus the overall variability ratio.
This number crucially depends on the telescope used, time series characteristics,
and the methods applied to analyse time series. To get a rough estimate of this
number, we use five recent publications. In the following, we list the total number
of observed stars, the included variable stars (known, new, and suspected), and
the eclipsing binaries: 7630/40/1 [149]; 4274/59/0 [150]; 132457/359/30 [151],
31762/47/1 [152]; and 11358/13/1 [153]. The number of detected variables in
globular clusters is only a few percent from which only a maximum of 10% are
eclipsing binaries. Therefore, also in the future the number of known eclipsing
binary systems will not significantly increase. To identify possible eclipsing binary
systems with low-mass companions, available light curves have to be analysed and
the best candidates for spectroscopic follow-up observations selected.
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5 Discussion

5.1 Frequency of EBs

Most of the low-mass EBs identified so far in star-forming regions and open clusters
come from the CoRoT and Kepler space missions, except for those members of
Orion. Here in this section we provide a tentative estimate of the frequency of low-
mass EBs in the regions investigated so far to spot any potential trend with age or
environment.

Several studies looked at the fraction of spectroscopic binaries in the M dwarf
regime. The first study f detected variables in globular clusters is only a few percent
from which only a maximum of 10% are eclipsing binaries. Therefore, also in the
future the number of known eclipsing binary systems will not significantly increase.
To identify possible eclipsing binary systems with low-mass companions, available
light curves have to be analysed and the best candidates for spectroscopic follow-up
observations selected.

of M dwarf multiples revealed about 1.8±1.8% of spectroscopic binaries
(0.04−0.4 au) for a small sample of a few tens of low-mass stars [154]. The
CARMENES team identified nine double-line spectroscopic binaries with periods
in the 1.13−8000 days interval among their sample of 342 M dwarfs, yielding
a multiplicity of 2.6% [155]. The search for spectroscopic binaries in the Sloan
database returned 3−4% of multiple systems with separations less than 0.4 au with
a possible towards the hottest M dwarfs [156]. At later spectral types, the frequency
of spectroscopic binaries among late-M dwarf (M5−M8) binaries is around 11%
for separations in the 0−6 au range [157], while an independent survey of 58
M8−L6 dwarfs yielded a 0.9−11.1% multiplicity at separations closer than 1 au
[158]. Lastly, we should mention the statistical occurrence of M dwarf systems in
the Kepler field of view of 7−13% based on the fractional incidence of low-mass
eclipsing binaries [159].

While the Kepler mission monitored a single field towards the Cygnus constella-
tion, the K2 mission targeted star-forming regions and open clusters in the ecliptic
for periods of approximately consecutive 80 days, corresponding to semi-major axis
less than a = 0.36 au. However, if we assume that a minimum of two transits are
necessary to identify any eclipsing binaries with high confidence, searches in K2
would be sensitive to periods less than about 50 days, i.e. a ≤ 0.25 au (Fig. 3).

The census of low-mass EBs in Upper Scorpius, the Pleiades, Praesepe,
NGC 2264, and Ruprecht 147 is 6, 2, 5, 1, and 2, respectively. These numbers
represent lower limits for several reasons intrinsic to the search for eclipsing
systems: incompleteness of the samples, inhomogeneous quality of the light-curves
depending on the brightness of the targets, lack of sensitivity to large mass ratios,
etc. The rotation properties of M dwarf members of Upper Scorpius, the Pleiades,
and Praesepe have been investigated in great details [160–163] thanks to K2. Using
a crude selection of potential M dwarfs with effective temperature below 3800 K
and V − Ks colours redder than 3.8 mag, we identified 867, 566, 619 low-mass
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Fig. 3 The mass-period and radius-period diagrams of low-mass EBs: the primaries and secon-
daries are plotted as dots and squares, respectively. Colour scheme as follows: 1–5 Myr (cyan),
5–10 Myr (blue); 125 Myr (orange); 600 Myr (red), globular clusters (yellow), field EBs from the
DEBcat database (black+grey)
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members in Upper Scorpius, the Pleiades, Praesepe, respectively. We derived a
frequency of EBs with semi-major axis less than ∼0.25 au of 0.64%, 0.35%, and
0.8% in these three regions. We estimate uncertainties up to 50% because of the
low number statistics of published EBs, the rough photometric selection of M dwarf
members, and the level of contamination of ground-based surveys before the advent
of Gaia. Overall, we can argue that the frequency of EBs in clusters is below 1% for
separations less than 0.25 au with no significant variation with age or environment.
We also show the mass-semi-major axis and mass-eccentricity diagrams for cluster
EBs in Fig. 4.

Finally, we should mention that only one brown dwarf pair is known eclipsing
[66, 164], making any estimate of the frequency of sub-stellar EBs in young regions
unreliable statistically. However, these types of systems should be rare although we
cannot discard observational biases due to their intrinsic faintness and the lack of
long-term monitoring sensitive to the sub-stellar population in star-forming regions
and open clusters.

5.2 The Impact of Age on Mass and Radius

Figure 2 clearly shows that age has a strong impact on the radius of M dwarfs
younger than ∼500 Myr: the younger the M dwarf, the larger is its radius, as
predicted by evolutionary models [165–167]. At a given mass, the radius of a
Pleiades M dwarf at 120 Myr is about 10% larger than the radius of a Praesepe or a
Hyades member (600−700 Myr), which is comparable to the ones of older field stars
(ages > 1 Gyr). We do not see any difference at ages older than 500 Myr for low-
mass M dwarfs in the H-R diagram. Models do predict differences in the sub-stellar
regime but only one brown dwarf with an age larger than 500 Myr has been reported
in Praesepe. The difference is small going from 600 to 120 Myr but significant
moving towards much younger ages: the radius of a 0.25 M� is approximately 3
and 5 times larger at 5−10 and ∼3 Myr, respectively. We observe a clear difference
in radii of M dwarf members of Upper Scorpius (5−10 Myr; blue symbols) with
those in Orion (<3 Myr; cyan) compared to those of the Pleiades (125 Myr; orange
symbols). We note that one EB system identified in NGC2264 [168] confirms that
the age of the cluster lies between the age of Orion and Upper Scorpius based on
its location in the H-R diagram displayed in Fig. 2. We also remark that the system
found in NGC 1647 [119] whose age is constrained to 150±10 Myr lies slightly
above the evolutionary model at 120 Myr (Pleiades-like age), suggesting that a
revision of the age of NGC 1647 (and possibly its distance checking the parallaxes
of Gaia DR2) might be needed.

We also investigated the dispersion of the 11 eclipsing brown dwarfs (purple dots
in Fig. 2) revealed by several missions and ground-based surveys. This dispersion
might be the consequence of tides from the primary star yielding engulfment of
the companions, magnetic activity, presence of cold spots on the surface of the
brown dwarf, irradiation from the host star, and/or metallicity. The puzzle remains,
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Fig. 4 The mass-semi-major axis and mass-eccentricity diagrams of low-mass EBs in star-
forming regions and clusters. The primaries and secondaries are plotted as dots and squares,
respectively. Colour scheme as follows: 1–5 Myr (cyan), 5–10 Myr (blue); 125 Myr (orange);
600 Myr (red), globular clusters (yellow), field EBs from the DEBcat database (black+grey)



Low-Mass and Sub-stellar Eclipsing Binaries in Stellar Clusters 227

however, under debate. Because of the improved knowledge on the impact of the age
on the radius of M dwarfs and brown dwarfs gathered over the past years mainly
thanks to Kepler K2, we collected information on the ages of the primary stars
from the discovery papers to compare the values with the inferred from the latest
BT-Settl isochrones [167]. We considered the effect of age in this review keeping in
mind current uncertainties on the mass determinations of the sub-stellar companions
arising from the uncertainties on the mass of the primary and the grazing transits of
some of the examples.

First of all, we note that two of these brown dwarfs orbit a M dwarf primary.
Based on the above discussion, we can argue that the ages of these M dwarfs are
older than 100 Myr although any older age is possible when taking into account the
uncertainties on their masses and radii. Comparing the positions of the eclipsing
brown dwarfs to the latest BT-Settl isochrones, we divided the sample into several
groups. Two systems (KOI-415 and LHS 6343) appear very old, older than the
others due to their small radii, consistent with the analysis of the discovery papers.
We note again the low metallicity of KOI-415 ([Fe/H] = −0.24 dex) suggesting
an old age. Another three systems (WASP-30, KOI-189, KOI-205) appear old,
with ages around 1 Gyr or older [169–171]. The positions of CoRoT-15b and
CoRoT-33b in the H-R diagram fit well the 300 Myr-old isochrone. However,
we caution this point because the masses of the secondaries are ill-defined due
to the intrinsic faintness of CoRoT-15 (V ∼ 16 mag) and the grazing eclipse of
CoRoT-33b [172, 173]. Nonetheless, those two systems appear as intermediate
age-wise between the aforementioned systems and the (possibly) youngest ones
described below. The last group of brown dwarfs exhibit inflated radii with respect
to their siblings, the most extreme one being Kepler-39b [174]. Its age remains
controversial depending on the method used for its determination: fit to the spectrum
of the solar-type primary suggests 1.0−2.9 Gyr while the gyrochronology age infers
0.4−1.6 Gyr [175]. The brown dwarf is best fit by isochrones with ages between
50 and 120 Myr. The masses and radii of the brown dwarfs in the other systems
(NLTT 41135, KELT-1b, and CoRoT-3b) are best fit by isochrones with ages
bracketed by the Pleiades and Hyades isochrones [174, 176, 177]. We emphasise that
three of the solar-type primaries appear over-luminous compared to the others and
the BT-Settl isochrones. Overall, in spite of the current uncertainties on the masses
and radii of the sub-stellar secondaries, we cannot discard age to have a significant
effect on their radii due to the dependence of physical properties of brown dwarfs
with gravity [178–182]. The revision of the distances of the host stars with the Gaia

parallaxes should revise some of these discrepancies and decrease current error bars.

5.3 The Impact of Metallicity on Mass and Radius

It is widely established that the fraction of stars hosting planets is larger with higher
metallicity. The average metallicity of a volume-limited sample of stars with planets
that have been specifically searched for planets peaks at [Fe/H] ∼+0.1 [183, 184].
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The frequency of metal-poor stars with planets is of the order of 5% or less,
while more than 30% of metal-rich stars (≥+0.25 dex) host planets. Moreover,
there might be a trend towards low-mass planets with short periods orbiting low
metallicity stars [185, 186].

We should compare the different frequencies and see whether metallicity has an
impact [187].

The spectra of M dwarfs start to be affected by the dearth of metals at optical
and near-infrared wavelengths for metallicities below [Fe/H] ∼−0.5 dex [188–191],
trend extending towards at temperatures below 2500 K [192, 193]. The impact of
metallicity on the sample of low-mass EBs in star-forming regions and open clusters
is hard to disentangle from the effect of age because all regions have a metallicity
equal or close to solar within 0.2 dex.

We also looked at the possible impact of metallicity on the dispersion of eclipsing
brown dwarfs in the H-R diagram (Fig. 2). Among this sample, only two stars stand
out due to their metallicity: CoRoT-33 a G9V with [Fe/H] = +0.44±0.10 dex [173]
and KOI-415 a G0IV metal-poor solar-type analogue with [Fe/H] = −0.24±0.10 dex
[194]. The latter is not so different from the bulk of stars with eclipsing sub-stellar
companions because the difference in metallicity is less 0.2 dex but we note that its
orbit is eccentric and its radius among the two lowest. CoRoT-33 is classified as a
old star with an age greater than 4.6 Gyr based on a serie of indicators [173]. The
radius of the brown dwarf is 40% larger than KOI-415 for an almost identical mass
(59 MJup vs. 62 MJup). Based on this comparison, we conclude that metallicity may
indeed play a role in the properties of sub-stellar objects, in line with the spectral
differences seen in L and T subdwarfs [192, 193].

5.4 The Role of Stellar Activity and Activity Cycles

The 11 year-long activity cycle on the Sun is known for a long time. The first long-
term brightness changes which were interpreted as starspot cycles for M-type stars
were reported by Phillips and Hartmann [195]. Chromospheric activity of F- to M-
type stars can be studied using long-term Ca H&K data, for example from the Mount
Wilson survey [196]. Those observations show cyclic variations yielding relations
between the rotational period, the length of the activity cycle, and other stellar
properties. Most important, faster rotating stars have shorter activity cycles [197],
which can be explained by the classical dynamo theory. The square of the ratio of
the cycle length and the rotational period can be used as a quantity to parametrise
activity cycles.

In many active stars the starspots are so large that they cause brightness variations
which can be few tens of percent from the mean light level [198], thus making
them easily observable. The observed cycle lengths seem to converge with stellar
age from a maximum dispersion around the Pleiades’ age towards the solar cycle
value at the Sun’s age [199], and that the overall short- and long-term photometric
variability increases with inverse Rossby number. The cycles of active stars are often
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not as regular and cyclic as their more quiet counterparts. Many active stars exhibit
multiple cycle lengths simultaneously and cycle lengths in active stars are also often
variable [200]. Most intriguing is the so-called flip-flop phenomenon where the
activity concentrates on two permanent active longitudes, and flips between the two
every few years [201].

The phenomenon are also important for the interpretation of light curves for
eclipsing binary systems. The chromospherically active components of 180 low-
mass pre-main sequence stars and chromospherically active binary systems have
been looked at by Parihar et al. [202] and Eker et al. [203], respectively. The light
curves of such systems are complicated to interpret if one or even two components
show spots on different time scales and with different intensities. The effects of
starspots on the light curves of eclipsing binaries, and, in particular, how they
may affect the accurate measurement of eclipse timings have been investigated
by Watson and Dhillon [204]. For systems containing a low-mass main-sequence
star and a white dwarf, the times of primary eclipse ingress and egress can be
altered by several seconds (larger effect for lower inclinations) for typical binary
parameters and star-spot depressions. These effects cause a jitter in the residuals
of O−C diagrams, which can also result in the false detection of spurious orbital
period changes.

A nice example of how to model a light curve taking account of all the above
mentioned effects is presented by Czesla et al. [205], who investigated the short-
period (2.17 d) eclipsing binary CoRoT 105895502. They found a starspot with a
period of about 40 days which remains quasi-stationary in the binary frame, and one
starspot showing prograde motion at a rate of 2.3 degree per day, whose lifetime
exceeds the duration of the observation (145 days). Only with eclipsing binary
systems it is possible to study the complex correlations between chromospheric
activity, spot cycles, and the astrophysical parameters in more details.

5.5 Flares in M Dwarfs

Flares are mostly rapid transients lasting of the order of minutes or dozens of
minutes, which are observable in different regions of the electromagnetic spectrum,
from the ultra-violet to the X-ray domains. They are often observed on M dwarfs
because they ideally fulfill the necessary conditions. Firstly, they are low mass stars
with magnetic fields that remain active for a substantial part of their lives, and,
secondly, the large difference between hot flaring regions and the cool photosphere
give a higher chance of magnetic field generation. The energy of flares on M dwarfs
can reach 1028–1029 W. For example, on 2014 April 23, the SWIFT satellite detected
a super-flare from the nearby young M-type binary DG CVn with the radiated energy
about 4–9×1028 W of energy in the 0.3–10 keV X-ray bandpass. This is about
10,000 times stronger than the most powerful solar flare on record [206]. The current
available large surveys like ASAS-SN, Next Generation Transient Survey (NGTS),
Kepler/K2, and TESS provide excellent photometric data to study the occurrence and



230 N. Lodieu et al.

Fig. 5 Mass-radius diagram for low-mass stars, including all measurements for double-lined
eclipsing binaries (SB2; filled symbols) as well as determinations for single-lined eclipsing systems
(SB1) and single stars (open symbols). Solar-metallicity Dartmouth isochrones are shown for
comparison, for ages ranging from 1 to 13 Gyr (grey band) [219]

frequency of flares on M dwarfs (e.g. [207–213]). Furthermore, selected M dwarfs
with observed flares were also monitored spectroscopically [214] to determine their
ages and study the influence of the flare on the presence of possible exoplanets
orbiting M dwarfs.

It was proposed that flares together with dark magnetic spots are responsible for
the difference between the observed radii of M dwarfs and predicted theoretical
values from evolutionary models. This discrepancy could be 5–10% or even more,
depending on the model. Up to the beginning of the twenty-first century, only a
few low-mass binary systems with M dwarf companions had measured radii with
sufficient accuracy for modelling: CM Dra [215], YY Gem [216], CU Cnc [217],
and GU Boo [218]. The situation in 2013 is reviewed in [219], see citations therein
and Fig. 5). New solutions using more accurate photometric and spectroscopic
observations as well as improved models decreased the discrepancy up to 2–3%
for CM Dra [220]. The remaining difference could be caused by uncertain He
abundance, for example. The calculation made for CM Dra showed that increasing
the He abundance by 7% solves the remaining discrepancy in radii [220].
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6 Future Prospects for EBs in Clusters

The numbers of photometric light curves and transiting systems available in star-
forming regions and open clusters has been overwhelming thanks to the CoRoT
mission and the (unexpected) advent of the K2 mission focusing on the ecliptic. The
future looks very bright too, with the 2-year Transiting Exoplanet Survey Satellite
(TESS) mission [221]14 currently in space that will fully cover both the southern
and northern hemispheres with a cadence of 30 min. The PLAnetary Transits and
Oscillations of stars (PLATO) mission [222]15 is planned for a launch in 2026
aiming at targeting one million stars with two major objectives: the discovery of
transiting Earth-like planets in the habitable zone of their host star and the study of
stellar oscillations. However, TESS and PLATO might not contribute too much to
the study of low-mass M dwarf members of star-forming regions and open clusters
because they tend to avoid the ecliptic due to confusion issues and will focus on
stars brighter than K2. We encourage the PLATO community to design a specific
program focusing on a few clusters bracketing a large age range for several days to
further constrain planetary and stellar evolutionary models.

The Young Exoplanet Transit Initiative (YETI) is an independent large ground-
based involving multi-site telescopes and instruments designed to focus on nearby
young regions to look for planetary transits [25]. Only one transiting planetary
candidate (CVSO 30) has been identified but not yet unambiguously confirmed so
far [223]. As a spin-off result, a few EBs have been discovered in several clusters,
including the NGC 7243 (∼250 Myr; ∼700 pc) and Trumpler 37 (4 Myr; 840 pc)
clusters [224, 225]. The main difficulties of ground-based photometric surveys lies
in the length of the nights (8 h vs. 24 h for space missions) with weather dependent
conditions, the limited numbers of dedicated nights (a few per week/month vs. 27/80
days for TESS/K2), and the low precision of single measurements (at best a few
mmag vs. less than 1 mmag from space for the same brightness). As a consequence,
transiting exoplanets are tough to identify in active young stars but low-mass EBs
should be easier to spot even for masses below 0.6 M�.

In Fig. 2, we can clearly see a gap in age between 10 and 120 Myr. We highlight
some dedicated programs to fill up that gap to investigate the evolution of masses
and radii with age and constrain state-of-the-art isochrones.

• First, we should focus on the nearest (<200 pc) open clusters in this age range.
The options are limited, resulting only a few regions: IC 2391 [96], IC 2602
[226], IC 4665 [227], α Persei [228] and NGC 2451 [229] for which Gaia will
provide soon revised membership lists with accurate kinematics. One of the
main issue though is the extension of these clusters in the sky, typically larger
than most optical and infrared detectors. To reach the low-mass M dwarfs in
those regions, the infrared camera VIRCAM on the VISTA telescope [230, 231]

14https://heasarc.gsfc.nasa.gov/docs/tess/.
15http://sci.esa.int/plato/.

https://heasarc.gsfc.nasa.gov/docs/tess/
http://sci.esa.int/plato/
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might be the best option is the photometric accuracy can be guaranteed over
several nights or weeks to look for dipping events of a few tens of magnitudes
in the lowest mass members. Another alternative consists in dedicated a month
of observing time with the most sensitive cameras of planet-hunter surveys
with a preference to the ones most sensitive to far-red (≥ 750 nm) and infrared
wavelengths (1−2µm) like the Next-Generation Transit Survey (NGTS; [232]),
the TRAnsiting Planets and PlanetesImals Small Telescope (TRAPPIST; [233]),
or the Search for habitable Planets EClipsing ULtra-cOOl Stars (SPECULOOS;
[234]) rather than in the visible such as Trans-atlantic Exoplanet Survey (Tr-ES;
[235]), Hungarian Automated Telescope Network (HATNet; [236]), the Wide
Angle Search for Planets (WASP) North and South [237], the XO telescope
[238], the Kilodegree Extremely Little Telescope (KELT; [239]).

• Secondly, members of young nearby moving groups younger than the Pleiades
might represent ideal targets to look for exoplanets and EBs because they share
the same age and metallicity[84, 179, 240–242]. Several moving groups and
associations have been identified in the Solar neighbourhood (Ursa Major, TW
Hya, β Pic, AB Doradus, η Chamaeleon, ε Chamaeleon, Tucana-Horologium)
and hundreds of their members confirmed spectroscopically [241]. The main
advantage is the closest distances of these members whose kinematics will be
refined soon thanks to the releases of the Gaia astrometric datasets. One of the
main drawback, as for all young stars, is the unknown levels of activity that might
mimic the presence of planets. However, the large amplitude and RV modulation
of low-mass EBs should be less affected to the intrinsic stellar activity.

• A third option is to search for low-mass companions of B- and A-type stars using
X-ray data [243]. Known EBs can be located in a colour-magnitude diagram
using Gaia data. Systems close to the zero-age-main-sequence can be easily
identified because the contribution of a possible low-mass companion to the
combined colour and absolute magnitude is negligible. The next steps consists in
identifying those systems in the public X-ray catalogues such as Chandra [244],
ROSAT [245], and XMM-Newton [246]. Normally, more massive stars have only
weak X-ray fluxes compared to their low-mass counterparts [247]. From their
spectrum and the amount of flux in X-rays, a first estimation of the astrophysical
parameters of the companions can be done [248] to select systems for further
spectroscopic studies.
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