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ABSTRACT

We report the discovery of four transiting F-M binary systems with companions be-
tween 0.1 — 0.2 M in mass by the HATSouth survey. These systems have been char-
acterised via a global analysis of the HATSouth discovery data, combined with high-
resolution radial velocities and accurate transit photometry observations. We deter-
mined the masses and radii of the component stars using a combination of two meth-
ods: isochrone fitting of spectroscopic primary star parameters, and equating spectro-
scopic primary star rotation velocity with spin-orbit synchronisation. These new very
low mass companions are HATS550-016B (0.11015-05% My, 0.14715-05% Ry,), HATS551-
019B (0.170:91 Mg, 0.1875-01 Re), HATS551-021B (0.1327:943 M, 0.15415-0% R),
HATS553-001B (0.2015:05 M, 0.227001 R). We examine our sample in the context
of the radius anomaly for fully-convective low mass stars. Combining our sample with
the 13 other well-studied very low mass stars, we find a tentative 5% systematic devi-
ation between the measured radii and theoretical isochrone models.

Key words: (stars: ) binaries: eclipsing—stars: low-mass, brown dwarfs—stars: indi-
vidual (HATS550-016, GSC 6465-00602, HATS551-019, GSC 6493-00290, HATS551-
021, GSC 6493-00315, HATS553-001, GSC 5946-00892)

1 INTRODUCTION

‘Very low mass stars’ (VLMS), with masses between
0.08 and 0.3 M, are the most dominant subset of the
stellar population (e.g. [Kroupd [2001). These stars are
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thought to have fully convective interiors and hydrogen
fusion in their cores, distinguishing them from higher
mass stars and brown dwarfs, respectively (see review by
Chabrier & Baraffe 2000). Mass and radius are two of the
most fundamental measurements for stars. Previous studies
have shown that the radii of sub-solar mass stars are under-
predicted by theoretical interior models at the 5 — 10% level
(e.g. [Torres & Ribas 2002; [Ribas 12006; (Torres et all [2010;
Feiden & Chaboyern 12012; [Spada et all [2013). The interior
structure of the fully convective VLMSs is different to that
of higher mass, partially radiative stars, and therefore war-
rants a more thorough, independent examination.

The vast majority of masses and radii come from dy-
namical measurements of binary systems. One explanation
for the radius anomaly is that these M-dwarf binaries are
spun-up by tidal interactions, the speed-up of the internal
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dynamo then leads to increased magnetic activities, sup-
pressing convection and increasing star-spot activity (e.g.

Blbaﬂ um Loépez-Morales & Blbaﬂ um Loépez- Mgraleé
2007; Morales et all [2010). [Chabrier et al! (2007) showed
that the general radius discrepancies for low mass stars can
be accounted for by allowing large spot coverages and varied
mixing length in the models. However, since the magnetic
field is thought to be generated differently in fully convec-
tive stars (e.g. [Chabrier & Kiiker M), the effect of this
spin-up on the VLMSs and the resulting spot coverage is
unclear. In addition, the effect of the mixing length param-
eter incorporated in stellar models for fully convective, near
adiabatic, stars is significantly less than that for higher mass
stars. Any explanation for the radius anomaly should also
not be restricted to binaries, since the radius inflation is also
observed for isolated M-dwarfs measured via interferometry

e.g. )|Bﬁrgﬁu¢t411,| 12006; Boyajian et all 2012; [Spada et all

It remains difficult to test stellar models for the VLMS
population, given that metallicities and precise (better than
10%) mass radius measurements are available for only 13
previous objects (see Section [43]). In contrast, we know the
masses and radii of ~ 40 exoplanets to better than 5% preci-
sion, which has led to more thorough examinations of planet
interior models (e.g. [Laughlin et al!l2011; [Swift et al![2019).
The radii of stand-alone, close-by M-dwarfs can be mea-
sured via interferometry (e.g.|Ségransan et al![2003), but the
masses must be inferred from empirical mass-luminosity re-
lationships. Dynamical masses of binaries can be obtained
via astrometric orbit measurements (e.g. [Simon et all[2013).
Double-lined M-M eclipsing binary systems provide accu-
rate, model-independent mass and radius measurements
(Metcalfe et all 1996; (Carter et all 2011; Doyle et all [2011;
[Trwin et all [2011; [Nefs et all lZQlﬂ)7 but these systems are
relatively rare. In addition, the accuracy of M-M binary de-
rived system parameters may suffer from M-dwarf activity
and unaccounted spot variability, and may not be as reliable
as previously thought (Feiden & Cha bgygﬂ M)

Photometric transit surveys have lead to a rapid ex-
pansion in the population of transiting exoplanets. VLMSs
have radii comparable to that of gas-giant planets, and are
often found as companions in binary systems to solar-type
stars. These F-M binaries exhibit similar transit signals as
hot-Jupiter systems, and can be easily identified by tran-
siting planet surveys. The population of well characterised
VLMSs can be greatly extended by including single lined F-
M binaries (e.g. [Pont et all 2005, [2006; Beatty et all 2007;
[Fernandez et alll2009; [Triand et all[2013).

There are a number of approaches towards measuring
the mass and radius of M-dwarf companions in single lined
F-M binary systems. The primary star properties can be
obtained by combining spectroscopic analysis with stellar
evolution models. The precision of the measured compan-
ion mass and radius are limited by the uncertainty in the
primary star properties. For orbital companions of substan-
tial mass, the rotation of the primary star is quickly syn-
chronised with the companion orbital period. Fundamen-
tal system parameters derived from transit light curves,
combined with rotational velocities measured from spectra,
can yield relatively model-independent masses and radii for

both components of a binary system (e.g.Beatty et alll2007;
[Fernandez et alll2009).

In this study, we present the discovery of four single-
lined stellar systems with 0.1-0.2 My VLMS companions.
These low mass eclipsing binaries were identified by the
HATSouth survey M) The discovery and
follow-up observations are detailed in Section [2l Analysis of
the individual systems, including spectral classifications of
the primary star, global modelling of the light curves and
radial velocity data, and descriptions of the methods used
to derive the mass and radius of the companions, can be
found in Section [Bl Section M discusses these new discoveries
in the context of existing VLMS systems, and examines the
mass-radius anomaly in the VLMS regime.

2 OBSERVATIONS
2.1 HATSouth photometric detection

The transiting VLMS systems were identified from photo-
metric observations by the HATSouth global network. HAT-
South consists of six telescope units spread over three sites,
Siding Spring Observatory (SSO) in Australia, Las Cam-
panas Observatory (LCO) in Chile, and the HESS site in
Namibia, providing continuous monitoring of 128 deg? fields
in the Southern sky ) Each unit consists
of four 0.18 m {/2.8 Takahasi astrographs and Apogee Alta-
U16M D9 4k x 4k front illuminated CCD cameras, with 9 um
pixels, and plate scale of 3.7” pixel ~*. The four telescopes are
offset by 4°, allowing four adjacent 4° x 4° fields to be simul-
taneously monitored. The observations are made at 4 minute
cadence in the r’ band. Each field is monitored for ~ 2
months by a unit at each HATSouth station. Aperture pho-
tometry is performed on the reduced frames, and detrended
using External Parameter Decorrelation (EPD,
M) and Trend Filtering Algorithm (TFA,
). Objects exhibiting periodic transit signals are iden-
tified using the Box-fitting Least Squares technique (BLS,
[Kovécs et all[2009).

The HATSouth discovery light curves for the systems
presented in this study are shown in Figure [IJ and are
summarised in Table [l Details of our planetary candidate
selection, vetting, and confirmation process can be found

in the recent HATSouth publications -
Mohler-Fischer et al! 2013 Mwﬂbﬁlﬂ

2.2 Identification of stellar mass binaries by ANU
2.3 m/WiFeS

Spectroscopic follow-up of HATSouth candidates start with
reconnaissance spectroscopic observations, at high signal-to-
noise (S/N) and low—medium resolution, to determine pre-
liminary primary star properties and to search for high am-
plitude radial velocity variations (> 2kms™'). These ob-
servations allow efficient identification of non-planetary sys-
tems, such as F-M binaries, by providing an initial mass
estimate for the primary star and any secondary companion
found. The reconnaissance observations are summarised in
Table

Initial spectroscopic observations of the targets were ob-
tained using the Wide Fleld Spectrograph (WiFeS) on the
ANU 2.3m telescope lZQQ_ﬂ) located at Siding
Spring Observatory (SSO), Australia.
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Table 1. Summary of photometric observations

Facility Date(s) Filter =~ Number of images  Cadence (s)
HATS550-016
HATSouth 2009/09/28-2010/12/20 ' 8726 240
FTS / Merope 2012/11/17 7’ 160 60
MPG/ESO 2.2m / GROND  2012/12/08 g,i 2 187 145
MPG/ESO 2.2m / GROND  2012/12/08 r’ 185 145
HATS551-019
HATSouth 2009/09/09-2010/04/29 ' 5274 240
PEST 2012/12/23 R 168 120
HATS551-021
HATSouth 2009/09/09-2010/04/29 ' 5274 240
HATS553-001
HATSouth 2009/09/17-2010/09/10  r’ 10703 240
PEST 2012/12/22 R 92 120
Table 2. Summary of spectroscopic observations
Facility Date Resolution Wavelength Number of
Range Coverage (A)  Observations
HATS550-016
ANU 2.3m / WiFeS 2012/05/11-2012/08,/07 3000 3500-6000 2
ANU 2.3m / WiFeS 2012/08/04-2012/10/31 7000 5200-7000 16
Euler 1.2m / Coralie 2012/08/25-2012/11/11 60000 3850-6900 7
ANU 2.3m / Echelle 2012/12/04-2012/12/06 24000 4200-6725 7
HATS551-019
Euler 1.2m / Coralie 2010/10/28-2011/02/18 60000 3850-6900 3
ANU 2.3m / WiFeS 2010/11/26-2011/04/19 7000 5200-7000 4
ANU 2.3m / Echelle 2013/03/23-2013/04/01 24000 4200-6725 7
HATS551-021
Euler 1.2m / Coralie 2010/10/28-2011/02/18 60000 3850-6900 3
ANU 2.3m / WiFeS 2010/11/26-2011/09/17 7000 5200-7000 3
MPG/ESO 2.2m / FEROS 2011/09/09-2011/09/10 48000 3500-9200 2
ANU 2.3m / WiFeS 2011/09/17 3000 3500-6000 1
ANU 2.3 m / Echelle 2013/03/23-2013/04/01 24000 4200-6725 7
HATS553-001
ANU 2.3m / WiFeS 2012/05/08 3000 3500-6000 1
ANU 2.3m / WiFeS 2012/05/09-2012/05/09 7000 5200-7000 2
ANU 2.3m / Echelle 2013/03/23-2013/04/01 24000 4200-6725 7

3

First, a low resolution (R = A/AX = 3000) spectrum
covering the wavelength region 3500-6000 A was used to ob-
tain an initial stellar classification of the target star. The flux
calibrated spectrum was fitted to a grid of synthetic spectra
from |Gustafsson et all (2008). Details of the low resolution
spectral reduction and analysis, including fitting of the stel-
lar properties, are given in [Bayliss et all (2013). These stel-
lar parameters are later refined using high resolution spectra
(see Section BT]).

Subsequent medium resolution, multi-epoch radial ve-
locity observations were performed with WiFeS at R =
7000, observed at phase quadratures of the photometric
ephemeris, where the potential velocity variation is greatest.
In the case of stellar binaries, the radial velocity variations
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are often apparent with two well-time exposures. Combined
with the WiFeS stellar parameters, the WiFeS radial veloc-
ity orbit provides an initial mass estimate of the companions
and affect their prioritisation for further follow-up studies.
The WiFeS velocities were not included in the final system
analysis, since fewer, lower resolution observations do not
contribute greatly to improving the precision of the mea-
sured radial velocity orbit.

2.3 High resolution spectroscopic follow-up

Radial velocity measurements derived from high resolution
spectroscopic observations were obtained for the VLMS sys-
tems using the Echelle spectrograph on the ANU 2.3 m tele-
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Figure 1. HATSouth discovery light curves of the four VLMS systems, including close-ups of the transit event. The best fit models from

Section are plotted in red.

scope at SSO; the fibre-fed echelle spectrograph CORALIE
on the Swiss Leonard Euler 1.2-m telescope

2000) at La Silla Observatory (LSO), Chile, and the fibre-
fed echelle spectrograph FEROS on the MPG/ESO 2.2m
telescope dl@u_fﬁL&;Ha‘sgmnj ll_&%) at LSO. The observa-
tions are summarised in Table 2l Descriptions of the data
reduction and analysis for CORALIE and FEROS can be
found in <|2Q13, Jordén et al. in prep). This is
the first time we have used the ANU 2.3 m Echelle to mon-

itor HATSouth targets, a description of these observations
are presented below.

2.8.1 ANU 2.3m / Echelle

High resolution spectra of the systems were obtained using
the Echelle spectrograph on the ANU 2.3 m telescope. The
echelle was configured to a 1”8 wide slit, delivering a resolu-
tion of R = 24000, velocity dispersion of 4.0kms™! pixel ™!,
in the spectral range 42006725 A, over 20 echelle orders.

© 2002 RAS, MNRAS 000, [I-7?



Transiting very low mass stars from HATSouth 5

The detector is a 2K x 2K CCD with gain of 2e~ ADU™!
and read noise of 2.3 ADU pixel ™!, and binned 2x in the
spatial direction. A number of instrument limitations pre-
vent us from achieving better than 500 ms™! velocity preci-
sion. For example, the instrument is mounted on the Nas-
myth focus, not in a temperature stabilised environment; the
low efficiency of the spectrograph limits the study to only
bright stars (< 13.5 Vinag). The data was reduced with the
IRAFEpackage CCDPROC, and extracted using ECHELLE.
A rapidly rotating B star spectrum is divided through each
observation to remove the blaze function. A low order spline
interpolation is then used to continuum normalise each spec-
trum. The wavelength solution was provided by Th-Ar arc
lamp exposures that bracketed each science exposure.
Radial velocity measurements were obtained by cross
correlating the object spectra against a series of radial ve-
locity standard star spectra taken on the same night. The
radial velocities derived from selected echelle orders not
severely contaminated by telluric absorption features were
sigma clipped and weight averaged according to their re-
spective CCF heights and S/Ns. Typically 15 echelle orders
were used in the cross correlations. A velocity and the as-
sociated uncertainty was determined for each order, from
which the weighted average and standard deviation were
calculated and adopted as the measured velocity. For stable
HATSouth candidates with Vinag =~ 13, the long-term root-
mean-squared (RMS) velocity scatter of the instrument is
~ 1.0kms™!. Stellar parameters were also derived from the
Echelle spectra, the process is described in detail in Sec-

tion [3.11

2.4 Photometric follow-up

Follow-up photometric confirmations for the transit events
of HATS550-016B, HATS551-019B, and HATS553-001B
were made using the Merope camera on the 2m Faulkes
Telescope South (FTS) located at SSO, the Gamma-Ray
Burst Optical/Near-Infrared Detector (GROND) on the
MPG/ESO 2.2m telescope at LSO, and the 0.30m Perth
Exoplanet Survey Telescope (PEST) located in Perth, Aus-
tralia. The observations are listed in Table [T} with the light
curves plotted in Figures 2 [3]

2.4.1 FTS 2m / Merope

A near-full transit for HATS550-016B was observed on 2012
November 17 using the Merope imaging camera on the 2m
Faulkes Telescope South, part of the Las Cumbres Global
Telescope (LCOGT) Network. Merope is a 2K x 2K camera
with 0.139” pixel ™! pixels, binned at 2 x 2, and a FoV of
4.7 x 4.7°. The observation was performed in the SDSS i’
band, with 60s exposure time, and the telescope slightly de-
focused to reduce pixel-pixel and imperfect flat field system-
atic effects and to prevent saturation. The data was reduced
by the automated LCOGT pipeline.

1 IRAF is distributed by the National Optical Astronomy Obser-
vatories, which are operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.

© 2002 RAS, MNRAS 000, [[}-7?

Aperture photometry was performed on the reduced im-
ages with Source Extractor (Bertin & Arnouts|1996). Stellar
flux was extracted over multiple diameter apertures, refer-
ence stars are selected based on their brightness, colour, and
lack of blended neighbours.

2.4.2 MPG/ESO 2.2m / GROND

A full transit for HATS550-016B was also observed on
2012 December 08 using GROND on the 2.2m MPG/ESO
telescope at LSO. GROND provides simultaneous multi-
band photometry in four optical bands similar to Sloan
g, r', i, and 2. It has a field of view of 5.4’ x 5.4° with
0.158” pixel ™! pixels. Exposure times for the HATS550-016
observations were 100s. Details of the GROND observing
strategy and data reduction procedure can be found in
Penev et all (2013); IMohler-Fischer et all (2013).

2.4.3 PEST

A full transit of HATS553-001 and a partial transit of
HATS551-019 were observed using PEST on 2012 December
22 and 2012 December 23 respectively. PEST is a fully au-
tomated 0.30 m Meade LX200 Schmidt Cassegrain telescope
located at latitude —31°59’34”, longitude 115° 47 53”E.
The telescope is coupled with a focal reducer to yield a focal
ratio of f/5. The detector is a SBIG ST-8XME CCD cam-
era with gain of 2.27e~ ADU™! and read noise of 19.9¢e~,
with image scale of 1.2” pixel !, and a FoV of 31’ x 21", Im-
ages were taken in the Rc band, with the telescope in focus,
exposure times are provided in Table [Il Typical conditions
yield stellar point-spread-functions with FWHM of ~ 3 pix-
els. Flat field frames are taken in twilight whenever possible.
Dark frames of equal exposure length to the object frames
are drawn from a library of master dark frames, renewed
every month.

Image reduction and aperture photometry were per-
formed using the C-Munipack program. Relative photom-
etry is performed, with the reference light curve made from
the weighted average of high S/N field star light curves.

3 ANALYSIS
3.1 Fundamental stellar atmospheric parameters

The fundamental primary star properties, including effec-
tive temperature (Teg), surface gravity (logg), metallicity
([Fe/H]), and projected rotational velocity (vsinirot), were
derived by fitting synthetic model spectra to the averaged
ANU 2.3m / Echelle observations. We generated a syn-
thetic spectral library with the ATLAS9 model atmospheres
(Castelli & Kurucg12004), using the spectral synthesis pro-
gram SPECTRUMA (Gray & Corbally [1994). The spectra
have resolutions of R = 24000, matching that of the Echelle
instrument, and were generated at the ATLAS9 T.g, logg,
and [Fe/H] grid points, using the default isotopic line lists
provided with SPECTRUM, then broadened to multiple ro-
tational velocities spaced 5kms~! apart. Model microturbu-
lences are fixed at 2kms™!, given that the range of possible

2 http://wwwl.appstate.edu/dept/physics/spectrum/spectrum.html
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microturbulence values for the Tex and log g tested varies
only by ~ 0.5kms™" (Husser et all [2013). The individual
echelle orders of the observed spectrum were matched to
a restricted grid, centred about the rough stellar parame-
ter estimates from the WiFeS spectrum. Using exposures of
standard stars, we found echelle orders that gave the most
reliable stellar parameters for a target of a given spectral
type. The fitting results from these selected orders were
weight averaged according to their RMS scatter from the
fit. The log g was subsequently constrained from theoretical
isochrones (see Section [3.2)) via global light curve and radial
velocity modelling. We then performed the grid search again,
at a finer v sin iro; grid of 1 kms™! spacings, with log g fixed,
to obtain the final stellar parameters. The primary star pa-
rameters are presented in Table [Bl

To investigate the errors in our spectral typing pipeline,
we observed seven reference stars from [Valenti & Fischer
(2005), and four known planet hosting stars of similar spec-
tral type and brightness to our candidates (WASP-61, 62,
78, 79 Hellier et all [2012; [Smalley et all 2012). These ob-
servations were used to determine the echelle orders that
yielded the most reliable spectral types. Reference stars
with vsini > 10kms™' were also analysed at the finer
1kms™! vsinirot grid spacing. We are not sensitive to
vsini < 10kms™! rotational velocities, where we become
limited by the instrument resolution. The RMS difference
between our measured stellar parameters and literature val-
ues are 113K in Tegr, 0.19 dex in log g, 0.12 dex in [Fe/H], and
4.4kms™ ' in vsinip. After correcting for an empirical off-
set in each parameter, we get errors of 88 K in Teg, 0.13 dex
in log g, 0.09 dex in [Fe/H], and 0.7 km s~ ! in vsiniyot. The
offsets have been incorporated in the stellar parameters pre-
sented here.

Macroturbulence and microturbulence are free param-
eters in 1D stellar atmosphere models that contribute to
the overall broadening of the spectral features. We inves-
tigate the degeneracy between these parameters and the
measured stellar rotational broadening. The spectrum of
HATS550-016 was fitted to synthetic spectral grids gener-
ated at macro and microturbulences from 0 to 5kms™?,
producing a mean variation of 0.8kms™! in the resulting
vsiniye measurement, smaller than our quoted measure-
ment errors. Since the rotational broadening parameter for
all host stars studied are much larger than the broaden-
ing from macro and microturbulence, we conclude minimal
systematic uncertainty contributions from these parameters.
In addition, we checked for the dependency of the measured
vsiniyet to the synthetic spectral resolution, and found a
variation of 0.6kms™! over a change in resolution of 1000.
Since the resolution is measured from the ThAr arc lamp
spectra, we expect no significant contribution from uncer-
tainties in the resolution to the vsiniyos Systematic uncer-
tainties.

3.2 Global modelling of data

To derive the system properties, we performed simulta-
neous modelling of the HATSouth discovery photometry,
follow-up photometry where available, and radial velocity
measurements. The light curves were modelled using the
Nelson & Davis (1972) model for eclipsing binaries, allow-
ing for ellipsoidal phase variations, as implemented in the

JKTEBOP code (Popper & Etzel [1981; [Southworth et all
2004). The Keplerian orbit was used to model the radial
velocity measurements.

The free parameters in the global fit include the orbital
period P, transit time 7o, radius ratio R2/R1, normalised
radius sum Rsum = (R1 + R2)/a, radial velocity orbit semi-
amplitude K, eccentricity parameters e cos w and e sin w, and
inclination 4. Quadratic limb darkening coefficients for the
primary star were fixed to values from |Claret (2000). We
assume uniform priors for all the free parameters. In the
cases where the proposed iteration in inclination is i > 90°,
we adopt the 180° — i geometry to avoid the discontinu-
ous boundary. To account for the non-zero flux contribution
from the M-dwarf companion, we also obtained an approxi-
mate surface brightness estimate for the companion using a
5 Gyr [Baraffe et all (1998) isochrone. However, the flux con-
tribution from the M-dwarf is < 0.1% in the R band and is
negligible. Ellipsoidal variations are included in the model
by including the mass ratio parameter ¢, using masses deter-
mined per iteration from isochrone fitting (see SectionB3.3.]).
The best fitting parameters and the surrounding error space
were explored by the emcee (Foreman-Mackey et all[2013)
implementation of an Markov chain Monte Carlo (MCMC)
ensemble sampler, with the individual measurement errors
for all datasets (discovery, follow-up photometry, radial ve-
locity) inflated such that the reduced x? is at unity.

Instrumental offsets were derived for each instrument
separately. In addition, the HATSouth discovery light curves
can be diluted in eclipse depth if they are treated by the
TFA detrending algorithm. In the cases where well sam-
pled follow-up photometry is available (HATS550-016 and
HATS553-001), we fitted for a dilution factor for the HAT-
South light curves, using the follow-up light curve as ref-
erence. Where follow-up photometry of the full transit is
not available (HATS551-019 and HATS551-021), simultane-
ous TFA corrections were performed on the HATSouth light
curve using the transit model for each MCMC iteration (see
Section 6, Kovdcs et all[2005).

3.3 Determination of mass and radius

We derive the mass and radius of the primary and secondary
stars at each iteration via 1) determination of the primary
star properties from stellar isochrones using measured spec-
troscopic and light curve parameters, 2) assuming spin-orbit
synchronisation for the system, and derive mass and ra-
dius from the spectroscopic vsinirot measurement, and 3)
a combined analysis that includes isochrone fitting and the
assumption of spin-orbit synchronisation. Each analysis em-
ploys a separate MCMC routine that explores their respec-
tive posteriors.

3.3.1 Isochrone fitting

Sozzetti et all (2007) showed that the normalised orbital dis-
tance a/R1, derived from the global fit, can be combined
with model isochrones to refine the stellar atmosphere pa-
rameters. a/R; is related to the mean stellar density by

M,  4r? <a>3 Mo

®-ar\r) R )
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Table 3. Primary star properties
Property HATS550-016 HATS551-019 HATS551-021 HATS553-001
GSC* 6465-00602 6493-00290 6493-00315 5946-00892
RA® (J2000 HH:MM:SS.SS) 04:48:23.32 05:40:46.16 05:42:49.12 06:16:00.66
DEC? (J2000 DD:MM:SS.SS) -24:50:16.88 -24:55:35.16 -25:59:47.49 -21:15:23.82
Photometric Properties
ve 13.605 + 0.041  12.058 £ 0.006  13.114 £0.008  13.189 4 0.021
Bc 14.052 + 0.020 12.497  13.5804+0.012 13.694 £ 0.014
g'c 13.782 4+ 0.032 12.198 13.308 13.408
r'c 13.499 + 0.031 11.953 13.044 13.102
i’c 13.438 11.922 £0.038 12.985 £ 0.077 13.988
Jb 12.640 +0.021  11.146 £0.021  12.150 £0.021  12.245 4+ 0.021
HY 12.379 +0.025 10.943 £0.024 11.956 £0.020 12.023 4+ 0.025
Kb 12.308 +0.021  10.914 £0.021 11.873 £0.023 11.970 4+ 0.024
Derived Spectroscopic Properties
Ter (K) 6420 4 90 6380 + 170 6670 £+ 220 6230 £ 250
[Fe/H] —0.60 £ 0.06 —-0.4+0.1 —-0.4+0.1 —0.1+0.2
vsiniror (kms™1) 30.0+1.7 17.14+2.0 16.4+10.6 222+1.8
®Hubble guide star catalogue
b9MASS
©APASS Data Release 7, uncertainties are quoted where available as the scatter from multiple observations.
Although the second term is usually insignificant and of- be calculated from purely observable quantities using;:
ten discarded in the case of transiting planets, it cannot
be ignored for stellar mass companions (Triaud et alll2013). p 2
Therefore, for each iteration of the minimisation and MCMC M, = — <i> (vsiniror)” (2)
routines, we used initial estimates of M; and R; to derive G \ 1
M from the radial velocity orbit, then used the My esti- % [(G/Rl)v Sin yot — K1 — 62]
mate and the fitted a/R1, and spectroscopically determined sin® dorp
Teq and [Fe/H] to derive new theoretical M; and R: values P a \? [K(vsinie)?vI— e
by isochrone fitting. Finally, the new primary mass and ra- My = m (R_> [ 3 ] (3)
dius were used to derive a refined Ms estimate. The Yonsei- . ,1 S torb
Yale isochrones (Yi et alll2001) provide the theoretical stel- R = P % (4)
27 SiN iorb

lar masses and radii. To incorporate the uncertainties in the
spectroscopic stellar parameters into the error analysis, Teg
and [Fe/H] were drawn from Gaussian distributions in the
MCMC routine. This method also gives us a more precise
estimate for log g of the primary star. This log g value was
incorporated into the spectral classifications process (Sec-
tion B]) to better constrain the Teg, [Fe/H], and v sin irot
estimates.

3.3.2  Spin-orbit synchronisation

For stellar mass binaries at short periods, spin-orbit synchro-
nisation via tidal interactions is expected to occur within
~ 100 Myr (Zahn [1977; [Hut [1981). If we assume spin-orbit
synchronisation for these systems, and that the stellar spin-
axis is near-perpendicular to our line-of-sight (iorb = #rot),
then it is also possible to derive model-independent esti-
mates of the stellar masses and radii (e.g. [Beatty et all
2007). The masses and radii of components A and B can

© 2002 RAS, MNRAS 000, [[}-7?

Ro= Ry (ﬁ—f) . )

We caution that spin-orbit synchronisation and the
alignment of the stellar spin-axis should not be automati-
cally assumed. Although rapid synchronisation is expected
for binary systems, some previous F-M binaries have been
measured to be asynchronous (e.g. [Pont et all 2005, [2006;
Triaud et alll2013). In addition, whilst the alignment of the
stellar spin and companion orbital axes is also often pre-
dicted from formation and tidal interactions, (and by ex-
tension of the transit geometry the stellar spin-axis should
also be perpendicular to our line-of-sight) spin-orbit mis-
aligned stellar binaries have been identified (DI Her, KOI-
368, |Albrecht et all[2009; [Zhou & Huang 12013). It is there-
fore necessary to compare the stellar parameter results from
synchronisation against that of isochrone fitting before this
method can be adopted.

For each iteration of the global minimisation and
MCMC routine, we also calculated the primary and compan-
ion masses and radii assuming synchronisation. The adopted
vsiniyot value was given by the spectroscopic analysis, and
was drawn from a Gaussian distribution in the MCMC error
analysis.
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3.8.3 Combined mass-radius estimate

We also perform a combined analysis, where the mass and
radius are calculated using isochrone fitting as described
in Section B3Il The expected vsinirot is then derived us-
ing the period and radius, and compared to the measured
v sin iyot. We calculate an additional X2 term,

9 _ (27TR1 sin iorp /P — vsinimt>2 7 ()

X sin irot Avsin t
ro

which is added to the x? from the light curve and radial
velocity data. Due to the transit geometry, we approximate
Sin%orb &~ 1 in the calculation. The MCMC minimisation is
re-run for this combined analysis.

The probability distributions for the mass and radius,
measured using the above techniques, are plotted in Fig-
ure[6l We find that the 20 confidence regions derived using
isochrone and synchronisation overlap for all the systems.
This indicates that the assumption of spin-orbit synchroni-
sation, required for the combined analysis (Section [B.33)), is
valid for all systems. The system parameters from the com-
bined analysis is adopted for discussion here onwards. The
stellar and system parameters are presented in Table

We also tested the sensitivity of the final results against
various assumptions in the methods outlined above. These
tests were performed on the HATS550-016 dataset. The
limb darkening coefficients were set free and allowed to vary
within 0.2 of the values from |Claretl (2000). The resulting
system parameters did not deviate from those presented in
Table @ with no significant increase in the uncertainties.
To test the dependence of the results on the Yonsei-Yale
isochrones, we performed the analysis in Section [3.3.T] using
the Dartmouth isochrones (Dotter et al! |2008), but found
no deviation in the results. To test the effectiveness of re-
constructive TFA (Kovdcs et alll2005) at recovering the true
transit shape, we analysed the HATS550-016 system using
only the HATSouth discovery data by excluding the follow-
up photometry observations, and found no significant devia-
tion in the results, however the uncertainties were increased
by a factor of ~ 2 — 3. We caution that correlated noise,
present in the follow-up light curve, were unaccounted for in
the analysis, and may lead to under-estimated uncertainties.

4 DISCUSSION

We have presented the discovery of four transiting VLMSs,
with masses ranging from 0.1 to 0.2 M. Their properties
are discussed briefly below.

4.1 HATS550-016B

HATS550-016B is the lowest mass star within our sam-
ple, and is the second lowest mass star known with mass
and radius determined to better than 10% (after J1219-
39b; [Triaud et all 2013). It has a mass and radius of
0.11075:05% Mg and 0.1471503 Ry, and orbits a relatively
metal deficient ([Fe/H] = —0.60 £ 0.06) F type star of age
573 Gyr in a period of 2.05181115909002 days. The radius of
HATS550-016B is inflated by 13% compared tolBaraffe et all
(1998) models, assuming it has the same metallicity as the
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Figure 2. Top: HATS550-016 radial velocities and the Keple-
rian orbit fit. ANU 2.3m Echelle data are plotted as squares,
Coralie data as triangles. Bottom: Follow-up transit light curves
and model fit.

© 2002 RAS, MNRAS 000, [I-7?



Transiting very low mass stars from HATSouth

Table 4. Properties of the HATSouth Transiting VLMS systems

Parameter HATS550-016 HATS5

51-019 HATS551-021 HATS553-001

Fitted parameters

P(days)  205181170000002  4GaesITON00?  sesesTtO0000 3804057000001
Tp (HID)  2455104.28670- 061 2455474.17970-001  2455087.42675-002  2455093.563 15 60
R 0.196+0 001 0.149%) 000 0.131+0 08 0.158%0 02
Ro/ Ry 0.1205 5 00! 0.107%0 002 012070 ) 0.136%) 007
i (°) 90"} 8571 90"} 83.4702
ecosw —0.001 13593 —0.00319:502 0.00319-502 0.00015-06%
esinw 0.087552 0.047065 0.067553 0.0370-02
K (kms~1) 17.775-4 18.475°8 16.370-2 20.975°3
Derived parameters

log g 4.257063 4.01%5.02 4.30%5.0 4.13%502
Age (Gyr) 57:? Gfg 4131 31@
My (Mo) 0.97% 008 1.10%0:09 10 1275
Ri1 (Ro) 1227 05 1.70%0:00 1207003 1581003
My (Mo) 0.110% "00¢ 0.1750°01 0.132% 005 0.20%%.0,
Rz (Ro) 0.147%0563 0.18755; 0154760 0.22455)

primary star. It is the only star in this sample that is inflated
with respect to the isochrones.

4.2 HATS551-019B

HATS551-019B is a 0.1770 01 Mo , 0.1870 01 Ro VLMS with
a 4.6868170 00007 day period orbit a 675 Gyr F subgiant,
with sub-solar metallicity of [Fe/H] = —0.4 & 0.1. Since the
follow-up photometry of HATS551-019 covers only the egress
event, the HATSouth discovery light curves, detrended using
simultaneous TFA, are also used to constrain the R2/R:
ratio. The radius of HATS551-019B agrees with theoretical
predictions to within errors.

4.3 HATS551-021B

HATS551-021B is a 0.13270 002 Mo, 0.15470 008 Re VLMS
in a 3.6363710 00002 day period orbit about an F dwarf with
metallicity of [Fe/H] = —0.4 &+ 0.1. The age of the primary
star is ill defined from isochrone fitting (473 Gyr). We find
no chromospheric Ca HK emission, nor excess Li absorption,
indicating that the system is likely > 1 Gyr in age. No follow-
up photometry is available for HATS551-021, so the R2/R1
ratio is constrained purely from HATSouth discovery light
curves. The radius of HATS551-021B matches theoretical
isochrones very well.

4.4 HATS553-001B

HATS553-001B is a VLMS with mass of 0.20%55) Mg, and
radius of 0.227:8:8% R, orbiting a ng Gyr F type star of near
solar metallicity ([Fe/H] = —0.140.2) in a 3.8040570 00001
day period orbit. The radius of HATS553-001B matches the
isochrones to within errors.

© 2002 RAS, MNRAS 000, [[}-7?
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4.5 Mass—radius relationship

The masses and radii of the VLMS companions presented in
this paper, as well as that of known well-studied VLMSs (Ta-
ble[d)) are plotted in Figure[ll Of the VLMSs reported in this
study, we find only HATS550-016B to be inflated compared
to theoretical isochrones, HATS551-019B, HATS551-021B,
and HATS553-001B agree with the isochrone mass-radius
relations to within measurement uncertainties.

We tested for any general radius deviation between the
observed VLMS population and the isochrones. The the-
oretical radii are taken from the 5 Gyr isochrones from
Baraffe et al! (1998), interpolated between [M/H] = —0.5
and 0.0, and linearly extrapolated beyond when necessary,
to account for the metallicity dependency. For each object,
we sample the isochrones via a Monte Carlo analysis, draw-
ing mass and metallicity values from Gaussian distributions
about the measured values and their associated uncertain-
ties, and derive a predicted model radius and uncertainty.
For this discussion on the radius deviation between model
and measurements, we adopted the radius uncertainty as the
quadrature addition of the uncertainties in the measurement
and model sampling.

We also note that the difference between the
Baraffe et al! (1998) and the Dartmouth isochrones
(Dotter et al!l2008) is minor compared to the deviation from
observations (see green isochrone lines in Figure [7)), hence
the following calculations were performed relative to the
Baraffe et all (1998) isochrones only. In addition, we also ex-
plored isochrones of younger ages and shorter mixing length
using the |Baraffe et al! (1998) isochrones, neither factors
have obvious effects at this mass range.

The x? of the observed population is compared to
(Model A) the isochrones without modification and (Model
B) with isochrone radii inflated by 1.05. If the x? is cal-
culated with the measurement uncertainties taken at face
value, the Bayesean Information Criterion (BIC) between
the two models is 50 (x?/dof = 7 and 3, for Models A
and B respectively), tentatively favouring an inflation of ra-
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Figure 6. The 1 and 20 confidence regions for the masses and radii of the VLMS systems presented in this study. We plot individual
confidence regions derived from the isochrone fit (blue), assuming spin-orbit synchronisation (red), and the combined analysis (gray).
The confidence regions from the combined analysis is adopted. The corresponding crosses mark the peak of the probability distributions.

dius from the isochrones. The F-test for the variance ratio
of the fit to the two models gives a p-value of 0.08, sug-
gesting a very tentative preference towards Model B. Both
BIC and the F-test account for the greater complexity of
Model B over A. A number of studies (Windmiller et all
2010; Morales et al! [2010; [Feiden & Chaboyer 2012) have
commented that the presence of spots can impose radii un-
certainties on the order of 2% in these measurements. After
imposing a minimum radius uncertainty of 2% on the same
population, we find BIC = 21 (x?/dof = 3 and 2, for Mod-
els A and B respectively) and F-test p-value of 0.11. The
F-test result, after inflating the uncertainties, suggests no
real preference between Models A and B. In addition, 5%
systematic deviation between measurements and model is
significantly smaller than the ~ 10% stated by earlier stud-
ies (e.g. Ribag [2006), and agrees with more recent studies
of higher mass double-lined M-dwarf binaries, using newer
isochrone sets (e.g. [Kraus et al) 2011 [Feiden & Chaboyer
2012; ISpada et all(2013).

The RMS scatter of observed — theoretical stellar ra-
dius difference (3%) is slightly larger than the mean ob-
servational uncertainties (5%). Whilst this is likely due to
the under-estimated observational uncertainties, it may also
point towards secondary factors, beyond mass and metallic-
ity, that affect the radii of VLMSs. Figure [8 plots the radius
discrepancy against mass, orbital period, and incident flux
from the primary star. For each factor, the Pearson correla-
tion coefficient r is calculated, weighted by the measurement
uncertainties, with the radius uncertainties of M-M binaries
increased to 2%. We find no significant correlation with any
of these parameters.

In particular, activity induced inflation of the stellar
radius should be correlated with shorter period if faster
rotation gives rise to more powerful internal dynamos
(Lépez-Moraled 2007). This is not observed in the low mass
population. However, it is not obvious that we expect such
period-activity-radius dependencies, since the dynamos in
fully convective stars may operate differently to solar type

© 2002 RAS, MNRAS 000, [I-7?
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Figure 7. Mass-radius diagram of the VLMSs. New VLMSs presented in this paper are plotted in red and labelled, known F,G-M
eclipsing binaries are plotted as cyan squares, M-M eclipsing binaries as magenta circles, and single stars measured by interferometry
as blue crosses (Table [B)). Isochrone lines from [Baraffe et all (1998) at 1.0 Gyr solar (black dashed), 5.0 Gyr solar (black solid), 5.0 Gyr
[M/H] = —0.5 (black dotted), and from [Dotter et all (2008) at 5.0 Gyr solar (green solid), 5.0 Gyr [M/H] = —0.5 (green dotted) are
marked. The corresponding 1 and 5 Gyr isochrones for brown dwarfs from ) are plotted in black, but not used in
further analysis.

stars thahnﬁr_&_mmﬂ [ZLKLG) In addition, the paucity of

well studied VLMS binaries in >10 day periods prevent us
from drawing strong conclusions regarding the period-radius
dependency. We also note the minimal dependency between
incident flux and radius deviation. The influence of irradi-
ation and disequilibrium chemistry on exoplanets has been
contemplated (e.g.[Knutson et al![2010), similar mechanisms
that alter the top-level opacity of VLMSs may be possible,
but clearly are not significant. In addition, whilst external
influences are often considered when discussing the radius
discrepancy of binary systems, we note that field M-dwarfs
measured via interferometry have shown an equivalent ra-

dius discrepancy to the models (e.g. [Berger et all 12006;
Boyajian et all m; Spada et all M), and that there is
no necessary expectation for radius, period, and incident
flux to be correlated.

Metallicity has previously been suggested as a

cause in the radius discrepancy (e.g. [Berger et all 2006;
[Burrows et all [ZQLI]) Figure [§] also plots the radius devia-
tion to the solar metallicity isochrone. We find no correlation
between the measured metallicity and the radius deviation.
The lack of dependancy on metallicity for VLMSs agrees
with the analysis by |Spada et all M), who suggests that
metallicity is only weakly correlated with radius, but more
strongly affects luminosity and effective temperature.

© 2002 RAS, MNRAS 000, [[}-7?
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fit.

2000 v T T T T T T3
15000
10000

5000

RV (ms™ 1)

—5000

—10000

—15000

(=)
LU B B L N L L B |

—20000

4000
2000

-C (ms™ 1)

& —2000 -
—4000

Figure 4. HATS551-021 radial velocities and the Keplerian orbit
fit. ANU 2.3m Echelle data are plotted as squares, Coralie data
as triangles, FEROS data as circles.

© 2002 RAS, MNRAS 000, [I-7?



Transiting very low mass stars from HATSouth 13

25000
20000
15000
10000

5000

RV (ms™ 1)

—5000
—10000
—15000

—20000

—25000

4000 T T T T T T T T T T T T T T T T T T ]
2000 - { -

—2000 - ;|; —
74000- " " " 1 " " " 1 " " " 1 " " " 1 " ]

0O-C (ms™!
o
1
o
e
]

mn—

1.01
PEST R, 1

Flux

Figure 5. Top: HATS553-001 radial velocities and the Keplerian
orbit fit. ANU 2.3 m Echelle data are plotted as squares. Bottom:
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Table 5. Properties of known VLMSs®

Object Mass (Mg) Radius (Rg) Method [Fe/H] Period (days) Torr (K) Companion Reference
Tesr (K)
F,G-M Binaries®
HAT-TR-205-013B 0.124 £0.01 0.167 £0.006  SB1, synchronisation? 0.0£0.5 2.23 6295 + 200  Beatty et al. (2007)
J1219-39B 0.0914+0.002  0.117475-5071 SB1, isochrone®  —0.209 + 0.072 6.76 5400 £90  Triaud et al. (2013)
KIC 15715118 0.1413670-99°F  0.1783170501% SB1, isochrone 0.37 £ 0.08 14.02 4090 £ 60 6195 +£50  Ofir et al. (2012)
T-Lyr0-08070B 0.240 £ 0.019 0.265 £ 0.010 SB1, synchronisation —0.5¢ 1.18 6250 + 140  Fernandez et al. (2009)
T-Lyr1-01662B 0.198 + 0.012 0.238 £+ 0.007 SB1, synchronisation —0.5¢ 4.23 6200 =30 Fernandez et al. (2009)
K,M-M Binaries
CM Dra A 0.2130 £ 0.0009  0.2534 £ 0.0019 sB2/f —0.3+0.12 1.27 3130 £ 70 3120 £ 70  Morales et al. (2009)
Terrien et al. (2012)
CM Dra B 0.2141 £ 0.0010  0.2396 £ 0.0015 SB2 —0.3+0.12 1.27 3120 £ 70 3130 £ 70  Morales et al. (2009)
Terrien et al. (2012)
Kepler-16B 0.2025510-05086  0.2262310-9005%  SB1, photodynamical —-0.3£0.2 41.08 4450 £150 Doyle et al. (2011)
KOI-126B 0.2413 £0.003  0.2543 = 0.0014 SB1, photodynamical 0.154+0.08 1.77 5875 4100  Carter et al. (2011)
(About KOI-126C) (KOI-126A)
33.92
(About KOI-126A)
KOI-126C 0.2127 £0.0026  0.2318 £0.0013 SB1, photodynamical 0.15+0.08 1.77 5875+ 100  Carter et al. (2011)
(About KOI-126B) (KOI-126A)
33.92
(About KOI-126A)
Single Stars
GJ 191 0.281 £ 0.014 0.291 £ 0.025 Interferometry —0.99 +£0.04 3570 £ 160 Ségransan et al. (2003)
Woolf & Wallerstein (2005)
GJ 551 0.123 £ 0.006 0.141 4 0.007 Interferometry 0.21 4 0.03" 3098 £ 56 Ségransan et al. (2003)
Valenti & Fischer (2005)
Demory et al. (2009)
GJ 699 0.146 £ 0.015  0.1867 = 0.0012 Interferometry —0.39 £0.17 3224 £ 10 Boyajian et al. (2012)

Rojas-Ayala et al. (2012)

“With 0.08 < M < 0.3 M, mass and radius measured to better than 10% precision, and valid [Fe/H] measurements
b Assume primary star [Fe/H]

©¢SB1, isochrone: Single lined stellar binary, parameters derived from isochrone fitting

4SB1, synchronisation: Single lined stellar binary, parameters derived from assuming spin-orbit synchronisation
¢[Fe/H] adopted from Table 13 of [Fernandez et al! (2009), by finding the best matching results between the isochrone and synchronisation techniques. We assume an error of 0.5 dex
(grid size) in our analysis of BIC and F-test.
fSB2: Double lined eclipsing binary, parameters determined dynamically.
95B1, photodynmical: Global analysis of single-lined radial velocity data and light curve transit timing variations for multi-body systems.
h Adopting [Fe/H] of a Centauri A, see|Johnson & Apps (2009).
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APPENDIX A: LIGHT CURVE AND RADIAL
VELOCITY DATA

Tables [ATHAZ present the discovery and follow-up light
curve data for the objects presented in this study. Tables
[ABHAS] present the associated radial velocity data.

Table A1l. Differential Photometry for HATS550-016

BJD-2400000 Flux AFlux Instrument  Filter
55103.463354  0.98794  0.01025 HS r’
55103.479516  1.00249  0.01028 HS r’
55103.485975  1.02298  0.00973 HS r’
55104.721430  0.99144  0.00734 HS r’
55130.407508  0.99268  0.00848 HS r’

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.

Table A2. Differential Photometry for HATS551-019

BJD-2400000 Flux AFlux Instrument  Filter
55083.758920  1.00276  0.00311 HS r’
55083.762160  1.00041  0.00305 HS r’
55083.765520  1.00270  0.00303 HS r’
55083.768730  0.99539  0.00298 HS r’
55083.772100  1.00267  0.00296 HS r’

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.

Table A3. Differential Photometry for HATS551-021

BJD-2400000 Flux AFlux Instrument  Filter
55083.758920  0.97941  0.00566 HS r’
55083.762160  0.99282  0.00577 HS r’
55083.765520  0.97866  0.00572 HS r’
55083.768730  0.98086  0.00569 HS r’
55083.772100  0.98239  0.00583 HS r’

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.

Table A4. Differential Photometry for HATS553-001

BJD-2400000 Flux AFlux Instrument  Filter
55091.519969  0.98637  0.00568 HS r’
55091.523285  0.99027  0.00533 HS r’
55091.526738  0.99589  0.00528 HS r’
55091.530049  0.99446  0.00522 HS r’
55091.533508  0.98695  0.00512 HS r’

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.

Table A5. Radial velocities for HATS550-016

BJD-2400000 RV (kms~!) ARV (kms~') Instrument
56164.877923  21.49 0.08 CORALIE
56237.817487  5.81 0.08 CORALIE
56238.819306  16.33 0.08 CORALIE
56239.850619  6.69 0.08 CORALIE
56241.679708  -3.25 0.08 CORALIE

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.
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Table A6. Radial velocities for HATS551-019

Transiting very low mass stars from HATSouth 17

BJD-2400000 RV (kms~!) ARV (kms~1!) Instrument
55497.745634  10.14 0.04 CORALIE
55608.701137  33.44 0.04 CORALIE
55610.699243  -0.51 0.05 CORALIE
56374.907520  -7.46 0.61 ANU2.3M/ECHELLE
56375.887520  4.32 0.56

ANU2.3M/ECHELLE

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.

Table AT.

Radial velocities for HATS551-021

BJD-2400000 RV (kms~!) ARV (kms~!) Instrument
55497.766487  28.16 0.06 CORALIE
55608.553710  -1.30 0.07 CORALIE
55610.627251  26.18 0.06 CORALIE
55813.836900  28.69 0.28 FEROS
55814.854700  8.32 0.25 FEROS

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.

Table A8. Radial velocities for HATS553-001

BJD-2400000 RV (kms~!) ARV (kms™!) Instrument
56374.955480  26.75 0.80 ANU2.3M/ECHELLE
56375.925980  -3.30 0.71 ANU2.3M/ECHELLE
56377.923100  25.50 0.74 ANU2.3M/ECHELLE
56378.918650  23.46 0.73 ANU2.3M/ECHELLE
56380.938390  -2.56 1.24

ANU2.3M/ECHELLE

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.
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