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Abstract.  Full tests to stellar models below 1M, have been hindered until
now by the scarce number of precise measurements of the stars’ most funda-
mental parameters: their masses and radii. With the current observational
techniques, the required precision to distinguish between different models (er-
rors < 2-3 %) can only be achieved using detached eclipsing binaries where 1)
both stars are similar in mass, i.e. ¢ = M1/M2 ~ 1.0, and 2) each star is a main
sequence object below 1M.

Until 2003 only three such binaries had been found and analyzed in detail.
Two new systems were published in 2005 (Creevey et al.; Lépez-Morales &
Ribas), almost doubling the previous number of data points. Here we present
preliminary results for 3 new low-mass detached eclipsing binaries. These are
the first studied systems from our sample of 41 new binaries (Shaw & Lépez-
Morales, this proceedings). We also provide an updated comparison between
the Mass—Radius and the Mass—T,y relations predicted by the models and the
observational data from detached eclipsing binaries.

We define low-mass stars as main sequence stars with masses between 1M,
and the Hydrogen burning limit (0.07-0.08M) ). Low-mass stars are small cool
objects, with radii between 1.0 and 0.1Rq and effective surface temperatures
between 6000 and 2500 K. They are also faint as their luminosities between 1 and
10_4L@ reveal. They are the most abundant stars in the Galaxy, where least 7
of every 10 stars are low-mass main sequence stars. These objects play a role on
studies of baryonic dark matter (it is thought that low-mass stars, brown dwarfs,
and stellar remnants are the main contributors to the baryonic dark matter in
the Universe), on dynamical studies of galaxies and star clusters, and on the
detailed characterization of the stars in the solar neighborhood, where intensive
searches for Earth-like planets around low-mass stars are currently underway.

Low-mass stars are also a subject of interest in other fields in physics, given
the complicated physical processes that are taking place in these stars. Ho
molecules, TiO, H2O, CO, and CN become stable in the atmosphere of low-mass
stars at temperatures below 5000-4000 K. Below 2800 K, even more complex
molecular compounds, such as CaT'iO3, AloOs, and M g25i0y4, also become sta-
ble. Therefore any model trying to reproduce how the radiation is transmitted
from the interior of the stars through their atmospheres needs to take into ac-
count the effect of all these molecules and compounds. The interior physics of
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low-mass stars is also challenging. The interior of these stars is essentially a
plasma of ionized H and He under partially or fully degenerate conditions, so
one cannot model them using ideal equations of state (EOSs). Instead, we need
more elaborate EOSs, that include coulomb interactions between electrons and
ions, ionization pressure effects, the effect of the electric fields generated by the
ions, and so on.

1. Models vs. Observations

Several groups have worked for the past two decades on the generation of reliable
models of low-mass stars, but it wasn’t until the late 1990s that they arrived
to realistic models of these objects. The models of the group led by Baraffe &
Chabrier are at present the most widely used ones, since they can reproduce
very well many of the observational properties of low-mass stars. For example,
the Mass-Magnitude and the Mass-Luminosity relations of these stars are very
nicely reproduced by the Baraffe et al. (1998) models. Those models, however,
still have some problems reproducing the effective temperature scale and the
Mass-Radius relation of these stars.

In the case of the T¢sf scale, Baraffe et al. (1998) find that at temperatures
below ~ 3700K the models predict bluer V-I colors than the ones observed. A
possible reason provided by the authors for this mismatch is a missing source
of opacity in the optical that causes the stars to be fainter in V than what the
models predict.

For the Mass—Radius relation, the models underestimate the radii of the
stars by at least 10 %. This conclusion is based on the observational results
from eclipsing binaries with errorbars of 3 % or less (see figure 1)!. The prob-
lem may be that the “standard models” do not include the effect of magnetic
fields. Mullan & MacDonald (2001) find that low-mass star models have larger
radii and smaller T¢;; when magnetic fields are taken into account. Magnetic
fields are generally enhanced by stellar rotation, and in close binaries (where
we are measuring systematically larger radii) the stars are spun up by orbital
synchronization.

2. Low-Mass Eclipsing Binaries

With the current observational techniques, double-lined detached eclipsing bina-
ries are the only objects where we can measure simultaneously the mass and the
radius of stars with error bars of less than 2-3 %. The technique is a well estab-
lished one: the radial velocity (RV) curves of the binaries provide the masses as
a function of the orbital inclination of the system. From their light curves (LCs)
one can then measure the orbital inclination of the system and the radius of

!Ségransan et al. (2003) have also measured the radius of several low-mass single stars using
interferometry. These radii, with error bars 5 % or larger, show a large scatter in the M-R
diagram. For clarity, we have not included those values in figure 1, but we include them in our
discussion in § 6.



each star. Also, by measuring the LCs at different wavelengths one can estimate
the effective temperature of the stars.

We have searched to date five photometry databases (see companion paper
in this proceedings by Shaw & Loépez-Morales). The result of that search are
41 new detached eclipsing binaries with masses below 1Mg). After identifying
the binaries from the LCs in those databases, we need to conduct follow-up
observational campaigns to measure the optical and infrared light curves of
the systems and their radial velocity curves. This is an extensive project that
requires of large amounts of telescope time. Currently we have been awarded
time in the facilities listed in Table 1. Our final goal is to obtain full, high
quality LCs and RV curves to be able to determine the masses and the radii of
the stars in those binaries with errors smaller than 3%.

3. Three New Binaries: GU Boo, RXJ0239, and NSVS01031772

We have completed to date the optical (VRI) light curves and radial velocity
curves of three binaries: GU Boo (Ldpez-Morales & Ribas 2005), RXJ0239.1
(Torres et al., in prep), and NSVS01031772 (hereafter NSVS0103; Lépez-Morales
et al., submitted). Near-IR light curves are also available for RXJ0239.1. Table
2 summarizes the masses, radii, and temperatures derived for the components of
each binary?. The two stars in GU Boo are almost identical to the stars in YY
Gem. The stars in the other two binaries, with masses between 0.5 and 0.55 M,
and 0.7 and 0.73 M, respectively, fill-in two current gaps in the Mass-Radius
relation.

4. Comparison with the Models

Figure 1 shows the Mass-Radius relation of stars below 1M¢. The lines represent
the predictions of different models, using 0.35 Gyr isochrones and a metallicity
Z = 0.02. The open circles correspond to the previously known binaries CM Dra
(Lacy 1977; Metcalfe et al. 1996), CU Cnc (Delfosse et al. 1999; Ribas 2003),
TrES-Her0-07621 (Creevey et al. 2005), and YY Gem (Leung & Schneider 1978;
Torres & Ribas 2002). The filled squares show the location in this diagram
of the components of GU Boo, RXJ0239.1, and NSVS0103. Except for TrES-
Her0-07621, all the other stars show a clear trend towards larger radii than
what the models predict. All the stars in binaries are at least 10% larger than
what any of the models predict. Figure 2 shows the Mass-log(T¢ss) relation
for GU Boo, RXJ0239.1, and NSVS0103 (open circles), YY Gem (filled circle),
and CU Cnc (open triangles). The top figure corresponds to a metallicity of
7=0.01, the bottom figure is for a metallicity of Z=0.02. The age of both sets
of isochrones is 0.35 Gyrs. The bottom figure (Z=0.02) agrees with the trend
observed by Baraffe et al. (1998), where they find that below 3700-3800K the
effective temperatures predicted by the models are larger than the ones observed
in low-mass stars.

2The parameters of NSVS01031772 are preliminary. More accurate values will be published on
Lépez-Morales et al. (2006, in prep.)



5. Summary and Conclusions

We present in this paper the first results of an extensive observing campaign
primarily aimed at providing an accurate empirical M-R relation for low-mass
stars. Our targets are low-mass eclipsing binaries, from where precise stellar
masses and radii can be derived. These systems also provide an estimation of
the T¢ry of the stars.

Our current sample contains 41 new binaries with masses between 0.35 and
1.0M¢. Here we present the parameters of the first three of those binaries, GU
Boo, RXJ0239.1, and NSVS0103, which provide six new valuable data points.
The addition of those new data points to the Mass—Radius relation diagram
(see figure 1) strengthens the trend already suggested by the other binaries (CM
Dra, CU Cnc, and YY Gem). That is, the models underestimate the radii of
low-mass stars by at least 10 %. This is at least the case for the components
of binaries. The few available measurements from single stars present a much
larger scatter and larger error bars, preventing the identification of a clear trend,
if any in fact exists. A mismatch is also apparent when the T, s, of the binaries
are compared to the predictions by the models (see figure 2). In this case the
temperatures are lower than the prediction by the models below ~ 3700-3800K,
as already noticed by Baraffe et al. (1998).

Observations begin to reveal what appear to be two different populations
of low-mass stars: non-active stars, whose parameters would be succesfully re-
produced by the “standard models” (i.e. those not including magnetic fields),
and active stars, where the magnetic fields play an important role.
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Figure 1.  Mass-Radius relation of stars below 1Mq. The lines represent
different models for an age of 0.35 Gyrs and a metalicity of Z = 0.02. The
open circles show the location of the binaries CM Dra, CU Cnc, TrES-Her0-
07621, and YY Gem. The filled squares correspond to GU Boo, RX0239.1,
and NSVS01031772. (NOTE: The mixing length used in the Baraffe model is
a = 1.0).
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Figure 2.  Mass-log(Tcsy) relation (see discussion in text).



Table 1.  Facilities where we have been awarded telescope time for this project.

Technique Facility
Photometry: ~ Optical: ~ 0.9m SARA! telescope (K PNO? | USA)
1.0m SMARTS? Consortium telescope (CTIO* | Chile)
2.5m DuPont telescope (LCO5 , Chile)
Near-IR: 1.5m Carlos Sanchez telescope (IAC® | Spain)
2.5m DuPont telescope (LCO5 , Chile)
Spectroscopy: 2.5m DuPont telescope (LCO® | Chile)
4.0m Mayall telescope (K PNO? | USA)
6.5m Magellan telescopes (LCO® , Chile)

1: Southeastern Association for Research in Astronomy, 2: Kitt Peak National Observatory,
3: Small and Moderate Aperture Research Telescope System, 4: Cerro Tololo International
Observatory, 5: Las Campanas Observatory, 6: Instituto de Astrofisica de Canarias.

Table 2.  Masses, radii, and effective temperatures of GU Boo, RXJ0239.1,
and NSVS0103. The parameters of the last two systems are still preliminary.

Binary M1 (Msun) M2 (Msun) R1 (Rsun) R2 (Rsun) Teftl (K) Teff2 (K)
GU Boo? 0.610 £ 0.007 0.599 £ 0.006 0.623 4+ 0.016 0.626 £ 0.020 3920 4+ 130 3810 £ 13(
RXJ0239.12  0.730 + 0.009 0.693 4 0.006 0.741 £ 0.004 0.703 + 0.002 4645 4+ 20 4275 £ 15
NSVS01033  0.530 + 0.014 0.514 4+ 0.013  0.559 £ 0.014 0.518 + 0.013 3750 £ 150 3600 + 15(

1: Lépez-Morales & Ribas 2005, 2: Torres et al., in prep., 3: Lépez-Morales et al., in prep.
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