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ABSTRACT

We are using precise radial velocities from CORALIE together with precision photometry from the Next Generation Transit
Survey (NGTS) to follow up stars with single-transit events detected with the Transiting Exoplanet Survey Satellite (TESS). As
part of this survey we identified a single transit on the star TIC-320687387, a bright (T = 11.6) G-dwarf observed by TESS in
Sector 13 and 27. From subsequent monitoring of TIC-320687387 with CORALIE, NGTS, and Lesedi we determined that the
companion, TIC-320687387 B, is a very low-mass star with a mass of 96.2+)0 Mj and radius of 1.1420-02 Ry placing it close
to the hydrogen burning limit (~ 80 Mj). TIC-320687387 B has a wide and eccentric orbit, with a period of 29.77381 days and
an eccentricity of 0.366 + 0.003. Eclipsing systems such as TIC-320687387 AB allow us to test stellar evolution models for
low-mass stars, which in turn are needed to calculate accurate masses and radii for exoplanets orbiting single low-mass stars.
The wide orbit of TIC-320687387 B makes it particularly valuable as its evolution can be assumed to be free from perturbations

caused by tidal interactions with its G-type host star.

Key words: binaries: eclipsing

1 INTRODUCTION around M-dwarfs is a key goal of the TESS mission (Ricker et al.
2015) as well as ground-based surveys such as MEarth (Nutzman &
Charbonneau 2008) and SPECULOQOS (Sebastian et al. 2021). TESS
has already found 49 planets with M-dwarf host stars. !

As with all transiting exoplanets, however, the planetary mass and
radius can only be measured with respect to the properties of the
host star. It is a concern, therefore, that observations of eclipsing
M-dwarfs often reveal them to be cooler and larger than predicted

The small size and low luminosity of late M-dwarfs make them ideal
targets to detect temperate terrestrial planets, such as those found in
the TRAPPIST-1 system (Gillon et al. 2016, 2017). Planet occurrence
rates for M-dwarf hosts from Kepler also appear to be higher than
for FGK hosts (e.g. Hsu et al. 2020), and finding transiting planets
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by stellar models (e.g. Lubin et al. 2017; Parsons et al. 2018, and
references therin). In order to accurately characterise the population
of temperate exoplanets, it is therefore imperative that we understand
these low mass stars as completely as possible.

The tension between measured M-dwarf physical properties and
models appears to span the spectral type with no obvious deviations
around the transition from partially to fully convective stars (Parsons
et al. 2018). Modification of stellar convection by magnetic fields is
often invoked to explain these discrepancies (e.g. Chabrier et al. 2007;
Feiden & Chaboyer 2013a), with large starspot fractions leading to
cooler measured temperatures and radius inflation compensating for
the lower flux from the photosphere. There have also been suggestions
that the level of radius inflation is related to metallicity (e.g. Leggett
et al. 2000; Berger et al. 2006; Lopez-Morales 2007).

Much of the evidence for oversized M-dwarfs comes from eclips-
ing binary systems, where masses and radii can be measured pre-
cisely. These low-mass eclipsing binaries (EBLMs) have been found
in large numbers with ground-based transit surveys such as WASP
(Pollacco et al. 2006; Triaud et al. 2017; Gill et al. 2019). However,
due to transit geometry, the known population of EBLMs is strongly
weighted to short-period close binaries, where strong tidal inter-
actions can maintain rapid rotation leading to enhanced magnetic
activity (e.g. Kraus et al. 2011). This makes it difficult to separate
single-star evolution from tidal effects experienced only in close bi-
naries.

One way to find longer-period wider-separation EBLMs that are
free of tidal interactions is to exploit single-transit events detected
with the TESS mission. We have begun a programme of photometric
and spectroscopic follow-up of TESS single transit events, finding a
mixture of long-period exoplanets (e.g. Gill et al. 2020c) and low-
mass stellar companions (e.g. Gill et al. 2020a,b; Lendl et al. 2020;
Grieves et al. 2021).

In this paper, we present the orbital solution of the TESS single-
transit candidate TIC-320687387 AB, which we have found to be a
G2+M7 binary on a 30-day orbit. In Sect. 2, we describe the identifi-
cation of the single-transit event as part of our warm Jupiter program,
and we detail the observations required to measure the orbital solu-
tion. In Sect. 3 we describe our modelling of the TIC-320687387 AB
system, while in Sect. 4 we discuss our results and the implications
for radius inflation in late-type M-dwarfs.

2 OBSERVATIONS

2.1 TESS single-transit detection

We searched our own TESS full-frame lightcurves for single-transit
events as described in (Gill et al. 2020a,b,c). TIC-320687387 was
observed with Camera 2 during Sectors 13 (2019-Jun-19 to 2019-Jul-
18) and 27 (2020-Jul-04 to 2020-Jul-30). We identified a single transit
eventin our search of TESS Sector 13 data at JD 2458678.70408. TIC-
320687387 AisaT = 11.6 G-dwarf, and we list its stellar parameters
in Table 1. The transit depth was 11 ppt and is clearly significant
compared with the out-of-transit lightcurve scatter of r.m.s = 0.1 ppt
(see Figure 1). We carefully inspected calibrated TESS full-frame
images for signs of asteroids, spacecraft jitter, stray light variations,
or background eclipsing binaries. We found no evidence to suggest
the event was anything other than a real astrophysical single-transit.

TESS photometry of TIC-320687387 AB was also processed by the
Science Processing Operations Center (SPOC; Jenkins et al. 2016)
and made publicly available on the Mikulski Archive for Space Tele-
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Table 1. Photometric colours, stellar atmospheric parameters, and physical
properties of TIC-320687387 A.

Parameter value Source

Gaia eDR3 Source ID 6641131183310690432 1

RA 19"51'18.41" 1
Dec -55°32'47" 1
pmRA [mas yr~!] 31.827 + 0.060 1
pmDec [mas yr~1] —35.648 +£0.048 1
Parallax [mas] 2.9720 + 0.0351 1
Distance [pc] 336.5+4.0 1
Magnitudes

GAIA G 12.0148 + 0.0002 1
GAIA BP 12.3383 +0.0012 1
GAIA RP 11.5246 + 0.0009 1
TESS [T] 11.591 + 0.006 2
APASS9 [B] 13.012 £ 0.398 3
APASS9 [V] 12.238 £ 0.028 3
2MASS [J] 10.955 £ 0.022 4
2MASS [H] 10.681 + 0.026 4
2MASS [Ks] 10.624 £ 0.019 4
Spectroscopic parameters

Terr (K) 5780 + 80 5
log g (dex) 4.4+0.1 5
& (kms™!) 1.15+£0.18° 5
Vinae (kms™!) 3.97 £0.73° 5
Vsini (kms™!) 2.5+0.8 5
[Fe/H] (dex) 0.30 +0.08 5
Host parameters

My [Mo] 1.080 + 0.034 5
RA [Ro] 1.158 £0.016 5
Age [Gyr] 5+3 5

I Gaia Collaboration et al. (2018), 2 Stassun et al. (2018),
3 Henden et al. (2015), 4 Skrutskie et al. (2006),
3 this work, ® uncertainties from Doyle (2015).

scopes (MAST)2. Measurements of Sector 13 was made at 30-minute
cadence and sector 27 at 2-minute cadence. We downloaded the TESS
SPOC HLSP data (Caldwell et al. 2020) from MAST which included
Simple Aperture Photometry (SAP) extracted from the pipeline-
derived photometric aperture (Twicken et al. 2010; Morris et al.
2017) along with the Presearch Data Conditioning SAP (PDCSAP)
light curve, which has been corrected for systematic trends shared by
other stars on the detector (co-trending basis vectors). This product
is significantly cleaner than its SAP counterpart and corrected for
dilution so we present the analysis of the PDCSAP lightcurve in this
work (Figure 1).

2.2 Spectroscopic follow up with CORALIE

We made high-precision radial-velocity measurements of TIC-
320687387 AB using CORALIE — a fiber-fed échelle spectrograph
installed on the 1.2-m Leonard Euler telescope at the ESO La Silla
Observatory (Queloz et al. 2001). A total of 8 spectra were obtained
between 2021 April 19 and 2021 July 20, each with an exposure time
of 2400s. The spectra were reduced using the standard CORALIE

2 https://mast.stsci.edu/
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Table 2. Radial velocity observations of TIC-320687387 AB and their asso-

ciated errors from CORALIE.
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Figure 1. TESS SPOC lightcurves for sector 13 (30-minute cadence; upper
panel) with the single transit event marked (red) along with sector 27 (2-
minute cadence; middle panel). A closer look at the single-transit event in
sector 13 is shown in the lower panel.

reduction pipeline, and radial velocity measurements derived from
cross-correlation with a numerical G2 mask. These observations
are summarised in Table 2 and plotted in Figure 5 showing the
best-fitting orbital solution. These data have a high radial velocity
semi-amplitude consistent with a low-mass stellar companion on an
eccentric orbit. We inspected potential dependencies between radial
velocities and bisector spans and found little evidence of correlation.
The radial velocity variations measured by CORALIE and the ini-
tial TESS transit were sufficient to determine the approximate orbital
period of TIC-320687387 AB.

2.3 Transit photometry with NGTS

We also carried out photometric monitoring of TIC-320687387 AB
from the night of 2021 May 8 using a single telescope of the Next
generation Transit Survey (NGTS; Wheatley et al. 2018), which
is located at the ESO Paranal Observatory in Chile. Each NGTS
telescope has a field-of-view of 8 square degrees, providing suffi-
cient reference stars for even the brightest TESS candidates. The
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Figure 2. The NGTS reference image with the 3.5-pixel aperture plotted
(red line) around TIC-320687387 AB (red cross) along with nearby stars
from Gaia eDR3 (blue circles) with corresponding Gaia IDs and Gaia G
magnitudes.

telescopes have apertures of 20 cm and observe with a custom filter
between 520-890 nm. We observed TIC-320687387 AB with 10-s ex-
posures when the airmass was below 2.5. Data were reduced on-site
the following day using standard aperture photometry routines. We
used the template matching algorithm described in Gill et al. (2020a)
to automatically search newly obtained NGTS photometric observa-
tions for transit events. In total, 121,738 photometric measurements
of TIC-320687387 AB were made over 121 nights.

We detected two transit events on TIC-320687387 AB with NGTS.
The first was an ingress event on the night of 2021 August 26 with
a significance of Alog £ = 1244, shown in the second panel of
Figure 5. The second transit event was on 2021 September 24 with
Alog L = 3355, shown in the third panel of Figure 5. This event
constrains the transit width and impact parameter resulting in a more
precise stellar density that otherwise possible with TESS alone. There
are 2 faint sources that reside within the Gaia aperture (see Figure
2). Both sources together contribute 0.192% of the total flux in the
aperture and cannot be the source of the transit events.

2.4 Transit photometry with Lesedi

On 2021 October 24 we also managed to observe a fourth transit event
using Lesedi, a new 1-m telescope, at the South African Astronom-
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ical Observatory (SAAO). We obtained 1145 consecutive 8 second
V band images with the Sutherland High-speed Optical Camera,
SHOC (Coppejans et al. 2013), a frame-transfer CCD camera with a
5.72x5.72 arcminutes field of view (plate scale of 0.335 arcsec/pix),
for a total observation time of 9160 seconds (2.54 hours). Conditions
during the observation were clear, with seeing improving from 2 to
1.5 arcseconds, and ~ 50% humidity. The images were bias and flat-
field corrected using the local pyTHON-based SHOC pipeline, which
utilises IRAF photometry tasks (PYRAF). We performed aperture pho-
tometry on the target and two comparison stars using the Starlink
package autopHOTOM. A 4 pixel radius aperture was selected to
maximise the signal-to-noise. The comparison stars were combined
to perform differential photometry on the target. The resulting light
curve is presented in Figure 5.

3 ANALYSIS
3.1 Stellar atmospheric and physical parameters

We corrected each CORALIE spectrum into the laboratory refer-
ence frame using radial velocities from Table 2 and co-added them
onto a common wavelength scale to create a high quality spectrum
with S/N ~ 35. As described by Gill et al. (2020c), a grid of pre-
computed model spectra were synthesised with the software package
sPECTRUM (Gray 1999) using MARCS model atmospheres (Gustafs-
son et al. 2008), version 5 of the GAIA ESO survey (GES) atomic
line list and solar abundances from Asplund et al. (2009). Values
of macroturbulence (viac) and microturbulence (&;) were calculated
using equations 5.10 and 3.1 respectively from Doyle (2015). Given
these models, we used the He, Nal D, and Mgl b lines to determine
the stellar effective temperature, Teg, and surface gravity, log g. In-
dividual Fel and Fell lines provided a measurement of metallicity,
[Fe/H], and the rotational broadening projected into the line of sight,
V sini.

We used the method described in Gill et al. (2020a) to determine
the mass, radius, and age of TIC-320687387 A. This method uses
Gaia magnitudes and parallax (Gaia Collaboration et al. 2018) along
with Teg and [Fe/H] from the spectroscopic analysis to determine the
best-fitting stellar parameters with respect to MESA models (Dotter
2016; Choi et al. 2016). We found TIC-320687387 A to be a main-
sequence G-type star. Our results are in good agreement with physical
parameters predicted in version 8 of the TESS input catalogue and
the results of our analysis are shown in Figure 3 and presented in
Table 1.

3.2 Orbital geometry and transit properties

We modelled all photometric and radial velocity datasets simulta-
neously. As part of the SPOC pipeline, the PDCSAP lightcurve has
been corrected for assuming a contamination ratio of 3.668% (cal-
culated from version 8 of the TESS input catalogue; Stassun et al.
2018). From initial modeling we found this to be an under-correction
and so we fit an additional dilution term, I3 7ggs, to the PDCSAP
lightcurve. This is in line with other works (e.g. Burt et al. 2020) and
suggests additional light from other sources contaminates the SPOC
aperture. We found the 2 background stars in the NGTS aperture
contribute a negligible amount of third light and do not correct the
NGTS transit depths.

We used the binary star model described by Gill et al. (2020a)
to calculate models of radial velocity and transit photometry. This
utilises the analytical transit model for the power-2 limb-darkening

MNRAS 000, 1-9 (2015)

law presented by Maxted & Gill (2019). We fit decorrelated limb-
darkening parameters h| & hy (from Eqn. 1 & 2 of Maxted 2018)
with Gaussian priors centred on values interpolated from Table 2 of
Maxted (2018) using stellar atmospheric parameters from Table 1
and widths of 0.003 and 0.046 respectively. The subtle differences
between TESS, NGTS, and Lesedi’s V-band transmission filters are
such that we fitted independent values of 4 and hy for each pho-
tometric dataset. The orbital period and eccentricity yield a light
travel time on the order of 1-2 minutes which is significant for the
cadence of NGTS and Lesedi observations; our model accounts for
light travel time delays which causes the transits to appear early. Pre-
liminary modelling yielded consistent transit depths across different
colours and so we decide to fit a common value of k = Rg/RA.
The luminosity ratio between the host and transiting companion are
such that we do not expect to see a secondary eclipse or significant
dilution of the primary eclipse in our datasets (see Section 4.6).

Our model vector included the transit epoch (7p), the orbital pe-
riod (P), the scaled orbital separation (Rp/a), the ratio of radii
(k = R/Rp), the impact parameter (b), /3 7Ess, independent values
of the photometric zero-point (zp), h1 and h, for each photometric
dataset, the radial-velocity semi-amplitude (Ka), and the system-
atic radial velocity of the primary star (Vp). We avoid fitting the
strongly correlated eccentricity (e¢) and the argument of the perias-
tron (w) and instead used f. = Ve cosw and f; = +/esinw since
these are less correlated and have more uniform prior probability
distributions. CORALIE radial velocity errors are occasionally un-
derestimated in-part due to spot activity, pulsations, and granulation
which can introduce noise in to the radial velocity measurements
(Ford 2006). To mitigate this, we include a jitter term, J, which is
added in quadrature with CORALIE radial velocity errors. We fit a
similar term for each photometric data set, o, which was also added
in quadrature to photometric uncertainties.

The Bayesian sampler EMcEE (Foreman-Mackey et al. 2013) was
used to explore parameter space and determine the best-fitting model
for the TIC-320687387 AB system. We drew 100,000 steps from
46 Markov chains and discarded the first 50,000 steps as part of
the burn-in phase. After visually confirming each chain had con-
verged, we selected the trial step with the highest log-likelihood was
chosen as our measurement for each fitted parameter. Asymmetric
uncertainties were calculated from the difference between each mea-
sured parameter and the 16t and 84th percentiles of their cumulative
posterior probability distributions.

For each valid trial step we calculate the transit width using Eqn.
3 from Seager & Mallén-Ornelas (2003). We draw random values of
My and Rp from a normal distribution centred on measured values
from Table 1 with width equal to their respective uncertainties. These
were combined with trial values of P, e, and K to make a closed-
form solution of the cubic polynomial required to solve the mass
function,

M o3 PK3
My sind” _ (_ 23 A )
(Ma + Mg) 2nG

for My. The mass ratio, ¢ = Mg /M, can then be used with Rp /a,
fs,and f, to estimate the stellar density using Eqns. 1 & 2 from Van
Eylen & Albrecht (2015) along with surface gravity of the transiting
companion using Eqn. 4 from Southworth et al. (2007). Trial values
of Rp and k were combined to calculate Rg. The measured values
from our joint analysis are summarised in Table 3 and Figure 5 along
with derived parameters shown in Table 4.
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Table 3. Orbital solution of the TIC-320687387 AB system. Asymmetric
errors are reported in brackets and correspond to the difference between the
median and the 16’" (lower value) and 84" (upper value) percentile.

Parameter value

Fitted parameters

To [JD] 2459452.8240582;
Period [d] 29.7738182
Ra/a 0.0289§}§§
Rp/Ra 0.1012(13)
(176)
b 0.639(115)
hy_7E5S 0.78738’;;
by 7ESS 0.4405828
hy NGTS 0.7638@
6
hy NGTS 0.4580853
B Lesed 0.7044(3,)
36.
hy Lesedi 0.46812363
ZPTESS 1.0001382%
IPNGTS 0.999902}%
ZPLesedi 0.9997681)
52
I3, 7Ess 0.110(%)
OTESS 0.000145?;%
24
ONGTS 0.0004722 D
O Lesedi 0.00441 ¢
Kx [kms™'] 5.983%;
% 0.563 o
A 0.220 (j)
Vo [kms™'] -52.576!13)
J [kms™!] 0 0162;;)

Flux [ppt]

G P =22.66 d
1

40 60
Period [d]

Phase

Figure 4. Upper panel - Lomb-scargle diagram for the out of transit NGTS
photometery (black) with peaks marking harmonics (grey vertical lines).
The peak of the Lomb-scargle periodogram (22.53-day period) is marked
with a black arrow. Lower panel - phased and binned NGTS photometry
on the 22.53-day period with best fitting sinusoid (red) indicating a 0.4 ppt
modulation likely caused by star spots and stellar rotation.
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Table 4. Derived and physical properties of the TIC-320687387 AB system.
Asymmetric errors are reported in brackets and correspond to the difference
between the median and the 16" (lower value) and g4th (upper value)
percentile.

Parameter value
width [hr] 5.87+0-38
pa [pol 1-73’—'3123
log gp [dex] 5.20+0-05
Mg [Mo) 0.0900%}?%}3
Mg [ Mj] 96.2+)Y
Rg [Ro] 0.1 171i3-'8°§;‘
Ry [Ry] 1.141(6’:89 ‘
e 0.366i§}(;0§
w[°] 685,

a periastron [au] 0.118+0-006
a apastron [au] 0.255i§5§?§

3.3 Star spot modulation

Independent measurements of the rotation period came from NGTS
photometry which show a subtle brightening/dimming effect as star
spots come in and go from the facing hemisphere of TIC-320687387
A. The longevity of spots is a limiting factor for measuring the
rotational period and we assume that the average spot lifetime exceeds
the rotation period of TIC-320687387 A. A Lomb-Scargle analysis
of the out-of-transit NGTS photometry for TIC-320687387 reveals
a significant (sde > 8) peak at 22.53 days (Figure 4) corresponding
to 0.4 ppt variation equivalent to a rigid body rotational velocity of
~2.6kms™ !,

4 DISCUSSION
4.1 The TIC-320687387 AB system

Spectral analysis reveals that TIC-320687387 A is richer in metals
than the Sun and has spectral type G2V. Gravity-sensitive Mg III and
Na Il lines appear appear consistent with a star on the main sequence.
The transiting companion is a low mass star with an estimated spectral
type M7 based on mass and radius measurements. It is expected to be
fully convective and we assume any magnetic field will be sustained
with a mechanism like the a/z—dynamo (Chabrier & Kiiker 2006). The
M-dwarf is close to the best-fitting isochrone (Figure 5) compared
to similarly measured objects but we do find a marginally significant
inflation (1.8-07). In the following sections we discuss interesting
aspects of the TIC-320687387 AB system.

4.2 Possible inflation of the M-dwarf companion

In Figure 6 we show the mass and radius of TIC-320687387 B
amongst recently measured eclipsing brown dwarfs and late M-
dwarfs. TIC-320687387 B is relatively close to stellar models but
its measured inflation is marginally significant (1.8-0). We assume a
coeval formation of the TIC-320687387 AB system around 5 + 3 Gyr
ago. The mass of TIC-320687387 B is where 2-8 Gyr stellar models
show little difference in predicted radii and so age has little bearing
on measured inflation.

The measured inflation may be statistical but there is a possibility
it is indeed real. Measuring the radius of TIC-320687387 B is de-
pendent on stellar models used to measure the physical properties of
TIC-320687387 A. These in-turn depend on critical input values of a

MNRAS 000, 1-9 (2015)
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Figure 5. Orbital solution for TIC-320687387 AB. Transit photomety (black)
is shown TESS (upper panel), NGTS (upper middle panels), and Lesedi (low
middle panel) with best fitting models (red). For NGTS and Lesedi, we
show the 5-minute binned light curve. lower middle panel - CORALIE radial
velocity measurements (black) with best-fitting model (red); Lower panel —
fit residuals.

mixing length parameter and helium enhancement. Gill et al. (2019)
used five EBLM systems to measure an additional 3-5 % uncertainty
in the mass of the host star when accounting for uncertainties in
mixing length parameter and helium enhancement. The sample used
by Gill et al. (2019) consisted of hotter F-type stars and were com-
pared to models from the GarsTEC stellar evolution code (Weiss &
Schlattl 2008). Nevertheless a 3.7 % increase in mass would mean
TIC-320687387 B was consistent with stellar models.

In contrast to the mass and radius, the surface gravity of TIC-

320687387 B is determined entirely from fitted parameters. We find
(5)
(6) ) ) )
of 5.29 dex from the 5 Gyr isochrone. This result provides evidence

the value log gg = 5.20, . dex is slightly below the expected value
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An inset axis highlights TIC-320687387 B with respect to the best fitting
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for modest inflation independent of models for TIC-320687387 A,
although we note that these values are still consistent within 2-o.
We are confident that TIC-320687387 B does not exhibit an en-
hanced dynamo due to tidal interaction, but it may still be signif-
icantly spotted. The luminosity ratio between the two components
(~ 107%) is such that we are unable to detect photometric mod-
ulation from TIC-320687387 B but it may have a non-negligible
spot coverage which could account for the small measured inflation
(Lépez-Morales & Ribas 2005; Feiden & Chaboyer 2013b).

4.3 The hydrogen burning limit

Brown dwarfs are sub-stellar objects residing between giant planets
(~ 13 Mj) and low-mass main-sequence stars (~ 80 Mj), with the
upper boundary defined by the mass required for stable thermonu-
clear fusion of hydrogen. During their first few million years, both M
dwarfs and brown dwarfs produce energy by fusing deuterium, with
their cores contracting and heating up. Fusion of hydrogen via the
proton-proton chain requires a sufficiently high pressure that brown
dwarfs never reach due in-part to their core density providing a suffi-
cient restoring force with electron degeneracy pressure. Ultimately,
M-dwarfs go on to fuse hydrogen for billions of years (Baraffe et al.
1998) compared to brown dwarfs that exhaust their comparatively
sparse deuterium supply in a few million years before cooling and
shrinking (Spiegel et al. 2011).

The exact transition between brown dwarfs and M dwarfs depends
on a number of initial formation conditions including the size of the
initial protostar, metal and deuterium abundances, stellar opacity, and
the convective efficiency of the outer layers (Chabrier & Baraffe 1997;
Baraffe et al. 2002). The generally adopted boundary is ~ 80 Mj (e.g.
Marcy & Butler 2000; Grether & Lineweaver 2006) which is a median
between an array of model predictions spanning 73.3 - 96.4 Mj (see
Dieterich et al. 2018, and references therein). TIC-320687387 B is
near the top of this range (96.2 + 0.2 Mj) suggesting that it could
reside within the brown dwarf transition. However, its consistency
with the 5 Gyr isochrone suggests it is indeed stellar in nature.
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4.4 Orbital dynamics

The great advantage of systems like TIC-320687387 AB is that their
wide separations result in little tidal interaction between components.
M-dwarfs characterised in these systems are therefore more akin
to isolated field M-dwarfs and can be more robustly compared to
stellar models. The significant eccentricity of the TIC-320687387
AB system results in an orbital separation of 0.255 au at apastron and
0.118 au at periastron. For long period binaries like TIC-320687387
AB, we expect tidal circularisation to be exceptionally weak when
accounting for the binary mass ratio, g. Work by Claret & Cunha
(1997) determined a semi-empirical calibration joining the physical
parameters of the binary system with critical circularisation and
synchronisation timescales for those with convective and radiative
envelopes (see their Eqns 15-18). These relations suggest 7. is
many times greater than the age of the TIC-320687387 AB system
and has played a negligible role in any orbital evolution. Additionally,
it is possible for a tertiary companion to excite the eccentricity to
larger values despite a low primordial eccentricity (Mazeh & Shaham
1979). We find no evidence of a stellar tertiary companion in either
the photometric (transit timing variations) or spectroscopic (radial
velocity residuals) datasets and find this scenario unlikely for the
TIC-320687387 AB system. It is possible that efficiency of tidal
circularisation may have been larger during the pre-main-sequence
phase when the host star would have been much larger (Zahn 1989;
Zahn & Bouchet 1989). However, this increase would have been
marginal given the orbital separation and the expected radii of both
stars during the pre-main-sequence.

It is of interest to understand the rotation and stellar inclination
of TIC-320687387 A. One could argue for mutual stellar and orbital
inclination as they are relics of the angular momentum from a com-
mon primordial cloud. However, their large orbital separation could
have resulted in quasi-local formation and dynamical interactions
which may not have preserved the alignment between rotation and
orbital inclinations. If the latter is the case, the timescale of aligning
the orbital and spin axis is on the same order as tidal synchronisa-
tion which far exceeds the lifetime of this system (Claret & Cunha
1997). Only 4 systems within the EBLM project include measure-
ments of spin-orbit misalignment: WASP-30 and EBLM J1219-39
(Triaud et al. 2013); EBLM J0218-31 (Gill et al. 2019); and EBLM
J0608-59/TOI-1338 (Kunovac HodZi¢ et al. 2020) with all suggest-
ing coplanar stellar rotation and orbital axes. The orbital periods of
these systems are shorter than TIC-320687387 AB and more likely
to be affected by tides. Therefore, it would be of interest to measure
the spin-orbit misalignment for TIC-320687387 AB and see if it is
consistent with those of shorter orbital periods.

4.5 Rotational modulation

The measured rotation period from NGTS photometry (Prot =
22.53 days) corresponds to a surface rotation of ~ 2.6kms~! which
is consistent the spectroscopic value of Vsini = 2.5 + 0.8km sL
This suggests that the rotation axis is broadly aligned with the or-
bital axis. We expected mutual stellar and orbital inclinations but
past dynamical interactions may have misaligned the two. This can
be confirmed with future measurements of the Rossiter-McLaughlin
effect for the TIC-320687387 AB system.

4.6 Secondary eclipse

The orbital dynamics of TIC-320687387 AB indicates a secondary
eclipse centred at phase 0.705 (0.7025 - 0.7075) which both TESS and

MNRAS 000, 1-9 (2015)
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NGTS datasets cover. We calculate the expected secondary eclipse
depth by interpolating pHOENIX model spectra (Husser et al. 2013)
for the each component in the TIC-320687387 AB system. For TIC-
320687387 A, we use values of Teg and log g from Table 1. For
TIC-320687387 B, we use log gg from Table 4 and use empiri-
cal calibrations’ to estimate Togp=2680 K. Transmission filters* for
NGTS and TESS were used to calculate a secondary eclipse depth
of 108 ppm and 267 ppm respectively. This is significantly below the
noise profile of both TESS and NGTS datasets and we do not claim
any detection of a secondary eclipse. This will be significantly deeper
in the infrared where the luminosity ration between TIC-320687387
A and B becomes less extreme. For 2MASS filters J, H, and K
we calculate secondary eclipse depths of 1.1 ppt, 1.4 ppt, and 1.9 ppt
respectively. This is within the capabilities of modern ground-based
infrared telescopes and would provide an measurement of the stellar
effective temperature for TIC-320687387 B. EBLM systems with
measured secondary eclipses have revealed M-dwarfs with effective
temperatures in excess of predicted by stellar models (e.g. JO113+31;
Goémez Maqueo Chew et al. 2014) and it would be of interest to see
if TIC-320687387 B is similar.

5 CONCLUSION

TIC-320687387 AB is a long-period EBLM system with a very low-
mass secondary star close to the hydrogen burning limit. Tidal effects
on both components are negligible due to the wide orbital separation.

The low-mass companion TIC-320687387 B was initially iden-
tified through a single-transit event in TESS full-frame lightcurves
from Sector 13. The transit depth and width was consistent with a
Jovian planet and so we commenced a ground-based spectroscopic
and photometric campaign to recover the orbital period. A total of
8 CORALIE radial velocities (Table 2) first provided an approxi-
mate spectroscopic orbit followed by 2 transits with NGTS and 1
transit with Lesedi which confirmed an orbital period of 29.77381 d.
Spectroscopic observations were used to measure physical and stel-
lar atmospheric parameters of TIC-320687387 A. They confirmed a
spectral type G2 with mass, temperature, radius, and age similar to
the Sun (Table 1 and Figure 3).

Joint analysis of photometric and spectroscopic datasets (Figure 5,
Tables 3 & 4) revealed TIC-320687387 B to be a late M-dwarf (Mp
= 96.215:(9) Mj, Rp = 1'14i8:8% Ry) near the hydrogen burning limit
(~ 80 Mjy). The mass and radius of TIC-320687387 B is closer to
stellar models than many other M-dwarfs from the literature (mostly
in much closer binaries). However, we do find a marginally significant
inflation (1.8-07) which might be statistical or may be a real offset.
We measure a moderately high eccentricity of the TIC-320687387
AB system (e = 0.366 + 0.003) which likely remains from formation
due to a large orbital separation diminishing any tidal influence be-
tween components. With NGTS we measure a likely spot modulation
indicating a rotational period of 22.53 days which is consistent with
the projected rotation measured from spectroscopic analysis.

Most EBLMs with precise measurements of physical parameters
have orbital periods below ~ 10d and are subjected to tidal interac-
tions which complicate discussions of systematic inflation. Longer
period systems tend to be free of this and are more akin to field M-
dwarfs, which are the subject of intense surveys for small transiting
exoplanets by TESS and other instruments. An increasing number of

3 www.pas.rochester.edu/ emamajek/EEM_dwarf_UBVIJHK_colors_Teff.txt;
accessed 2021 Dec 29
4 from svo2.cab.inta-csic.es; accessed 2021 Dec 29
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precisely measured systems like TIC-320687387 AB will allow us to
test models of stellar evolution for the smallest main-sequence stars
and better understand the planets we find around them.
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