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1 INTRODUCTION

ABSTRACT

We report the discovery and characterization of a new M-dwarf binary, with component
masses and radii of M; = 0.2447000 M, Ry = 0.26170006 Re, M = 0.1797000 M,
R, = 0.218700)7 R, and orbital period of ~4.1 d. The M-dwarf binary HATS551—027
(LP 837—20) was identified as an eclipsing binary by the HATSouth survey, and characterized
by a series of high-precision photometric observations of the eclipse events, and spectroscopic
determinations of the atmospheric parameters and radial velocity orbits. HATS551—027 is one
of few systems with both stellar components lying in the fully convective regime of very low
mass stars, and can serve as a test for stellar interior models. The radius of HATS551—-027A
is consistent with models to 1o, whilst HATS551—027B is inflated by 9 per cent at 20 signif-
icance. We measure the effective temperatures for the two stellar components to be Tegr, | =
3190 £+ 100 K and T » = 2990 £ 110 K; both are slightly cooler than theoretical models
predict, but consistent with other M-dwarfs of similar masses that have previously been stud-
ied. We also measure significant H o emission from both components of the binary system,
and discuss this in the context of the correlation between stellar activity and the discrepancies
between the observed and model temperatures.

Key words: binaries: eclipsing —stars: individual: HATS551—-027.

to match the observations of VLMSs, with measured temperatures
cooler and radii larger than models predict (e.g. Torres & Ribas

Double-lined M-dwarf eclipsing binaries are natural laboratories for
stellar astrophysics, providing the most precise, model independent,
measurements for the fundamental stellar parameters of low-mass
stars. They have been used extensively to test our theoretical under-
standing of stellar interiors (e.g. Chabrier & Baraffe 1995; Torres &
Ribas 2002). Very low mass stars (VLMSs), with masses below
0.35 My, are thought to have fully convective, adiabatic interiors
(e.g. Chabrier & Baraffe 1997, 2000). Models have been unable
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2002; Ribas 2006; Torres, Andersen & Giménez 2010; Feiden &
Chaboyer 2012; Spada et al. 2013; Torres 2013).

Double-lined M-dwarf binaries in the VLMS mass regime, where
the stellar parameters have been accurately determined, are rare.
The CM Draconis system is the most well studied, with masses
and radii determined to better than 1 per cent precision (Lacy 1977;
Metcalfe et al. 1996; Morales et al. 2009). The radius discrep-
ancy between models and observations have been well documented
for CM Draconis at the 2—10 per cent level (Torres & Ribas 2002;
MacDonald & Mullan 2012; Spada et al. 2013; Feiden & Chaboyer
2014), depending on the treatment of metallicity, mixing length,
and magnetic inhibition in the models. More recently, the systems
KOI-126, Kepler-16, LSPM J1112+4-7626, and WTS 19g-4-02069
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(Carter et al. 2011; Doyle et al. 2011; Irwin et al. 2011; Nefs et al.
2013) have been reported, with masses and radii of the low-mass
stellar components measured to better than 2 per cent precision. Of
these systems, only the radii of KOI-126B and C were found to
be in agreement with the models of slightly supersolar metallic-
ity, while the other VLMSs are inflated compared to the models
(Feiden, Chaboyer & Dotter 2011; Spada & Demarque 2012; Nefs
et al. 2013; Feiden & Chaboyer 2014).

A number of ideas have been put forward to explain the radius
and temperature discrepancies between observations and the mod-
els. Increased metallicity and missing opacity may account for the
larger measured radii of some systems (Berger et al. 2006; Bur-
rows, Heng & Nampaisarn 2011). In particular, the KOI-126 B
and C companions can be well modelled by assuming a metallicity
of [Fe/H] =+0.15 (Feiden et al. 2011). However, Lopez-Morales
(2007) found that a metallicity—radius relationship exists for single
stars, but not for binaries. Spada & Demarque (2012) suggested in-
creased metallicity cannot fully account for the model discrepancy
for the CM Draconis binary. Zhou et al. (2014) found no correlation
between metallicity and the measured radii of the VLMS sample,
suggesting that the effect of metallicity variation on radius is smaller
than the present measurement uncertainties.

The spin-up of M-dwarfs in binary systems, leading to higher
magnetic activities, has also been put forward to resolve the dis-
crepancies (e.g. Chabrier, Gallardo & Baraffe 2007; Lopez-Morales
2007). Chabrier et al. (2007) suggested that strong magnetic fields
can inhibit convection and heat flow within the stars; increased
spot coverage from higher magnetic activities will also modify the
evolution of active low-mass stars, leading to different radii than in-
active stellar models. This is supported by the empirical correlation
between X-ray and Ho activity levels and M-dwarf radii (Lopez-
Morales 2007; Morales, Ribas & Jordi 2008; Stassun et al. 2012).
Models of the CM Draconis system by MacDonald & Mullan (2012,
2014) found that magnetic inhibition of convection can explain the
radius discrepancy. However, Feiden & Chaboyer (2014) modelled
the Kepler-16 and CM Draconis systems, and found it difficult to
sustain the strong magnetic fields required to inhibit convection and
inflate the stars to the observed radii.

Recently, accurate M-dwarf parameters have also become impor-
tant for the characterization of the planets they host. The larger mass,
radius, and luminosity ratios between M-dwarf hosts and planets
make them enticing targets for discovery and follow-up character-
ization observations. The discrepancies in theoretical modelling of
M-dwarfs resulted in a need for empirical relationships, derived
from well-characterized M-dwarf measurements, in order to char-
acterize the star and planet systems (e.g. Johnson et al. 2011, 2012;
Hartman et al. 2015).

In this paper, we present the discovery and characterization of
a new eclipsing, double-lined, M-dwarf binary, HATS551—-027
(LP 837—20), with both stellar components firmly within the fully
convective mass regime of VLMSs. HATS551—027 has previously
been identified as a high proper motion (Luyten 1979; Salim &
Gould 2003) M4.5 dwarf (Reid et al. 2003) from astrometric and
low-resolution spectroscopic surveys of NLTT high proper motion
stars. As part of our effort to characterize the VLMS population
(Zhou et al. 2014), the HATSouth survey (Bakos et al. 2013) iden-
tified and characterized HATS551—027 as a low-mass eclipsing
binary. We derive precise fundamental properties of the system via
the discovery light curves and a series of photometric eclipse follow-
up observations and spectroscopic orbit measurements, described
in Sections 2 and 3. The HATS551—-027 system is then discussed
in the context of other VLMS binaries in Section 4.

MNRAS 451, 2263-2277 (2015)

2 OBSERVATIONS AND ANALYSIS

2.1 HATSouth photometric detection

The eclipses of HATS551—027 were first identified by observa-
tions from the HATSouth survey (Bakos et al. 2013). HATSouth
is a global network of identical, fully robotic telescopes, providing
continuous monitoring of selected 128 deg? fields of the south-
ern sky. A total of 16 622 observations of HATS551—027 were
obtained from HATSouth units HS-1, HS-2 in Chile, HS-3, HS-4
in Namibia, and HS-6 in Australia from 2009 September to 2010
September. Each HATSouth unit includes four 0.18 m f/2.8 Takahasi
astrographs each with a Apogee 4 K x 4 K U16M Alta CCD cam-
era. The images have a field of view of 4° x 4°, with a pixel scale of
3.7 arcsec pixel~!. The observations are performed in the Sloan-7
band, at 4 min cadence. HATSouth photometry is detrended using
the External Parameter Decorrelation (EPD; Bakos et al. 2007) and
Trend Filtering Algorithm (TFA; Kovics, Bakos & Noyes 2005)
techniques. The transit candidates search is perform with the Box-
fitting Least Squares (Kovécs, Zucker & Mazeh 2002) analysis.
Details of the HATSouth reduction and analysis processes can be
found in Bakos et al. (2013) and Penev et al. (2013). The HATSouth
discovery light curve for HATS551—027 is displayed in Fig. 1, the
photometric data can be found in Table 2.

2.2 Photometric follow-up

We performed photometric follow-up of the primary and secondary
eclipses of HATS551—027. The observations are described below,
summarized in Table 1, with the light curves plotted in Fig. 2 and
found in Table 2. The specific set of reference stars and their mag-
nitudes for differential photometry are listed in Table 3.

2.2.1 Faulkes Telescope South 2 m/Merope

Two secondary eclipses of HATS551—027 were observed by the
Merope camera on 2-m Faulkes Telescope South (FTS), at Siding
Spring Observatory, on 2012 December 12 and 2013 March 20.
FTS/Merope has a field of view of 4.7 arcmin x 4.7 arcmin, and
a pixel scale of 0.139 arcsec pixel ™!, read out using 2 x 2 binning
mode. The observations were obtained in the i band, with exposure
times of 60 s. The telescope was defocused to reduce the effect of
intra- and interpixel variations on the final light curve, and to avoid
saturation of target and reference stars. A total of 124 observations
were obtained on 2012 December 12, and 114 on 2013 March 20.

Bias and flat-field reduced images, automatically generated by
the LCOGT reduction pipeline, were used for the photometric ex-
traction. The raw light curves for the target and reference stars
were extracted using Source Extractor (Bertin & Arnouts 1996),
via multiple fixed circular apertures, and after an interpolated back-
ground map was subtracted. Eleven reference stars of magnitudes
1= 12.1-17.4 were used for the relative photometry. The best aper-
ture was chosen to minimize the out-of-transit light-curve scatter.
A second-order polynomial was fitted to the out-of-transit regions
of the light curves to remove small, long-duration variations, likely
due to changing air mass, before model fitting was performed.

2.2.2 Swope 1 m/SITe3

A near-complete primary eclipse of HATS551—027 was observed
by the SITe#3 camera on the Swope 1 m telescope at Las Campanas
Observatory, Chile, on 2013 February 26. Swope/SITe3 has a field
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Figure 1. HATSouth discovery light curves of HATS551—027. The observations are plotted in grey, best-fitting model from Section 3.1 plotted in red.
Close-ups of the primary and secondary eclipses are plotted in the lower panels.

Table 1. Summary of photometric observations.

Facility Dates Number of images ~ Exposure time (s)  Filter
HATSouth Network 2009 Sep-2010 Sep 16 622 240 v
FTS/Merope 2012 Dec 12 124 60 i’
Swope/SITe3 2013 Feb 26 78 30 i
FTS/Merope 2013 Mar 20 114 60 i’

of view of 14.8 arcmin x 22.8 arcmin, a pixel scale of 0.435 arc-
sec pixel ™!, and detector size of 2048 x 3150 pixels. The obser-
vations were performed in the i band, with 30 s exposures. A total
of 78 exposures were obtained. Photometric extraction were per-
formed on the reduced frames using the FiTsH package (Pal 2012).
Five reference stars of magnitudes / = 12.7-13.5 were used for
the relative photometry. We note that no pre-ingress baseline was
recorded, which may have an adverse effect on the derived timings
and associated uncertainties.

2.3 Spectroscopic follow-up

We performed a series of spectroscopic follow-up observations at
low, medium, and high resolution, to determine the stellar properties
and orbit of the system. The observations are summarized in Table 4,
and the radial velocities are plotted in Fig. 3 and presented in Table 5.

2.3.1 ANU 2.3 m/WiFeS

Spectroscopic observations at low and medium resolutions were
performed using the Wide Field Spectrograph (WiFeS; Dopita

et al. 2007) on the ANU 2.3 m telescope, located at Siding Spring
Observatory, Australia. WiFeS is an image slicer integral field spec-
trograph, with slitlets of 1 arcsec width in spatial coverage. The
WiFeS observations provided the spectroscopic classification and
radial velocities (to the ~2km s~ !level) of HATS551—027.

For spectral classifications, an observation at low resolution of
A/AX = R = 3000 was obtained using the B3000 and R3000 grat-
ings on the blue and red arms of the spectrograph, with the RT560
dichroic, providing a flux-calibrated spectrum of the object over
3500-9000 A. For the R = 3000 observations, the stellar flux is
summed over the three slitlets together to produce the final spectrum.
Flux calibrations are performed according to Bessell (1999), using
flux standard stars from Hamuy et al. (1992) and Bessell (1999)
taken on the same night. The observational techniques, data reduc-
tion, and flux calibration processes for the WiFeS low-resolution
observations are fully described in Bayliss et al. (2013).

To measure the radial velocity orbit, we then obtained 16
medium resolution (R = 7000) observations from 2012 Septem-
ber to 2014 August. The observations were performed using the
R7000 grating and the RT480 dichroic, giving a velocity resolution
of 21.6 km s~ pixel™! over the wavelength range 5200-7000 A,

MNRAS 451, 2263-2277 (2015)
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Figure 2. Follow-up photometric observations for the primary (left-hand panel) and secondary eclipses (right-hand panel) of HATS551—027. The observations
are plotted in black, best-fitting model from Section 3.1 plotted in red. The uncertainties shown have been scaled up to force a reduced x> = 1 where necessary.

corresponding to the photometric R band. The wavelength calibra-
tions were obtained from bracketing Fe—Ne—Ar arc lamp exposures.
In addition, a first-order correction to the wavelength calibration is
applied using the telluric Oxygen B lines over 6882-6906 A. For ra-
dial velocity measurements, we reduce the spectra from each WiFeS
slitlet separately, such that three reduced spectra from three slitlets
are produced per exposure. The reduction process is described in
detail in Bayliss et al. (2013). We adopted the H «-derived velocities
for analysis in Section 3.1.

Radial velocities of both components of the binary were first
measured by fitting the Ha emission feature, which exhibits

Table 2. HATS551—-027 differential photometry.

BJD Flux A Flux Instrument Filter
2455083.75892  0.9999  0.0236  HATSouth? v
2455083.76216  1.0084  0.0192  HATSouth Y
2455083.76552  1.0514  0.018 HATSouth v
2455083.76873  0.9989  0.0209  HATSouth v
2455083.7721 0.9632  0.0221  HATSouth v
2455083.77532  0.9487  0.0204  HATSouth v
2455083.77868  1.0744  0.0173  HATSouth v
2455083.78191  0.9683  0.02 HATSouth v
2455083.78528 1.0118  0.0196  HATSouth v
2455083.78849  1.014 0.0188  HATSouth v

Note. This table is available in a machine-readable form in the
online journal. A portion is shown here for guidance regarding
its form and content.

“For the HATSouth light curve these magnitudes have been
detrended using the EPD and TFA procedures prior to fitting
a transit model to the light curve. Primarily as a result of
this detrending, but also due to blending from neighbours, the
apparent HATSouth transit depth is ~90 per cent that of the
true depth in the Sloan r filter.

MNRAS 451, 2263-2277 (2015)

clear and distinct signals from both stellar companions. For each
spectrum, we fit the H o feature with two Gaussian components. The
best-fitting values are obtained via a downhill simplex minimiza-
tion using the PYTHON finin function in scipy package, and the errors
explored via a Markov chain Monte Carlo (MCMC) analysis using
the EMcEE affine invariant ensemble sampler (Foreman-Mackey et al.
2013). The final velocity error from each exposure is a quadrature
combination of the mean centroid errors from the MCMC fit and
the scatter in velocity from three slitlets. The H oo emission features
and Gaussian fits for each observation are presented in Fig. 4. The
observations from each night are plotted by three black solid lines,

Table 3. Summary of reference stars for follow-up
photometry.

Reference star RA Dec. I mag

FTS 2012-12-12/2013-03-20

1 +05:44:56.682  —24:57:43.844 12.1
2 +05:44:48.663  —24:56:55.899 14.9
3 +05:45:03.111  —24:56:18.213 15.0
4 +05:44:59.082  —24:54:44.068 15.7
5 +05:45:02.925  —24:54:28.156 15.8
6 +05:44:56.505  —24:54:12.312 16.3
7 +05:44:49.306  —24:56:45.252 16.2
8 +05:45:06.857  —24:55:22.837 16.6
9 +05:45:03.468  —24:56:38.683 17.4
10 +05:44:51.649  —24:54:24.864 17.0
11 +05:45:02.931  —24:55:32.118 153

Swope 2013-02-26

+05:45:29.156
+05:45:23.524
+05:44:32.656
+05:44:30.314
+05:45:10.934

—24:49:56.572 12.7
—24:51:07.124 13.0
—24:54:16.506 13.4
—24:54:57.665 135
—25:02:41.212 13.2

[ R R
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Table 4. Summary of spectroscopic observations.

An M-dwarf binary from HATSouth

Facility Date range Number of observations Resolution S/N¢
ANU 2.3 m/WiFeS 2012 Sep 8 1 3000 95
ANU 2.3 m/WiFeS 2012 Sep 8-2014 Aug 14 16 7000 (R band) 20
MPG/ESO 2.2 m/FEROS 2013 Mar 24-27 4 48 000 35
Magellan 6.5 m/PFS 2013 Feb 21 4 76 000 90
ANU 2.3 m/WiFeS 2014 Sep 62014 Oct 10 3 7000 (I Band) 60

2267

Note. “ Average signal-to-noise ratio per resolution element, at approximate peak.

for the spectra from the three slitlets. The best-fitting Gaussians for
each spectrum are also plotted by the dotted line, in red for the pri-
mary component, blue for the secondary component. The velocities
from WiFeS are presented in Fig. 3 and Table 5.

We also tried cross-correlations between the target spectra and
an M4V template from a WiFeS observation of the standard star LP
816—60. The radial velocity standard cross-correlations provided
blended cross-correlation functions (CCFs), which did not resolve
the two spectral components as well as the H o feature. We derived
radial velocities from selected WiFeS R7000 observations taken
at phase quadrature by simultaneously fitting a double Gaussian
to the CCF profile, presented in Fig. 3 and Table 5. We also tried
cross-correlating against spectral templates from the BT-Settl model
atmospheres (Allard et al. 2012), but we could not resolve the two
spectral components.

The WiFeS cross-correlations were also used to measure light
ratio between the two stellar components (L,/L;). We fit a double
Gaussian to the CCFs from the spectra, and derived a light ratio
of 0.53 £ 0.06 from the R7000 grating, equivalent of the photo-
metric R band. We also obtained three additional exposure over the
wavelength range 68009100 A at R = 7000, using 17000 grating
and the RT615 dichroic, corresponding to the photometric / band.
This exposure was used to measure the light ratio between the two
components at the wavelength of the follow-up photometric obser-
vations. The 17000 observation gave a light ratio of 0.50 & 0.01,
consistent to the R-band light ratio.

2.3.2 MPG 2.2 m/FEROS

Four observations of HATS551—027 were obtained using the fibre-
fed FEROS spectrograph on the MPG 2.2 m telescope at La Silla Ob-
servatory, Chile, over the nights 2013-03-24 to 2013-03-27. FEROS
provides a resolution of R = 48 000; descriptions of the FEROS ob-
servations and reduction procedures can be found in Penev et al.
(2013), Jordan et al. (2014), and Brahm et al. (2015). The obser-
vations are cross-correlated with an M-dwarf template. The two
components of the binary are fully separated in the CCF, and the
velocities are presented in Fig. 3 and Table 5. We also measure the
Gaussian peak heights of the CCFs to estimate the light ratio for
the two components of the system. Because of the faintness of the
target star, we find that two orders in the wavelength range 6475—
6665 A reliably showed the two CCF peaks in all of the exposures.
The average and standard deviation CCF peak heights over the four
exposures was 0.42 + 0.07.

2.3.3 Magellan 6.5 m/PFS

Four consecutive observations of HATS551—027 were obtained
using the Carnegie Planet Finder Spectrograph (PFS; Crane et al.
2010) on Magellan II, Las Campanas Observatory, Chile, on the
night of 2013-02-21 ut. The observations were taken through the
iodine cell, with a 0.5arcsec x 2.5arcsec slit and using 2 x 2
binning in slow read-out mode.
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Figure 3. The radial velocity orbit of HATS551—027A (red) and B (black). The best-fitting models from Section 3.1 are plotted by the red and black curves

for components A and B, respectively.
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Table 5. HATS551—027 radial velocities.

HID RV, (kms 1)* oRV; (kms™') RV, (kms™ ') oRV;,(kms™!) Instrument
2456179.31471 -08 6.9 103.7 113 WiFeS (Ha)
2456179.31471 —25.8 3.3 70.9 6.7 WiFeS (CCF)
2456180.28765 413 10.5 35.5 14.6 WiFeS (Ha)
2456198.23861 79.5 12.1 32.0 19.7 WiFeS (Ha)
2456198.23861 55.1 25 -99 47 WiFeS (CCF)
2456231.09138 44.7 13.5 323 17.4 WiFeS (Ha)
2456375.98307 50.9 93 28.9 14.2 WiFeS (Ha)
2456378.02998 51.3 10.4 31.8 16.2 WiFeS (H )
2456378.97110 -16 3.1 100.4 46 WiFeS (Ha)
2456378.97110 —189 2.1 743 43 WiFeS (CCF)
2456380.99658 84.5 6.0 —184 114 WiFeS (Ha)
2456380.99658 66.2 2.1 —26.8 6.2 WiFeS (CCF)
2456876.30644 24 3.1 102.0 6.6 WiFeS (Ha)
2456876.30644 —183 2.8 75.3 5.1 WiFeS (CCF)
2456877.30697 46.9 11.3 40.0 16.7 WiFeS (Ha)
2456878.31132 85.1 73 -98 12.1 WiFeS (H )
2456878.31132 63.3 48 —26.8 6.2 WiFeS (CCF)
2456879.30918 48.7 14.2 38.1 18.7 WiFeS (H )
2456880.30174 7.1 29 101.2 55 WiFeS (Ha)
2456880.30174 —15.8 1.7 76.6 4.7 WiFeS (CCF)
2456881.28823 50.1 14.9 48.1 22.5 WiFeS (Ha)
2456883.25386 56.3 16.4 19.8 24.8 WiFeS (H )
2456883.25386 50.0 1.6 -05 5.6 WiFe$S (CCF)
2456884.25377 95 45 95.6 6.7 WiFeS (H )
2456884.25377 -85 1.6 71.5 3.8 WiFe$S (CCF)
2456375.53799 -58 0.2 65.7 0.6 FEROS
2456376.54952 53.8 0.2 —16.1 3.7 FEROS
2456377.53960 56.6 0.3 —20.1 438 FEROS
2456378.52904 —15 0.3 60.4 0.5 FEROS
2456344.60054 32 0.3 —9338 0.9 PES

Note. “The zero-point of these velocities is arbitrary. An offset is added to each instrument independently in

the global fitting.

We use the PFS spectrum to derive the single epoch relative
radial velocities and light ratio of the two stellar components.
The spectra from the four observations were averaged, and cross-
correlated against a Ty = 3100K, logg = 5.0 solar metallicity
BT-Settl synthetic spectrum (Allard et al. 2012). We used five or-
ders outside of the Iodine absorption region (6114-6574 A) for
the cross-correlation. The two stellar components are resolved and
fully separated in the CCF. We simultaneously fit two Gaussians to
the CCF, deriving the light ratios and the velocity centroids. The
velocities from the five orders are weight averaged to arrive at the
final relative velocity between the two stellar components. The light
ratio L, /L; is 0.51 &£ 0.04, with the error as the standard deviation
between the five orders. We also tried 3000 and 3200-K synthetic
templates, yielding the same light ratio to within £0.01. The light
ratio measured from PFS is also consistent to ~ 1o of that measured
from the FEROS spectra and WiFeS spectra. We adopt the light ra-
tio measured from the high signal-to-noise (S/N) PFS observations
for our modelling in Section 3.1.

3 SYSTEM PARAMETERS

3.1 Global modelling of light curves and radial velocities

We perform a global modelling of the HATSouth discovery light
curves, follow-up photometry, and spectroscopic radial velocities
to derive the system parameters for HATS551—027. We model the
light curves according to Nelson & Davis (1972), using a modified
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version of the JkTEBOP code (Popper & Etzel 1981; Southworth,
Maxted & Smalley 2004). The radial velocities are modelled using
Keplerian orbits.

The free parameters of the fit are period P, reference transit time
to, radius ratio R, /R;, normalized radius sum (R, + R;)/a, line-of-
sight inclination i, light ratio L, /L,, orbital eccentricity parameters
ecos w and esin w, and orbital semi-amplitudes K, K, for the two
components. We assign a Gaussian prior to L,/L; (following, e.g.
Irwin et al. 2011) from the PFS light ratio of 0.51 & 0.04 from
Section 2.3.3. Without the prior, the radius ratio becomes degen-
erate with the light ratio, and is difficult to constrain. We assume
uniform priors for all other free parameters. The quadratic limb
darkening coefficients for both components are fixed to that from
Claret (2000) using the PHOENIX models, and given in Table 6.
At each iteration, the modelled mass ratio (¢ = K;/K>) is used to
calculate the ellipsoidal variability expected in the light curve. Fol-
lowing Morales et al. (2009), we assign fixed reflection albedos for
both components of 0.5, and gravity darkening coefficients of 0.2.
The instrument zero-points for each data set are not included as free
parameters in the global model, but rather fitted for at each iteration
independently. We often find the HATSouth discovery light curves
to be diluted due to the TFA detrending that was applied, as well
as third-light blending from nearby neighbours due to the larger
pixel scales of the instrument. The model transit shape is signifi-
cantly constrained by the follow-up observations, and can be used
to correct for the dilution of the HATSouth light curves. At each
iteration, we adjust the transit depth of the HATSouth light curves
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Figure4. The H « emission feature from the WiFeS R = 7000 observations.

For each exposure, the spectra from the three slitlets are plotted individually,

in black. The best-fitting profiles are plotted in red for the primary compo-

nent, and blue for the secondary component. Each exposure is arbitrarily
offset in flux by 2 for clarity.

to the tested model by fitting for a third-light component (e.g. Zhou
et al. 2014). We adopt the WiFeS radial velocities derived from the
H « emission line in our analysis, since the two stellar components
are better resolved in H« than in the CCFs.

The best-fitting parameters and the associated uncertainties are
explored via an MCMC analysis, using EMCEE. For each MCMC
run, we initialize 100 walkers over 2500 steps each. The walk-
ers are initialized with randomized starting positions around their
respective expected best-fitting parameter values. Examination of
the MCMC chain shows that convergence is generally reached af-
ter 500-1000 steps, depending on the initial conditions. We then

An M-dwarf binary from HATSouth ~ 2269

Table 6. HATS551—027 system modelling parameters.

Parameter Value Source

Modelled system parameters

Period (d) 4.077017 (j{)“ GM?
Ty (BID) 24563740171 (1) GM
(R + R)/a 0.0590 (fi) GM
Ry/R) 082 () oM
i©) 87.99 (*3) oM™
Ly/Ly (6114-6574 A) 056 (*g)  GM+PFS
Ly/Ly (R-band) 053 ()  WiFes
Ly/L; (Iband) 050 () WiFes
ecosw 0.00013 (*7) M
esinw 0002 (1) oM
Ky (kms™1) 424 (1) oM

Ky (kms™1) 576 (1) oM

R-band star A u; 0.3762  Fixed®
R-band star A u; 0.4574  Fixed®
R-band star B u; 0.5392  Fixed®
R-band star B uy 0.3485  Fixed®
i-band star A u; 0.1539  Fixed®
i-band star A uy 0.6330  Fixed®
i-band star B u 0.3124  Fixed®
i-band star B u; 0.5509  Fixed®

Gaussian process modelling parameters

A (FTS 20121212) 00005 () GM
7 (FTS 20121212) (d) 00013 (1) GM
A (Swope 20130226) 00022 (*¢) oM
T (Swope 20130226) (d) 0.0037 (t‘z‘) GM
A (FTS 20130320) 0.0004 (j) GM
7 (FTS 20130320) (d) 0.0019 (f;) GM
Derived parameters

M, (Mg) 0.244 (ﬁ) GM
Ri Rg) 0.261 (fg) GM
M> (M) 0179 (1) &m
R (RE) 0218 (],) oM

Notes. “Uncertainties in parenthesis for the last significant figure.
bGM - global modelling of light curves and radial velocities.
‘Fixed to values interpolated from Claret (2000) using the
PHOENIX models.

re-run the MCMC with walkers initialized around the best-fitting
parameters from the first run. We inflate the per-point measurement
uncertainties such that the reduced y? for each data set is at unity
with respect to the best-fitting parameters derived from the first
MCMC run. This allows other sources of error unaccounted for in
data reduction to be included in the MCMC analysis. We found that
only the FTS observations required their measurement uncertainties
to be inflated by 2.4 times and 2.1 times for the 2012-12-12 and
2013-03-20 observations, respectively.

MNRAS 451, 2263-2277 (2015)
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Figure 5. A 35-d sample segment of the HATSouth light curve residuals to the best-fitting model from Section 3.1. The data points are plotted in grey, 50
point-width boxcar smoothed function in black, and the cosine filtering model by the red line. The times of transits and eclipses, masked out in the data, are
marked by vertical red dashed and dotted lines, respectively. The corrected data are plotted on the bottom panel.

3.1.1 Accounting for spots

Late M-dwarfs are known to be active, and the presence of chromo-
spheric spectral emission features of HATS551—027 suggest that
it is no exception. A Lomb-Scargle (Lomb 1976; Scargle 1982)
analysis of the out-of-transit HATSouth light curve residuals from
Section 3.1 shows a highest peak at 4.24 d, with peak full width at
half-maximum of 0.08 d, compared to an orbital period of 4.08 d.
Although when we break the light curve into four segments of 4000
points each, we cannot demonstrate the consistency of the peak
location.

Star-spot activities affect the observations and model results in
several ways. First, they induce periodically modulated out-of-
transit variations in the HATSouth light curves. We correct this by
modelling the cosine filtered light curve in the MCMC analysis. We
model the modulation in the HATSouth light curve residuals using
a set of linearly combined cosine functions, following equation (1)
of Huang, Bakos & Hartman (2013). The HATSouth light-curve
residuals, with transits and eclipses masked, are smoothed by a 50
point-width boxcar, and fitted with the cosine filtering model with
minimum period of P/2 and maximum period of twice the ob-
servational baseline. The light-curve residuals and cosine filtering
model for a segment of the HATSouth observations are shown in
Fig. 5. The cosine filtering model has a standard deviation of 0.006,
and peak-to-peak amplitudes of ~2 per cent. For comparison, the
modelled out-of-transit variations originating from reflection and
ellipsoidal effects is at the 10~* level.

Variations in spot coverage also alters the total flux of the system,
leading to variations in the eclipse depth. This affects the param-
eters derived from the high-precision follow-up photometry, such
as Ry/R, and (R, + R;)/a. Since the follow-up observations were
performed ~800 d after the end of the HATSouth continuous ob-
servations, they cannot be corrected by employing spot model fits
to the out-of-transit variability (e.g. Morales et al. 2009). Instead,
we create 100 different sets of the follow-up light curves, with
each light curve scaled by a random factor drawn from a Gaussian
distribution with © = 1.0 and o = 0.006 (the standard deviation
of the cosine filtering model). We then perform a global analysis
detailed in Section 3.1 using the scaled sets of the follow-up light

MNRAS 451, 2263-2277 (2015)

curves. The MCMC chains from each of the 100 separate analyses
are combined to provide the final system uncertainties.

In-transit star-spot crossing events modify the shape of the transit
light curve, and can be identified from the correlated red-noise in
the fit residuals. Whilst we cannot correct for the spot crossing
events, we can account for their effects in the uncertainties of the
model fit. To account for correlated noise, we treat the follow-up
photometry as a Gaussian process (e.g. Gibson et al. 2012). We
form the covariance matrix X, of dimension N x N, where N is the
number of data points per follow-up light curve. The elements of
the covariance matrix are defined as

(t —1;)
Eij = Az exp (—sz +(7[-28,'_/', (1)
where A and t are free parameters in the MCMC describing the
amplitude and time-scale of the covariance function, and o; is the
uncorrelated uncertainty for measurement i. The log likelihood £
for the residuals r is calculated as

1 1 N
log £ = —ErTE’lr - E1og | = —5log(2n). 2)

The Gaussian process modelling provides more realistic uncertainty
estimates. The A and t factors are presented in Table 6.

3.1.2 Results

The final masses and radii are M; = 024470003 M@, R =
0.2617 0000 Ry, M = 0.1797000 M, R, = 0.21670 1) Re. The
full set of system parameters are presented in Table 6. The results
presented are the mode of the posterior probability distributions,
with the uncertainties representing the 68 per cent confidence re-
gion.

The posterior probability distributions for the free parameters in
our global fit are shown in Fig. 6. For each pair of parameters, we
calculate the Pearson R correlation coefficient to check for degen-
eracies. We note a significant degeneracy between the light ratio
L,/L; and the radius ratio R, /R; in our results. For systems with
partial eclipses, it is difficult to constrain both parameters simulta-
neously purely from the transit light curves without a prior on the
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Figure 6. Posterior correlation diagrams for the free parameters in the global fit. Pairs of parameters with Pearson correlation coefficient of 0.5 < R < 0.8 are

coloured in blue, R > 0.8 coloured in red.

light ratio. We also note a correlation between (R; + R,)/a and
inclination i, since both parameters together determine the transit
shape. The time parameters 7, and e cos w are correlated, since the
phase of the secondary eclipse, determined by e cos w, is influenced
by the ephemeris of the primary transit 7. We examined the poste-
rior probability distributions for the mass and radius of both stars,
and found no correlation between the derived mass versus radius
distribution.

3.1.3 Testing the robustness of the results

To test the dependence of our results against various assumptions
and data sets, we re-ran the full MCMC analysis with different
subsets of data and initial parameters. For each test, we describe
the changes to the free parameters, assumptions, and data sets used,
and report the major differences of the derived results to those

reported in Table 6. While these tests provide a useful guide for
gauging the robustness of our results, the uncertainty estimates
we report are likely still optimistic, as they are largely dependent
on the per-point measurement uncertainties. Only repeated velocity
measurements and photometric follow-up observations will provide
the most robust stellar properties for HATS551—-027.

(i) We set limb darkening coefficients as free parameters, but
found that we can only place very weak constraints on the coef-
ficients from the fitting. In R band, component A has best-fitting
limb darkening coefficients of u; = 0.5703, uy = 0.3704, compo-
nent B of u; = 0.7%3, u, = 0.0%3, and in I band, component
A of u; =0.779%, u, =0.1%)1, component B of u; = 0.772,
u; = O.lfg:g. We found the limb darkening parameters were largely
orthogonal to the other parameters. The resulting best-fitting param-
eter values did not differ significantly between the limb darkening
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free and fixed analyses, and the radii and mass uncertainties were
not noticeably inflated by freeing the limb darkening parameters.

(ii) To test the effect of the single epoch of PES velocities
on the resulting derived masses, we refit the observations with-
out the PFS velocities. The resulting orbit semi-amplitudes were
K; =424 kms™" and K, = 58.070 kms~!, yielding masses
of M; = 0.2497000! M and M, = 0.1817)005 My The derived
properties are consistent with the global fit results to within errors.

(ii1) To test if the Ha-derived velocities, which reflect
velocities of the chromosphere, are representative of the pho-
tospheric velocities, we fit the system using only WiFeS
CCF-derived velocities. We derived velocity semi-amplitudes of
K; =44.170kms ™! and K, = 53.2732kms~', yielding masses
of M; =021"09Mp and M, =0.18"00 Mp. In compari-
son, using only the WiFeS Ha-derived velocities, we derive
semi-amplitudes  of  K; =433 kms™!  and K, =
59.730kms™!, yielding masses of M; =0.26700; Mg and
M, = 0.19700 M. The discrepancy between the K, values is
likely due to the difficulties in resolving and fitting the secondary
CCF and Hao component using the lower resolution spectra. The
derived semi-amplitudes and masses are consistent to the global fit
results to within 2o

(iv) To test the dependence of the results on the four FEROS
measurements and associated uncertainties, we fit the data set with
only the FEROS velocities and derive velocity semi-amplitudes of
K, =42.4%02kms™" and K, = 57.87)3 kms~!, yielding masses
of My = 0.2470000 M and M, = 0.1827)00¢ M(y. The masses
determined are consistent, but have three times larger uncertain-
ties from the global fit. To check the dependence of our derived
masses against the measurement precision, we inflate the FEROS
uncertainties by two times, and refit using only the inflated FEROS
velocities, deriving semi-amplitudes of K| = 42.47)3kms~' and
K, =58.075 kms™!, yielding masses of M; = 0.2487001I Mg,
and M, = 0. 181f8;883 Mg . Inflating the velocity measurement un-
certainty by two times leads to a ~2 times inflation of the derived
mass uncertainties.

(v) In Section 3.1.1, we tried to account for spot-induced un-
certainties by (1) Monte Carlo of out-of-transit baseline flux and
(2) addition of Gaussian processes modelling. To test their ef-
fects, we removed the two treatments and refit the data. The
derived radius ratio is Ro/R; = 0.827003, light ratio L,/L, =
0.537004, resulting stellar radii of R; =0.2607)005 R, and
Ry = 0.21410:906 Rp. Note the significant reduction in the es-
timated uncertainties (~60 per cent) without accounting for spot
activity.

(vi) To test the dependence of the results on the systematic er-
rors associated with each FTS secondary eclipse observation, and
the polynomial normalization applied to the light curves, we fit the
observations using each FTS secondary eclipse observation inde-
pendently. Using the FTS 2012-12-12 light curves for the secondary
eclipse, we derive a radius ratio of Ry/R; = 0.84705, light ratio
Ly/Ly = 0557000, resulting stellar radii of Ry = 0.2597000) Roy
and R, = 0.22%) 01 Re. Using the FTS 2013-03-20 light curves
for the secondary eclipse, we derive a radius ratio of R,/R, =
0.817097 light ratio L,/L; = 0.52+0% resulting stellar radii of
Ry = 026270000 Ry, and R, = 0.2270 () Rey. In each case, the
derived values are consistent, with the uncertainties for the radius
and light ratio parameters increased by ~30 per cent.

(vii) In the Swope light curve, four measurements at phase ~0.15
were consistently below the out-of-transit median. We masked out
the outlying measurements and performed the refit, deriving a radius
ratio of Ry/R; = 0.847002, light ratio L,/L; = 0.55%)(7, resulting
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stellar radii of Ry = 0.26170005 R and R, = 0.22%)0 Re. The
differences are negligible compared to the global fit.

(viii) We note that the follow-up photometric observations were
all obtained in the i band. Single-band follow-up observations can
bias the derived radius ratio parameters if the light ratio is band-
dependent. For comparison, we fit the observations using the r-band
HATSouth observations only, without the photometric follow-up
data sets, we derive T, = 2456374.01739%2 (consistent, but ten
times worse in precision), (R; + Ry)/a = 0.060f8188§ (consistent
but four times worse in precision), R,/ R, = 0.8370.0¢ (consistent
and equal precision), light ratio of L,/L; = 0.5270%% (consistent
and equal precision), and component radii of R, = 0.267"( % and
R, = 0.22f8j8} (a larger Ry, but still consistent within 1o).

(ix) The light ratio L, /L, in our global fit is tightly constrained
by a Gaussian prior of mean 0.51 and standard deviation 0.04,
determined by the analyses of the PFS spectra. To understand the
effect of this prior on our resulting parameters, we modify to the
Gaussian prior to have a mean 0.51 and standard deviation 0.08 (two
times broader). The resulting fit has a R,/ R, = 0.887)7¢, light ratio
Ly/Ly = 0.641019, resulting stellar radii of R, = 0.25170053 R,
and R, = 0.23*0 0} Ry. The results remain consistent with 1o, with
the radius uncertainties increased by a factor of ~1.5.

3.2 Spectral classification

3.2.1 Effective temperature

We use the WiFeS low-resolution spectrum, which has the largest
spectral coverage and highest S/N, to constrain the effective tem-
perature of HATS551—027. Whilst the spectrum of HATS551—-027
is a composite, at low resolution we cannot resolve the two binary
components by their velocity differences. We first treat the spectral
classification as if HATS551—027 is a single star.

The flux-calibrated WiFeS R = 3000 observation is matched to
synthetic spectra from BT-Settl models (Allard et al. 2012) with
Asplund et al. (2009) abundances. We fix log g to 5.0 (derived from
Section 3.1.2 to be 4.99 and 5.01 for stars A and B, and consistent
with stellar isochrone models, e.g. Dotter et al. 2008) and [M/H]
to 0.0, and minimize the x? fit by varying Te at steps of 100 K,
interpolating the T.;—x 2 relationship with a B-spline.

First, to understand the uncertainties in our temperature classi-
fication, we obtained WiFeS spectra of five M-dwarfs with tem-
peratures measured from interferometry observations. The WiFeS
BT-Settl model fit temperatures and the interferometry tempera-
tures are shown on Table 7. We find an error of 85 K encompasses
68 per cent of the deviations between the WiFeS measurements and
literature values, weighted by the literature uncertainties. We find
an error of 150 K when we use models employing the Caffau et al.
(2011) abundances. We also tested the standard stars against models

Table 7. WiFeS M-dwarf spectral classifications.

Object Literature Tegr(K)  WiFeS Te(K)*  Ref

GJ 191 3570 £+ 156 3787 1
GJ 551 3098 £ 56 3000 2
GJ 699 3224 £ 10 3305 3
GJ 880 3713 £ 11 3671 3
GJ 887 3797 £ 45 3724 2

References: 1 — Ségransan et al. (2003); 2 — Demory
et al. (2009); 3 — Boyajian et al. (2012).

Note. “Matched against BT-Settl spectral models using
Asplund et al. (2009) abundances, with [M/H] = 0.0.
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Figure 7. WiFeS R = 3000 spectra of HATS551—027 and two standard M-dwarfs of similar a spectral type, GJ 551 and GJ 699. The observations are plotted

in black, best-fitting BT-Settl spectral model to HATS551—027 in red.

with metallicities of [M/H] = —0.5, 4-0.3, and 4-0.5 (using Asplund
et al. 2009 abundances). We found a mean error of 100, 85, and 95 K
for each of the metallicities, respectively. The temperatures derived
using the different metallicities differed systematically from that of
the temperatures derived from the [M/H] = 0.0 models by —40,
420, and +60 K, respectively.

For HATS551—-027, we find a best-fitting binary effective tem-
perature of T = 3113 K. We discuss metallicity later in the section.
The WiFeS spectrum and the best-fitting model are plotted in Fig. 7.

For comparison, we also plot in Fig. 7 the WiFeS spectra of
GJ 551 (M5.5V 3098 + 56 K; Demory et al. 2009) and GJ 699
(M4V 3224 + 10K; Boyajian et al. 2012), two M-dwarfs with
similar temperatures and spectra as HATS551—027. A visual in-
spection of some temperature sensitive features, such as the depth
of the TiO absorption bands, the Na and CaOH lines, confirms
that HATS551—027 has a spectral type between the GJ 551 and
GJ 699.

To estimate the temperatures of the two stellar components, we
simultaneously fitted for the temperatures of both stellar compo-
nents using a grid of simulated composite spectra. We generated
a 2D grid of composite spectra from the BT-Settl models at steps
of 100 K for both simulated stellar components, with fluxes scaled
using the best-fitting radius ratio, and wavelength shifted in ve-
locity according to the Keplerian orbit solution (both derived in
Section 3.1). We then calculate the x2 of fit to the WiFeS spectrum
and WiFeS CCF-derived light ratios in the R7000 and 17000 spec-
tral bands (Section 2.3.1). The best-fitting component temperatures
were Teir 1 = Tegr.2 = 3100, consistent with the binary effective
temperature.

We can also approximate the temperature of the two stellar com-
ponents by assuming they follow the Stefan—Boltzmann law. We
adopt a binary effective temperature of 3114 + 85 K, light ratio of
0.507049 and the stellar radii from Table 6. The derived tempera-
ture ratio is 0.94 & 0.04, with the temperature of the primary stellar
component as g, ;| = 3190 £ 100 K and the secondary component
as Tegr, 2 = 2990 £ 110 K. We adopt these temperature ratio derived
temperatures for the further analysis.

3.2.2 Metallicity

Accurate metallicities for M-dwarfs are difficult to measure from
optical spectra, since the molecular absorption features distort the
continuum significantly, and mask out the common metal lines.
We first use the ¢{TiO/CaH index to estimate the metallicity of
HATS551—-027. We measure the band indices for TiO5, CaH2, and
CaH3, according to the regions defined in Reid, Hawley & Gizis
(1995), to be 0.36, 0.39, and 0.68, respectively. We calculate a
series of ¢ values using relations between CaH2+CaH3 and the
[TiO5],, o index from calibrations in Lépine, Rich & Shara (2007),
Dhital et al. (2012), and Lépine et al. (2013), all yielding ¢ = 1.0, the
average abundance for disc stars. The derived metallicity estimate
for HATS551—-027 is [M/H] = 0.0 £ 0.2 using the calibrations and
uncertainties between ¢ and [M/H] from Mann et al. (2013). For a
consistency check, we also use the metallicity, / — K and V — K
colour relationships from Mann et al. (2013) to calculate a photo-
metric colour-derived metallicity of [M/H] = +0.1 £ 0.2, consistent
with the band indices result. However, we note that infrared spec-
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Table 8. HATS551—027 stellar parameters.

Parameter Value Source
RA (J2000 HH:MM:SS.SS) 05:44:57.92  2MASS

Dec. (J2000 DD:MM:SS.SS) —24:56:09.6 2MASS
Proper motion (mas yr’l RA Dec.) 229 —25  Salim & Gould (2003)
Proper motion error ellipse

(mas yr’l mas yr’1 Position angle) 55104  Salim & Gould (2003)
Photometric parameters

B (mag) 173+ 0.1  APASS

¢ (mag) 16.3  APASS

V (mag) 15.54 £ 0.05 APASS

¥ (mag) 15.0  APASS

i’ (mag) 13.221 £ 0.05 APASS

J (mag) 10.75 £ 0.02 2MASS

H (mag) 10.13 £0.02 2MASS

K (mag) 9.854+0.02 2MASS
Spectroscopic parameters

Tetr, 1 (K) 3190 £ 100  WiFeS

Tefr, 2 (K) 2990 £ 110 WiFeS

[M/H] 0.0+02 WiFeS

log L, 1/Lbol, 1 —4.154+0.03 PFS

log Ly, 2/Lvol, 2 —4.08 £0.05 PFS

troscopy will be necessary to provide a definitive measurement for
the metallicity of HATS551—-027.

3.2.3 Activity and H o emission

The low-resolution WiFeS spectrum of HATS551—-027 shows all
the Balmer lines, and the calcium H&K lines, in emission. The
strength of Ho emission is commonly interpreted as an indica-
tor for stellar activity, and potentially correlated to the inflated
radii of M-dwarfs (Lopez-Morales 2007; Stassun et al. 2012). We
use the PFS spectra to measure the equivalent width of the Ho
emission for both stellar components of the binary, fitting Gaussian
profiles to each feature. We calculate the equivalent width by as-
suming a polynomial fit to the continuum flux, scaled to the relative
light contribution from each stellar component (L,/L; = O.56f8:82;
Section 3.1). The measured equivalent widths are 2.8 + 0.2 A and
3.6 & 0.4 A for HATS551—027A and B, respectively. To calculate
the Ly, /Lpo ratio for each stellar component, we measure an Lg,
for each stellar component by integrating under the respective best-
fitting BT-Settl model spectra. The Ly, /Lp, ratio is calculated by
comparing the flux of the Gaussian fit to the Ha lines to the inte-
grated fluxes of the BT-Settl models. The largest error contribution
comes from the Lp, estimate, stemming from the uncertainty in the
atmospheric parameters. To estimate the uncertainty, we calculate
a series of Ly, /Lp, values for each component whilst adopting a
grid of spectral models, with Ter | from 3000 to 3200 K, and T, »
from 2900 to 3100 K. The standard deviation scatter in the resulting
Ly, /Lo is adopted as the uncertainty. The derived Ly, /Lg, are
—4.15 + 0.03 and —4.08 = 0.05 for the two stellar components.

The set of stellar photometric and spectroscopic parameters for
HATS551—027 are presented in Table 8.

4 DISCUSSION

Following CM Draconis and KOI-126, HATS551—027 is the third
well-characterized double-lined eclipsing binary with both compo-
nents in the fully convective regime. Fig. 8 shows the masses, radii,
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and temperatures of the HATS551—027 system with respect to other
well-characterized double-lined eclipsing binaries in the same mass
regime. Fig. 8 also compares the properties of HATS551—-027 to
isochrones from the Dartmouth (Dotter et al. 2008), Baraffe et al.
(1998), PARSEC models (Bressan et al. 2012; Chen et al. 2014),
and Yonsei—Yale (Y, Yi et al. 2001; Spada et al. 2013) models.

The radius and estimated temperatures of these binaries are
largely discrepant to the Dartmouth, Y'Y, and Baraffe et al. (1998)
models, but generally agree with the PARSEC model predictions
to ~lo. Compared to the Dartmouth 5 Gyr isochrones, the ob-
served radii for the HATS551—027 system are larger by 2.6 & 3.5
and 9.1 £ 4.8 per cent for components A and B, respectively; the
temperatures are cooler by 3.8 4+ 3.6 and 7.9 & 3.7 per cent, respec-
tively. The measured system properties are more consistent to the
PASCAR 5 Gyr isochrones, the observed radius of component A
is smaller than the models by 0.6 & 3.6 per cent, and component B
larger than the model by 4.2 £ 4.9 per cent, both consistent within
errors. The temperatures for both components are also consistent to
within errors, with A and B hotter than the models by 3.1 £ 5.0 and
2.6 + 5.6 percent, respectively. The uncertainties are derived via
a Monte Carlo exercise, drawing the observed sample from Gaus-
sian distributions based on the measurement errors in mass, radius,
and metallicity. For trials with subsolar metallicities, we interpo-
late between the [M/H] = —0.5 and 0.0 isochrones to derive the
model radius; for supersolar metallicites, we interpolate between
the [M/H] = 0.0 and +0.5 isochrones.

For tidally locked binaries, a shorter orbital period, and thereby
rotation period, may lead to more powerful internal dynamos. In
turn, the higher stellar activity may result in a greater discrepancy
between the observed properties of these binaries and their model
predictions. Fleming, Gioia & Maccacaro (1989) established a ro-
tation — X-ray activity correlation for main sequence single stars.
Lépez-Morales (2007) and Stassun et al. (2012) demonstrated a
correlation between X-ray activity and the radius, 7 discrepancy
of low-mass binaries.

HATS551—-027 has a significantly longer period (4.1 d) than
both CM Draconis and KOI-126 BC (<2 d). However, there ap-
pears to be no direct correlation between the model discrepancy and
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Figure 8. The measured masses, radii, and temperatures of the well-characterized double-line eclipsing binaries with respect to the model isochrones. Solar
metallicity, 5 Gyr models from Dartmouth (Dotter et al. 2008) are plotted in black, Yonsei—Yale (Yi et al. 2001; Spada et al. 2013) in magenta, PARSEC
(Bressan et al. 2012; Chen et al. 2014) in green, and Baraffe et al. (1998) in blue. Stellar properties for CM Draconis are taken from Morales et al. (2009),
KOI-126 BC from Carter et al. (2011), the radii of Kepler-16 B from Doyle et al. (2011) and dynamical masses from Bender et al. (2012), LSPM1112+7626
B from Irwin et al. (2011), and WTS 19g-4-02069 B from Nefs et al. (2013).

orbital period. In the HATS551—027 system, only HATS551—-027B
is significantly inflated. In the short period (1.3 d) CM Draconis bi-
nary, both stellar components are discrepant from the models in
radius and temperature (Torres & Ribas 2002; MacDonald & Mul-
lan 2012; Spada et al. 2013; Feiden & Chaboyer 2014). Compared
to the Dartmouth 5 Gyr isochrones, the radii of the CM Draconis
stars (adopting parameters from Morales et al. 2009) are inflated
by 5.5 & 1.0 and 6.1 £ 1.1 percent, and temperatures cooler by
8.0 & 2.3 and 7.6 &+ 2.3 percent for components A and B, re-
spectively. However, standard isochrone models can reproduce the
radii of the KOI-126 BC system very well (e.g. Feiden et al. 2011;
Spada & Demarque 2012), even though it is a similar close-in binary
system with period of 1.8 d. Compared to the Dartmouth models,
KOI-126 B is negligibly smaller by 0.2 £ 1.2 percent, and C is
negligibly larger by 0.5 & 1.3 per cent.

A lack of correlation remains when we also consider well-
characterized double-line eclipsing binaries with one low-mass
component. LSPM J1112+47626 (Irwin et al. 2011) has along period
of ~41 d, with both components of the binary significantly inflated
in radius by ~5 per cent, and cooler in temperature by ~10 per cent
compared to standard models. Kepler-16, another 41 d period un-
equal mass binary (Doyle et al. 2011) is also inflated in comparison

to models by ~7 per cent if we adopt the dynamical masses mea-
sured by Bender et al. (2012). This is consistent with the findings of
Feiden & Chaboyer (2012), which showed a lack of period correla-
tion for detached double-lined eclipsing binaries. Zhou et al. (2014)
also examined a larger sample of double-lined and single-lined bi-
naries in <0.3 M, regime, finding no correlations with period.
We also examine H e, as a direct activity indicator, for correla-
tions against the radius and T.g-model discrepancies. The stellar
components of HATS551—027 show H « emissions and spot mod-
ulation, signatures of significant stellar activity. Both components
of HATS551—-027 exhibit discrepancies in the 7. with respect
to the Dartmouth models. CM Draconis system is also known to
be active from it spot modulations (Morales et al. 2009) and X-
ray emission (Lépez-Morales 2007). Although we lack a directly
measured H « emission of CM Draconis, we can estimate the Ha
flux by converting the X-ray fluxes of CM Draconis reported by
Lépez-Morales (2007) to log Ly, /Lyoi using the empirical relation-
ship established for field M-dwarfs in Stassun et al. (2012). The
approximate H o fluxes are log Ly, /Lyo = —3.81“::% for CM Dra-
conis A, and —3.7"}% for B, similar to the Ha activity we mea-
sure for HATS551—-027. WTS 19g—4—-02069 (Nefs et al. 2013)
was also reported to exhibit strong Ha emission and 7.g-model
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Table 9. Ha emission strength
measured from WiFeS spectra.

Object log Liig / Lol
GJ191 <—4.69
GJ551 —4.13 £0.18
GJ699 <—4.63

HATS551-027A —4.15 £ 0.02
HATS551-027B  —4.03 + 0.05
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Figure 9. The Ha emission strength (log Lyy /Lvol) for the five VLMSs
(Table 9) are plotted with respect to their radius and temperature deviation
from the 5-Gyr solar metallicity Dartmouth isochrone. The measurements
for HATS551—027 are plotted in red, with the two stellar components
labelled. We also plot the empirical relationships derived by Stassun et al.
(2012, S12 in the plot labels) using M-dwarfs ( < 0.6 M o)) with H o emission
strength derived from X-ray fluxes for comparison.

discrepancy, but we could not estimate log Ly, /Lyo vValue from the
reports. One exception to this trend is LSPM J1112+47626B, which
has no reported H o emission (Irwin et al. 2011), but an estimated
temperature discrepant with the Dartmouth at ~6 per cent.

We also measure the log Ly, /Lvo for the single stars GJ 191,
GJ 551, and GJ 699 from the WiFeS spectra that we took for
spectral classifications (Section 3.2.1). GJ 551 exhibits a distinct
H o emission feature, but we can only provide 1o upper limits for
the H o strength of GJ 191 and GJ 699 (Table 9).

Fig. 9 plots the log Ly, /Lo values of HATS551—027 and the
single stars against the temperature and radius discrepancy of the
respective stars. For reference, we also plot the empirical corre-
lations found by Stassun et al. (2012). Whilst the small sample
size (3) prevents any meaningful statistical interpretation, we note
that the Teg—log Lyy/Lvo relationship appears to be consistent to
this analysis for the VLMSs. The two stars without apparent H o
emission, GJ 191 and GJ 699, have effective temperatures hot-
ter than the three stars with Ha emission features, GJ 551,
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HATS551—027A and B. This is potentially indicative that the M-
dwarfs with cooler photospheric temperatures have hotter chromo-
spheric temperatures.

Given the smaller model-observation discrepancy in radius, we
cannot confirm a radius—H ¢ activity relationship from this sam-
ple. More double-lined binaries with Ha or X-ray measurements
need to be made to confirm these relationships. In addition, Ho
activity cannot be the sole cause of the radius excess, given that
HATS551—027A and B exhibit similar H « activity, but only B ex-
hibits a radius excess to the isochrones. Irwin et al. (2011) also note
a lack of detectable H o emission features for LSPM J1112+7626,
despite the inflated radii for both components of the binary.

The HATS551—027 system is also unique as the only very low
mass M—M binary well positioned for Southern hemisphere facili-
ties. This should enable a host of follow-up opportunities to better
characterize the properties of this benchmark system.
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Additional Supporting Information may be found in the online ver-
sion of this article:

Table 2. HATS551—027 differential photometry.
(http://www.mnras.oxfordjournals.org/lookup/suppl/doi:10.1093/
mnras/stv1070/-/DC1).
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