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ABSTRACT

We report the discovery of three transiting low-mass companions to aged stars: a brown dwarf (TOI-2336b) and two objects
near the hydrogen burning mass limit (TOI-1608b and TOI-2521b). These three systems were first identified using data from the
Transiting Exoplanet Survey Satellite (TESS). TOI-2336b has a radius of 1.05 £ 0.04 R;, a mass of 69.9 &+ 2.3 M, and an orbital
period of 7.71 d. TOI-1608b has a radius of 1.21 & 0.06 R;, a mass of 90.7 &= 3.7 M; and an orbital period of 2.47 d. TOI-2521b
has aradius of 1.01 & 0.04 R;, a mass of 77.5 & 3.3 M, and an orbital period of 5.56 d. We found all these low-mass companions
are inflated. We fitted a relation between radius, mass, and incident flux using the sample of known transiting brown dwarfs and
low-mass M dwarfs. We found a positive correlation between the flux and the radius for brown dwarfs and for low-mass stars
that is weaker than the correlation observed for giant planets. We also found that TOI-1608 and TOI-2521 are very likely to be
spin-orbit synchronized, leading to the unusually rapid rotation of the primary stars considering their evolutionary stages. Our
estimates indicate that both systems have much shorter spin-orbit synchronization time-scales compared to their ages. These
systems provide valuable insights into the evolution of stellar systems with brown dwarf and low-mass stellar companions

influenced by tidal effects.

Key words: techniques: photometric — techniques: radial velocities — (stars:) brown dwarfs — stars: low mass.

1 INTRODUCTION

Brown dwarfs are objects with masses between those of giant
planets and stars. Typically, the lower mass limit is taken to be
~13 M, (Burrows et al. 1997; Spiegel, Burrows & Milsom 2011),
the minimum mass to ignite deuterium fusion, and the upper mass
limit is taken to be ~80 M, (Baraffe et al. 2002), the minimum mass
to ignite ordinary hydrogen fusion. The term ‘brown dwarf” was first
used by Tarter (1975). Since the earliest brown dwarf discoveries
such as Gliese 229B (Nakajima et al. 1995; Oppenheimer et al. 1995)
and Teide 1 (Rebolo, Zapatero Osorio & Martin 1995; Rebolo et al.
1996), thousands of isolated brown dwarfs have been discovered
(e.g. Henry et al. 2018). However, previous works using radial
velocity data have shown that, on relatively short orbital periods,
brown dwarf companions around solar-type stars are significantly
rarer compared to planetary and stellar companions, which is known
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as the ‘brown dwarf desert’ (e.g. Marcy & Butler 2000; Grether &
Lineweaver 2006). Similarly, the known transiting brown dwarfs are
outnumbered by hot Jupiters (e.g. the NASA Exoplanet Archive).
Despite the similar radii of hot Jupiters and brown dwarfs (Chen &
Kipping 2017), only about 30 transiting brown dwarfs have been
found, in contrast with the hundreds of transiting hot Jupiters.
This desert may result from two different formation mechanisms,
i.e. gravitational instability and cloud fragmentation, dominating
different mass regimes for the formation of brown dwarfs (see
discussion in Palle et al. 2021). For example, Ma & Ge (2014)
analysed a catalog of 62 brown dwarf companions and found that they
are most depleted at 30 M; < Msini < 55M; and P < 100 d. Using
42.5 M, as a threshold, they found that the eccentricity distribution of
lower mass brown dwarfs is consistent with that of massive planets,
while the eccentricity distribution of higher mass brown dwarfs is
more consistent with that of stellar binaries. They suggested that the
brown dwarfs below 42.5 M; may form through disc gravitational
instability, while the brown dwarfs above 42.5 M, may form through
molecular cloud fragmentation like stars. However, the scope and
robustness of such statistical works is limited by the small size of
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the brown dwarf sample. Therefore, we need more brown dwarf
companions with precisely determined parameters such as mass,
radius, and age to analyse the origin of the ‘brown dwarf desert’ and
their formation mechanism.

NASA’s Transiting Exoplanet Survey Satellite (TESS) mission
(Ricker et al. 2015) is an all-sky transit survey, searching for
planets around nearby bright stars, which also provides an exciting
opportunity to enlarge the sample of transiting brown dwarfs. TESS
has completed its primary mission (2018 July—2020 July), where
it observed most of the sky, and its First Extended Mission (2020
July—2022 September) where it observed most of the sky a second
time, and it is now in its second extended mission (started September
2022) where it continues to re-observe the sky. Up to late 2022, TESS
has successfully found more than 10 transiting brown dwarfs (e.g.
Grieves et al. 2021; Carmichael et al. 2022; Psaridi et al. 2022). Light
curves from TESS can provide us with the radius of a transiting brown
dwarf, its period, and its orbital inclination. However, transit data
alone are not sufficient to determine the masses, which are important
to distinguish brown dwarfs from planetary-mass companions having
similar radii. In addition, mass is a fundamental parameter for brown
dwarf population studies as in the works mentioned above. Therefore,
we need to observe the spectra of the host stars of transiting brown
dwarfs to extract their radial velocities (RVs) and derive the true mass
(instead of the minimum mass msin i) and other orbital parameters
such as the eccentricity.

Furthermore, the stellar spectra are crucial for stellar characteri-
zation, which will also encompass photometry, parallax, and other
potential data. Proper characterization of the host star is important
in order to characterize its companions. For instance, to estimate
the radius of a companion using transit, the radius of its host star
is necessary. Ultimately, a wealth of physical information can be
obtained for a transiting brown dwarf system, including the mass,
radius, and orbit of the companion. Such systems are essentially ideal
samples for further studies such as population statistics and investi-
gations into their formation and evolution scenarios. In addition, only
a limited number of field BDs have dynamic mass measurements,
and their radii are too small for any ‘resolved’ measurement even
with interferometry. Therefore, transiting brown dwarf systems are
the only ideal means to constrain the masses and radii of brown
dwarfs, which is essential for the study of these objects.

As different evolution models are developed for brown dwarfs and
low-mass stars (e.g. Baraffe et al. 2003; Phillips et al. 2020; Marley
et al. 2021), the transiting brown dwarf sample can be used to test
these models (e.g. Carmichael et al. 2021). Compared with field
brown dwarfs, the transiting ones tend to be better characterized in
terms of radius, mass, age and even elemental abundances, thanks to
the wealth of information provided by their host stars, for example,
assuming they were formed together and co-evolved.

A special stage in the evolution of brown dwarfs in binary systems
is when their host stars evolve off the main sequence. Low-mass
objects orbiting evolved stars are poorly understood due to the
challenges in their detection and characterization largely caused by
the large radii and stellar RV jitter of the host stars (Yu et al. 2018;
Tayar, Stassun & Corsaro 2019). It has been suggested that planets
around evolved stars should be different from planets around main-
sequence stars in many aspects due to their dynamical interactions
with the evolved host (Veras 2016). For example, the increasing tidal
interaction may speed up the orbital decay and planet engulfment
(Hut 1981; Jackson, Greenberg & Barnes 2008), which may induce
a different eccentricity distribution in the observed population of
surviving hot Jupiters (Villaver et al. 2014; Grunblatt et al. 2018).
Additionally, due to the increasing luminosity of the evolved host
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stars, close-in planets would receive more flux, which makes such
systems ideal for studies of planet inflation (e.g. Grunblatt et al. 2022;
Saunders et al. 2022) or re-inflation (e.g. Grunblatt et al. 2016). In
contrast to the numerous works on planets around evolved stars, few
works discuss brown dwarfs or very low-mass stars around evolved
stars, probably due to the small sample size of such systems. Do low-
mass stars and brown dwarfs around evolved stars undergo orbital or
radius changes in a similar way as planets? Gathering a sample of
well-characterized transiting brown dwarfs would be the crucial first
step in addressing this question.

The tidal effect plays a crucial role in the evolution of binary
systems. For instance, it has been observed that the rotation of
close binary stars tends to synchronize with their orbital motion
due to tidal interactions (e.g. Levato 1974; Giuricin, Mardirossian &
Mezzetti 1984). However, for planetary systems, the rotations of the
host stars are rarely synchronized with the orbits (though suspected,
e.g. in Donati et al. 2008). This is primarily because the angular
momentum of planetary orbits is often insufficient to significantly
influence the rotation of the host stars. Therefore, brown dwarf
companions, which serve as transitional objects between planets and
stars, can offer ideal examples to study tidal effects under different
companion masses. Furthermore, brown dwarf companions can also
provide valuable insights into the theories about the conditions for
tidal synchronization and tidal equilibrium (e.g. Hut 1980).

Here, we report the discovery of a transiting brown dwarf, TOI-
2336b, and two transiting objects near the hydrogen burning mass
limit, TOI-1608b and TOI-2521b, around three aged stars using TESS
data and ground-based follow-up observations.! In Section 2, we
describe the data we used in this work. Section 3 presents the analyses
to determine the properties of the host stars of these three systems.
Section 4 presents the joint analysis of the light curves and the RV
data and how we obtained the orbital parameters of the companions.
In Section 5, we analyse the radius inflation of brown dwarfs and
low-mass stars, and we discuss the tidal evolution of these systems.
We conclude our findings in Section 6.

2 OBSERVATIONS

2.1 TESS photometry

TOI-1608 (TIC 138017750) was observed with the 2-min cadence
exposures in TESS Sector 18 from 2019 November 3 to 2019
November 27. The photometry were extracted by the science pro-
cessing operation centre (SPOC; Jenkins et al. 2016) pipeline. SPOC
produces two kinds of light curves, using simple aperture photometry
(SAP) or the Presearch Data Conditioning SAP (PDCSAP; Smith
et al. 2012; Stumpe et al. 2012, 2014). PDCSAP is corrected for the
instrumental systematic effects and dilution, and we used PDCSAP
light curves in our analysis. Eight transit signals were identified in this
light curve with a period of 2.47 d. SPOC DV reports (Twicken et al.
2018; Li et al. 2019) present the difference image centroiding results
of TOI-1608, which indicates that the source of the transit signal is
located within 1.3 4= 2.5 arcsec of the target star, complementing the
results of the high-resolution imaging presented in Section 2.4.
TOI-2336 (TIC 88902249) was observed with the 30-min cadence
exposures in TESS Sector 11 from 2019 April 23 to May 20, and
it was re-observed with the 10-min cadence exposures in TESS

IThese three old stars have slightly evolved off the main sequence and are
not all into the subgiant phase yet, so we refer to them as ‘aged’ instead of
evolved stars to be precise.
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Figure 1. TESS light curves of TOI-1608, TOI-2336, and TOI-2521. Left-hand panels: The dots are the TESS PDCSAP data and the red dots highlight the
transit signals. The blue lines are the best-fitting GP models for detrending. The sector 18 for TOI-1608 was observed with the 2-min cadence exposures. The
sector 11 for TOI-2336 and the sector 6 for TOI-2521 were observed with the 30-min cadence exposures. The sector 38 for TOI-2336 and the sector 33 for
TOI-2521 were observed with the 10-min cadence exposures. Right-hand panels: The final detrended TESS PDCSAP light curves.

Sector 38 from 2021 April 29 to May 26 during the TESS First
Extended Mission. Both light curves were extracted by the TESS-
SPOC pipeline (Caldwell et al. 2020) and we used the PDCSAP in our
analysis. Two transit signals were identified in the 30-min data and
four transit signals were identified in the 10-min data with a period
of 7.71 d. The TESS-SPOC DV reports of Sector 38 presents the
difference image centroiding results of TOI-2336, which indicates
that the source of the transit signal is located within 3.8 £ 2.5 arcsec
of the target star, complementing the results of the high-resolution
imaging presented in Section 2.4.

TOI-2521 (TIC 72556406) was observed with the 30-min cadence
exposures in TESS Sector 6 from 2018 December 15 to 2019 January
6, and it was re-observed with the 10-min cadence exposures in TESS
Sector 33 from 2020 December 18 to 2021 January 13 during the
TESS First Extended Mission. Again we used the PDCSAP light
curves extracted by the TESS-SPOC pipeline (Caldwell et al. 2020)
in our analysis. Four transit signals were identified in the 30-min
data and five transit signals were identified in the 10-min data with a
period of 5.56 d.

We obtained all TESS data from the Mikulski Archive for Space
Telescopes (MAST) Portal®. We then detrended the TESS light curve

Zhttps://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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to remove the remaining systematic trends by fitting a Gaussian
Process (GP) model after masking out the in-transit data using the
JULIET package (Espinoza, Kossakowski & Brahm 2019), which
employs the package CELERITE (Foreman-Mackey et al. 2017) to
build the GP model. The PDCSAP light curves with the best-fitting
GP models are shown in Fig. 1.

2.2 Ground-based photometry

2.2.1 LCOGT

We conducted ground-based follow-up observations of TOI-2336
using the Las Cumbres Observatory Global Telescope (LCOGT?)
network (Brown et al. 2013) on 2021 July 1. We used the TESS
TRANSIT FINDER, which is a customized version of the TAPIR
software package (Jensen 2013), to schedule the transit observation.
The observation was taken using the 1.0-m telescopes located at
Cerro Tololo Interamerican Observatory (CTIO). The images were
acquired with the Sinistro cameras in the Pan-STARRS z-short band
(zy) with an exposure time of 30 s. The photometric analysis was
then carried out using ASTROIMAGEJ (Collins et al. 2017).

3https://ico.global/
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Figure 2. We show the 50 speckle imaging contrast curves in both filters
as a function of the angular separation from the diffraction limit out to 1.2
arcsec. The inset shows the reconstructed 832 nm image with a 1 arcsec
scale bar. For TOI-1608 and TOI-2336, our results rule out companions and
background objects that are potentially problematic. For TOI-2521, the blue
star symbol shows its faint close companion. With a magnitude of 3.94 fainter,
the companion will not influence our analysis.
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Figure 3. Speckle autocorrelation functions for TOI-2336 and TOI-2521
obtained in the / band using SOAR. The 5o contrast curves are shown as the
black points. The black solid line shows the linear fit of the data.

2.2.2 WASP

WASP-South has an array of 8 cameras forming the South African
station of the WASP transit-search survey (Pollacco et al. 2006).
The field of TOI-2336 was observed during 2006, 2007, and 2008,
and then again in 2011 and 2012. Within each year, observations of
the field every ~ 15 min were obtained on each clear night, over a
span of ~ 150 nights. During that time, WASP-South was equipped
with 200 mm, {/1.8 lenses, observing with a 400-700 nm bandpass,
and with a photometric extraction aperture of 48 arcsecs. A total of
32 000 photometric data points were obtained.

TOI-2336 was not selected as a WASP candidate, but with
hindsight we find that the standard WASP search algorithm (Collier
Cameron et al. 2007) produces a match to the TESS transit detection
with a period of 7.712 d.

We also searched the WASP data for signs of a stellar rotational
modulation, using the methods from Maxted et al. (2011), but found
only a 95 per cent upper limit of 1 mmag on any modulation in the
range of 1-100 d.
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PDCSAP light curves of TOI-1608, TOI-2336, and TOI-2521. The periods
of the highest peaks in each periodogram are marked as different colour bars.

2.3 Spectroscopic observations

2.3.1 NRES

We acquired 16 spectra for TOI-1608 from 2021 December 3 to
2022 January 9 at the McDonald Observatory, and 21 spectra for
TOI-2336 between 2021 April 22 and 2021 July 19 at South African
Astronomical Observatory (SAAO) using the LCOGT Network of
Robotic Echelle Spectrographs (NRES; Siverd et al. 2018). NRES
has four sets of identical echelle spectograph units at four LCOGT
sites. It has a resolving power of R ~ 53 000, covering a wavelength
range from 3900 to 8600 A. We reduced the spectra and extracted
the RVs using the CERES pipeline (Brahm, Jorddn & Espinoza 2017).

2.3.2 CHIRON

We observed TOI-2336 and TOI-2521 with the CHIRON fibre-fed
echelle spectrograph at the SMARTS 1.5-m telescope located at
Cerro Tololo Inter-American Observatory, Chile (Tokovinin et al.
2013). CHIRON is a high-resolution echelle spectrograph with a
spectral coverage of 4100 to 8700 A. Both targets were observed in
the fiber mode, with a spectral resolving power of R ~ 28 000. For
TOI-2336, we obtained 12 spectra from 2021 May 7 to August 5
with an exposure time of 1200 s. For TOI-2521, we gathered 8 RVs,
from 2021 March 20 to March 30, using an exposure time of 1800 s.
We used the spectra extracted via the official CHIRON pipeline as
per Paredes et al. (2021). Radial velocities were derived from a least-
squares deconvolution between the observation and a non-rotating
synthetic template, generated using the ATLAS9 atmosphere models
(Castelli & Hubrig 2004) at the spectral parameters of the targets.
The derived broadening profile is fitted with a kernel accounting for
the effects of rotational, macroturbulent, instrumental broadening,
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Figure 6. TOI-1608, TOI-2336, and TOI-2521 in HR diagrams. We also plot
several isochrones of different ages as a comparison. These diagrams show
that all of our targets have evolved a little off the main sequence and are
consistent with being old stars.
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and radial velocity shift. Spectroscopic atmosphere parameters were
derived by matching the observed CHIRON spectra against a library
of 10000 observed spectra previously classified via the Stellar
Parameter Classification (Buchhave et al. 2012). The library is
convolved to the instrument resolution of CHIRON and interpolated
via a gradient-boosting regressor. Uncertainties on the spectroscopic
parameters are determined by the spectrum-to-spectrum scatter of
these values.

2.3.3 CORALIE

We used the high-resolutionWe used the high-resolution spectro-
graph CORALIE to obtain spectra for TOI-2336. CORALIE is
installed at the Swiss 1.2-m Leonhard Euler Telescope at La Silla
Observatory, Chile (Queloz et al. 2001), and it has a resolution of R
= 60 000 and is fed by a 2 fibre. We acquired 16 RV measurements
from 2021 April 14 to June 08 with exposure times ranging between
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Figure 8. The LCOGT light curves of TOI-2336 in the Pan-STARRS z-short
ban (zs). The red line is the best-fitting transit model obtained by JULIET. The
grey dots are the LCOGT data and the blue dots are binned data.

1200 s and 2400 s and S/N between 15 and 33. The RV measurement
of each epoch was extracted by cross-correlating the spectrum with
a binary G2 mask (Pepe et al. 2002). The bisector-span (BIS), the
contrast (depth), and the full width at half-maximum (FWHM) were
recorded using the standard CORALIE data reduction pipeline.

2.3.4 TRES

We observed TOI-1608 and TOI-2521 with the Tillinghast Reflector
Echelle Spectrograph (TRES; Fiirész 2008). TRES is a fibre-fed
echelle spectrograph mounted on the 1.5 m telescope at the Fred
Lawrence Whipple Observatory (FLWO) in Arizona. TRES covers
a wavelength range of 3900-9100 A and has a resolving power
of R ~ 44 000. Two reconnaissance spectra of TOI-1608 were
obtained on 2019 December 31 and 2020 January 4 and similarly two
reconnaissance spectra of TOI-2521 were obtained on 2021 March 11
and March 19. The spectra were extracted as described in Buchhave
et al. (2010) and were then used to derive stellar parameters using
the Stellar Parameter Classification (SPC; Buchhave et al. 2012)
tool. SPC cross-correlates the observed spectrum against a grid
of synthetic spectra derived from the Kurucz atmospheric models
(Kurucz 1992). SPC was used to derive parameters T, [m/H], and
vsini, by fixing the log g, from isochrone fitting as described in
Section 3.2. We did not use the TRES spectra for RV measurements,
as they include only two epochs for each of TOI-1608 and TOI-2521.

2.4 High angular resolution imaging

The presence of a close companion star can be the cause of a
transit-like event (i.e. a false positive) can cause incorrect stellar
and exoplanet parameters to be determined (Furlan & Howell 2017,
2020), or can lead to non-detections of small planets residing with
the same exoplanetary system (Lester et al. 2021). Given that nearly
one-half of FGK stars are in binary or multiple star systems (Matson,
Howell & Ciardi 2019), high-resolution imaging provides crucial
information toward our understanding of exoplanetary formation,
dynamics and evolution (Howell et al. 2021). We conducted high-
resolution imaging observations on the three systems and summarize
our imaging observations and results in this section.
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2.4.1 Gemini

TOI-1608 was observed on 2022 February 10 UT using the ‘Alopeke
speckle instrument on the Gemini North 8-m telescope, TOI-2336
was observed on 2022 May 05 UT using the Zorro instrument on
the Gemini South 8-m telescope (Scott et al. 2021; Howell &
Furlan 2022). TOI-2521 was observed on 2023 January 8 UT
using the Zorro speckle instrument on the Gemini South 8-m
telescope.

‘Alopeke and Zorro both provide simultaneous speckle imaging in
two bands (562 and 832 nm) with output data products including
a reconstructed image with robust contrast limits on companion
detections (e.g. Howell et al. 2016).

For TOI-1608 and TOI-2336, three sets of 1000 x 0.06 s images
were obtained and processed in our standard reduction pipeline
(Howell et al. 2011). Fig. 2 shows our final contrast curves and
the 832 nm reconstructed speckle image. We find that both TOI-
1608 and TOI-2336 have no stellar companions brighter than 5-9
mag below that of the target star from the 8-m telescope diffraction
limit (20 mas) out to 1.2 arcsec. At the distance of TOI-1608 (d
=101 pc), these angular limits correspond to (sky-projected) spatial
limits of 2-120 au and for TOI-2336 (d = 297 pc) the angular
limits correspond to 6-358 au. Objects that are 5-9 mag fainter
than TOI-1608 (an F5 star) or TOI-2336 (an F4 star) will be late K-
dwarfs or smaller objects (Pecaut, Mamajek & Bubar 2012; Pecaut &
Mamajek 2013), and will not have any significant impact on our
analysis.

For TOI-2521, five sets of 1000 x 0.06 s images were obtained
during a time of good seeing (0.47 arcsec) and processed in our
standard reduction pipeline. Fig. 2 shows our achieved 5S¢ magnitude
contrast curves and the 832 nm reconstructed image. The resulting
high-resolution imaging revealed that TOI-2521 has a very close
companion star. The companion, only detected in the 832 nm band,
lies 0.162 arcsec away at a position angle of 16.44 degrees. The
close companion is 3.94 magnitudes fainter than the (G8) primary
star, suggesting that it is near spectral type M6, in agreement with
its red-only detection. Ciardi et al. (2015) showed that ‘third-light’
contamination from a close companion will cause the determined
exoplanet radius to be underestimated, however, at a magnitude
difference of 3.94, the contamination due to the faint companion
would cause a <1 per cent error in the transit derived exoplanet size.
At a separation of 0.162 arcsec, it is 99 per cent probable that the
companion is bound (Matson et al. 2018). Our SOAR observation did
not detect this companion, which is consistent with the precision of
the instrument. No additional close companions were detected near
TOI-2521 to within the contrast limits of 5-8 mag over the angular
limits of the diffraction limit out to 1.2 arcsec. At the distance of
TOI-2521 (d = 334 pc), these angular limits correspond to spatial
limits of 6.8—409 au.

2.4.2 SOAR

We searched for stellar companions to TOI-2336 and TOI-2521
with speckle imaging on the 4.1-m Southern Astrophysical Research
(SOAR) telescope (Tokovinin 2018) on 2021 February 7 UT and 2021
October 1, respectively. The observations were performed in Cousins
I band, a similar visible bandpass as TESS. Both observations were
sensitive to an approximately 5-mag fainter star at an angular distance
of 0.25 arcsec from the target. More details of the observations
within the SOAR TESS survey are available in Ziegler et al. (2020).
The 50 detection sensitivity and speckle autocorrelation functions
from the observations are shown in Fig. 3. No nearby stars were
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detected within 3 arcsec of either TOI-2336 or TOI-2521 in the
SOAR observations.

3 STELLAR PROPERTIES

In this section, we present the characterization of the host stars of the
three targets. Briefly, we first performed an analysis of the broad-
band spectral energy distribution (SED) in Section 3.1. Then in
Section 3.2 we perform isochrone fitting utilizing the Teg, [Fe/H]
and log g from SED fitting, the photometry of various bands, and the
density derived from the transit model. Additionally, we performed
independent spectral analyses in Section 3.3 to validate the results
from the isochrone fitting. Finally, we adopted the results from the
isochrone fitting as the stellar parameters. Sections 3.4-3.6 are further
discussion regarding the stellar rotation, age, and asteroseismology,
respectively. All of the adopted stellar parameters are listed in Table 1.

3.1 Spectral energy distribution

As an independent determination of the basic stellar parameters, we
performed an analysis of the broadband SED of each star together
with the Gaia EDR3 parallax (with no systematic offset applied;
see e.g. Stassun & Torres 2021), in order to determine an empirical
measurement of the stellar radius, following the procedures described
in Stassun & Torres (2016), Stassun, Collins & Gaudi (2017), and
Stassun et al. (2018a). Depending on the photometry available for
each source, we pulled the ByVr magnitudes from Tycho-2, the
BVgri magnitudes from APASS, the Stromgren uvby magnitudes
from Paunzen (2015), the JHKs magnitudes from 2MASS, the W1-
W4 magnitudes from WISE, the GGgpGrp magnitudes from Gaia,
and the FUV and/or NUV fluxes from GALEX. All these magnitudes
are shown in Table 1. Together, the available photometry spans the
stellar SED over the approximate wavelength range 0.2-22 pm (see
Fig. 4).

We performed fits to the photometry using Kurucz stellar at-
mosphere models, with the free parameters being the effective
temperature (7f), metallicity ([Fe/H]), and surface gravity (log g.).
We also fit for the extinction, Ay, limited to the full line-of-sight
value from the Galactic dust maps of Schlegel, Finkbeiner & Davis
(1998). The resulting fits shown in Fig. 4 have a reduced x? ranging
from 1.2 to 1.5, and the best-fitting parameters are summarized in
Table 2.

Integrating the model SED gives the bolometric flux at Earth,
Fpol. Taking the Fy, together with the Gaia parallax directly gives
the luminosity, Lyo. Similarly, the Fyo together with the 7o and
the parallax gives the stellar radius, R,. Moreover, the stellar mass,
M,, can be estimated from the empirical eclipsing-binary based
relations of Torres, Andersen & Giménez (2010). When available,
the GALEX photometry allows the activity index, log Ry to be
estimated from the empirical relations of Findeisen, Hillenbrand &
Soderblom (2011). All quantities are summarized in Table 2.

3.2 Isochrone fitting

In order to obtain more precise stellar parameters, we performed
isochrone fitting with the package ISOCHRONES (Morton 2015) based
on the results of the SED fitting and the photometry. We pulled
Tefr, [Fe/H] and log g from SED fitting, the TESS magnitudes from
TICv8, the JHKs magnitudes from 2MASS, the W1-W3 magnitudes
from WISE and the GGgpGrp magnitudes from Gaia DR3. We also
used the Gaia DR3 parallax as well as the stellar density from the
transit model, which is described in Section 4.
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Table 1. Adopted stellar parameters for TOI-1608, TOI-2336, and TOI-2521.

Parameter TOI-1608 TOI-2336 TOI-2521 Source
Main identifiers
TIC 138017750 88902249 72556406
Gaia ID 125548289270234880 6206457922905803392 3005862518856922752
Equatorial Coordinates
RA 3:23:12.28 15:20:55.30 6:14:06.99 Gaia DR3M
Dec. 33:04:41.25 —33:41:32.87 —8:03:44.31 Gaia DR3
Photometric properties
TESS (mag) 7.42812 + 0.0064 10.1757 £ 0.0061 10.8218 £ 0.0065 TICv8[?!
Gaia (mag) 7.8280 £ 0.0004 10.5905 £ 0.0002 11.2692 £+ 0.0008 Gaia DR3
Gaia BP (mag) 8.1097 £ 0.0016 10.8992 + 0.0006 11.6116 £ 0.0024 Gaia DR3
Gaia RP (mag) 7.3789 £+ 0.0012 10.1146 £ 0.0004 10.7518 £ 0.0018 Gaia DR3
B (mag) 8.519 + 0.027 11.134 £ 0.119 12.076 £ 0.231 Hipparcos
V (mag) 7.96 £0.03 10.756 £ 0.009 11.263 +0.017 Hipparcos
J (mag) 6.885 £ 0.027 9.61 +0.024 10.161 £ 0.026 2MASSBI
H (mag) 6.636 £ 0.017 9.386 £ 0.026 9.839 £ 0.023 2MASS
K (mag) 6.584 £ 0.029 9.283 £0.019 9.743 £0.019 2MASS
WISE1 (mag) 7.571 & 0.402 9.247 4 0.023 9.707 & 0.023 WISE“]
WISE2 (mag) 6.554 £0.024 9.247 £ 0.02 9.726 £ 0.021 WISE
WISE3 (mag) 6.604 £ 0.015 9.195 £ 0.039 9.688 £+ 0.043 WISE
WISE4 (mag) 6.52 +0.072 8.49 +£0.331 9.193¢ WISE
Astrometric properties
@ (mas) 9.87 £ 0.04 3.37 £0.02 2.99 +0.02 Gaia DR3
U (mas yr—1) 109.30 £+ 0.04 6.22 +0.02 —7.68 £0.03 Gaia DR3
s (mas yr—1) —58.30 £ 0.03 —18.97 £0.02 —0.37 £0.03 Gaia DR3
RV (kms™') 445+28 356+ 1.5 —325+20 Gaia DR3
Derived parameters
Distance (pc) 101.3 £ 04 296.6 £ 1.7 3344+23 Section 3.2
M, Mgp) 1.31 £ 0.07 1.40 £ 0.07 0.95 + 0.06 Section 3.2
R, Rp) 2.16 +0.08 1.82 4+ 0.06 1.74 + 0.06 Section 3.2
P« (g cm™3) 0.18 £ 0.03 0.33 +0.04 0.25 +0.03 Section 3.2
log g 3.89 £ 0.04 4.06 £+ 0.04 3.93 +£0.04 Section 3.2
L, (Le) 5.56 +0.26 5.10 £ 0.21 2.74 £0.12 Section 3.2
Tetr (K) 6028 £ 82 6433 £+ 84 5625 £ 74 Section 3.2
[Fe/H] (dex) 0.09 +0.12 0.09 +0.11 —0.28 £0.13 Section 3.2
Age (Gyr) 40=£0.8 24+0.5 10.1 £ 1.1 Section 3.2
Prot (d) 2.7+0.2 42405 69+09 Section 3.4

“The WISE catalog did not report an uncertainty for this W4 magnitude for TOI-2521. Therefore, we did not use this magnitude in our analysis.
References: [1] Gaia Collaboration (2021), [2] Stassun et al. (2018b, 2019), [3] Cutri et al. (2003), [4] Wright et al. (2010).

Table 2. Summary of derived and empirical parameters determined from fits
to the stellar spectral energy distributions in Section 3.1. Tefr, [Fe/H], and
log g here are used as the input of isochrone fitting in Section 3.2.

Parameter TOI-1608 TOI-2336 TOI-2521
Ay 0.01 £+ 0.01 0.44 + 0.03 0.07 + 0.07
Teir (K) 5950 £ 100 6550 £ 100 5600 £+ 100
[Fe/H] 0.1 £ 0.3 0.0 +£ 0.3 -03+03
log g 40 +£ 05 42 + 03 40 +£ 03
Foo (107 ergs™' cm™2) 1740 &£ 020 1918 &+ 0.045 0.793 £ 0.018
Ly (L) 5.564 + 0.068 5.25 £ 0.13 2.771 £+ 0.068
R. Rp) 2222 + 0.076 1.781 £ 0.059 1.770 + 0.068
M, Mp) 1.38 4+ 0.08 1.41 £+ 0.08 1.10 &+ 0.07
log Ry —4.52 + 0.05 - -

In the results of TOI-1608, we find bimodality in the posterior
distribution of M,, p,, log g, and age, which is shown in Fig. A1. We
compared the best-fitting values of these two peaks with the SED fit-
ting results and the Gaia DR3 Final Luminosity Age Mass Estimator
(FLAME) results (Gaia Collaboration 2016, 2021), and we found that
the results of the posterior peak with a lower mass estimate are more
consistent with the SED fitting and Gaia DR3. Therefore, we adopted
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the set of posterior distributions with a lower mass to derive the final
stellar parameters and uncertainties from the isochrone fitting for
TOI-1608.

Similarly for TOI-2521, we checked for consistency and find
that the mass estimates are different in these three sets of re-
sults. The mass values are 1.10 & 0.07 M,, 0.95 + 0.06 M., and
1.05 £ 0.04 M, from the SED fitting, isochrone fitting and Gaia
DR3, respectively. Relatively speaking, the mass derived from
the SED fitting using the empirical relation from Torres et al.
(2010) is not as accurate as the other two estimates because the
Torres et al. (2010) relation probably does not work very well for
aged stars due to the limit of their stellar sample. We consider
the mass from our isochrone fitting as the more reliable one, as
we incorporated the results from the SED fitting and also used
more photometric data than Gaia DR3. Therefore, we adopted the
results from our isochrone fitting as the final stellar parameters for
TOI-2521.

For TOI-2336, our results from the isochrone fit are consistent
with the SED fitting and Gaia DR3, so we adopted the isochrone
fitting results as the final stellar parameters to stay consistent with
the other two targets. The final stellar parameters we adopted in the
following analyses are summarized in Table 1.
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Table 3. Summary of derived parameters determined from CHIRON and
TRES spectra analysis.

Parameter TOI-1608 TOI-2336 TOI-2521
CHIRON
Tetr (K) - 6551 £ 100 5526 £ 50
[Fe/H] (dex) - —0.03 £ 0.10 —0.41 £ 0.10
log g« - 4.16 + 0.10 3.70 +£ 0.10
vsini (km s~1) - 29.7 £ 0.5 15.6 &= 0.5
TRES

Tetr (K) 6051 £+ 56 - 5604 + 50
[M/H] (dex) 0.10 + 0.08 - —0.21 £ 0.08
vsini (km s~1) 483 + 0.5 - 152 + 0.5

3.3 Spectral analysis

We analysed CHIRON and TRES spectra to derive the stellar param-
eters. The observations and analyses are described in Sections 2.3.2
and 2.3.4, and the results are shown in Table 3. Ty from both
CHIRON and TRES and [Fe/H] from CHIRON are consistent with
the results from other methods. [M/H] from TRES is obtained by
using all of the lines in the wavelength region from ~505 to ~536 nm.
As iron lines dominate in this range, we compare these results
with [Fe/H] from other methods and found they agree with each
other. However, log g, for TOI-2521 from CHIRON spectra is not
consistent with isochrone fitting because TOI-2521 is a fast rotating
star, where the spectra would have a relatively poor constraint on
log g.. Thus, we only use the spectroscopic results as a check and
adopt the results from isochrone fitting for further analyses.

3.4 Stellar rotation period

We masked in-transit data points in the TESS PDCSAP light curves
(shown in the left-hand panels of Fig. 1) and used Generalized Lomb—
Scargle periodograms to estimate the stellar rotation period of TOI-
1608, TOI-2336, and TOI-2521. The Lomb—Scargle periodograms
are shown in Fig. 5. We attributed the highest peak in the Lomb—
Scargle periodogram to the stellar rotation period. For each peak,
we used half of its FWHM as the uncertainty. For TOI-2336 and
TOI-2521, we find the results obtained from different sectors are
consistent. We used the average of different sectors as the final
rotation period and use the higher uncertainty as the final error
estimation. The final results are listed in Table 1. Using these rotation
period and R, derived in Section 3.2, we can calculate the rotational
velocities of TOI-1608, TOI2336, and TOI-2521 to be 40.5 & 3.5,
21.9 + 3.1, and 12.8 £ 1.9 km s/, respectively. Compared with
vsin i derived from the spectra, the velocities of TOI-1608 and TOI-
2336 are about 20 smaller and the velocity of TOI-2521 is about
lo smaller, which is unphysical (though still roughly consistent
statistically speaking). This may result from the unreliable vsini
estimates from spectral analyses caused by the fast rotation and low
log g, of these three targets, or it may result from our estimates of
the rotation period using the TESS light curves, which have a limited
baseline. More accurate measurements on vsini and the rotation
period in the future would be able to put constraints on the projected
stellar obliquity (Masuda & Winn 2020).

3.5 Stellar age

We determined the ages of these three stars from isochrone fitting in
Section 3.2 and their rotational periods in Section 3.4. However, their
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rotations seem to be too fast for their ages. For example, according
to Fig. 7 in Curtis et al. (2020), the rotational period of TOI-2521
should be larger than 20 d as its age is larger than 3 Gyr, which is not
consistent with its measured rotational period of ~7 d. Therefore,
we adopted several methods to check whether these three stars are
indeed old stars.

We compared these three targets with stellar evolution models in
the Hertzsprung—Russell (HR) diagram (Fig. 6). We used the package
ISOCHRONES that adopted MIST model (Dotter 2016) to plot the
isochrones in Fig. 6. As a result, we can see that all these three
targets have evolved a little off the main sequence and are consistent
with the old ages instead of young ages. In addition, we check the
lithium absorption lines in the CHIRON and TRES spectra of these
targets and found essentially no Li absorption, which also supports
the old ages. Therefore, we conclude that all our targets are indeed
old stars.

We also found explanations for the fast rotation of these three
stars. For TOI-1608 and TOI-2521, we found that tidal spin-orbit
synchronization can account for their fast rotation. We discuss this
scenario in detail in Section 5.2.2. For TOI-2336, we found that, given
its effective temperature of 6433 + 84 K and mass of 1.40 + 0.07 M,,
its fast rotation is not conflict with gyrochronology (e.g. Curtis et al.
2020; Spada & Lanzafame 2020). Therefore, we believe our age
estimations of all three targets are reliable.

In addition, we examined the kinematics of these three targets
and determined that they are very likely thin disc stars. However,
regarding TOI-2521, its age of ~10 Gry seems to conflict with the
thin disc’s age of ~8 Gyr. This discrepancy may indicate some
inaccuracy in the isochrone fitting, and TOI-2521 may not be as
old as 10 Gyr. However, it is important to note that stars also
migrate and scatter, and there are old stars present in the thin disc
as well. Therefore, we cannot draw a strong conclusion for a single
star.

3.6 Asteroseismic analysis

No unambiguous solar-like oscillations could be detected for these
three stars. We calculated their expected frequencies of maximum
power (Vmqx) using the spectroscopic Teg and log g, from Section 3.2
with the seismic scaling relation (Brown et al. 1991; Kjeldsen & Bed-
ding 1995; Lund et al. 2016), yielding v,y =~ 853 nHz for TOI-1608,
Vmax = 1221 uHz for TOI-2336, and vyx ~ 968 uHz for TOI-2521.
Since these values are all greater than the Nyquist frequencies for 30-
min (~278 pHz) and 10-min (~833 pnHz) cadence light curves, only
2-min cadence data are suited for the detection of solar-like oscilla-
tions — which is only available for 1 sector for TOI-1608. We searched
for oscillation signals using the LIGHTKURVE package (Lightkurve
Collaboration 2018) and from manual inspection of the power density
spectra of the light curves with the transit signals masked out, but
could not identify any solar-like oscillations. Considering the TESS
magnitudes of the stars (Campante et al. 2016), the fact that they were
observed with TESS cameras 1 or 2 where background scattered
light can be significant, and that clear rotational signals are evident
in the photometry (at least for TOIs 1608 and 2521), indicating
stellar surface activity that may suppress oscillation mode amplitudes
(Chaplin et al. 2011), the non-detection is not entirely unexpected.
Future TESS observations appended to the current coverage-limited
light curves will be useful for searching for the oscillations of these
stars.
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4 ANALYSIS AND RESULTS

4.1 Joint RV and transit analysis

We jointly fit the detrended TESS light curves and RVs by utilizing
the JULIET package (Espinoza et al. 2019). For TOI-2336, we also
include the LCOGT light curves in the joint fitting. JULIET is a
modelling tool for exoplanetary systems. It employs the BATMAN
package (Kreidberg 2015) to build transit models and employs
RADVEL (Fulton et al. 2018) to build RV models. It can fit both
transit and RV data simultaneously by using bayesian inference with
nested sampling with multiple choices of samplers. We used the
sampler DYNESTY (Speagle 2020) in the following analyses.

In the modelling for the three systems, we set the priors based in
a similar fashion. We set wide uniform priors for the transit epoch
(To, ) and the orbital period (Py) around the values from ExoFOP,*
which are from the analysis by the TESS project. For the radius ratio
(p = Ry/R.) and the impact parameter (b = acos i/R,), JULIET uses the
approach described in Espinoza (2018) to fit the parametrizations r;
and r; instead of fitting b and p directly. This parametrization allows
us to efficiently sample the physically plausible zone in the (b,p)
plane (i.e. b < 1 4 p) by only simply uniformly sampling r, and r,
between 0 and 1. Here we set uninformative uniform priors between 0
and 1 for r; and r,. For the orbital eccentricity (e) and the argument of
periapsis (w;), we chose to fit for the parameters esin w;, and ecos w.
The uninformative priors should be uniform priors between —1 and 1
for these two parameters and JULIET will keep ¢ < 1 when sampling.
However, we found the fitting would be stuck if we allow e to be
sampled very close to 1. Therefore, we set uniform priors between
—0.7 and 0.7 for esinw;, and ecos w;,, which constrains ¢ < 0.99.
As such priors are significantly wider than the resulting posteriors
and changing the width down to (—0.1, 0.1) does not affect our final
results, we think adopting such priors is essentially equivalent to
using uninformative priors.

For the TESS light curves, because the TESS PDCSAP light curves
have already been corrected for the light dilution, we fixed the
dilution factor D as 1. However, the dilution correction may not
be optimal due to the complex TESS background flux like scattered
light. To make sure these possible errors would not influence our
results, we adopted a Gaussian prior with a mean of 1 and a variance
of 0.1 to fit the data and obtained consistent results. For TOI-2336
and TOI-2521, we also compared the transit depths by fitting the light
curves of each individual sector independently, and the results are
consistent. In addition, the contamination ratios of these 3 systems
given by TICv8 on ExoFOP are all less than 0.05, indicating that
the contamination is very small, so any errors in the contamination
correction of the TESS PDCSAP light curves should be negligible.
Therefore, we conclude that contamination or scattered light should
not be an issue in the TESS light curves or affect our results. For TOI-
2521, Since we detected a faint close companion (see Section 2.4.1),
though we believe that it would only result in a radius error of less
than 1 percent, we still conducted additional testing to determine
its potential impact. The companion is 3.94 magnitudes fainter than
the primary star at 832 nm, representing ~ 2.7 per cent of its flux.
Therefore, we fixed the dilution factor at 0.97 to fit the data, and the
resulting radius ratio increased by less than 1o . Therefore, we fixed
the dilution factor as 1 for all three targets in our reported results.

We set a Gaussian prior with a zero mean and a small variance
for the mean out-of-transit flux M because the light curves have

“https://exofop.ipac.caltech.edu/tess/
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been detrended and normalized. We fitted an extra flux jitter term
(o) to account for additional noise and set a wide log-uniform
prior based on the photometric uncertainties of the light curves. We
adopted a quadratic limb-darkening law for the TESS light curves
and fitted the limb-darkening parameters ¢, and ¢, (Kipping 2013)
with uninformative priors between 0 and 1. For the LCOGT light
curves of TOI-2336, we set similar priors for the dilution factor,
mean out-of-transit flux, extra flux jitter term and limb-darkening
parameters.

For the RV data, we fitted for the RV semi-amplitude (K) for
each system with a systemic velocity () for each instrument. We
estimated rough values for these parameters from the data through
visual inspection and set very wide and essentially uninformative
uniform priors around these values. We fitted an extra RV jitter term
to account for any additional systematics for each instrument. We
set wide log-uniform priors for them according to the RV precision
of each instrument. The RVs of NRES for TOI-1608 on 9th January
2022 (BJD = 2459588.661) and of CORALIE for TOI-2336 on
9th May 2021 (BJD = 2459343.687687) were observed in transit.
However, based on the equation (1) in Triaud (2018), the predicted
semi-amplitudes of the Rossiter-McLaughlin effect (McLaughlin
1924; Rossiter 1924) of these systems are both less than 50 m s,
which is less than the uncertainties of our RVs. Therefore, these RVs
were not highly biased due to the transit and should not influence our
RV modelling for the orbits.

We summarize the prior settings and the best-fitting values for
each parameter in our modelling in Tables 4-6. We show the light
curves with the best-fitting model in Figs 7 and 8, and show the RV
data with the best-fitting model in Fig. 9.

We combine the parameters from the joint RV and transit mod-
elling with the stellar parameters obtained in Section 3 to derive the
physical parameters of the companions. The results are shown in
Table 7.

4.2 Secondary eclipse

We conducted an analysis of the secondary eclipse signals in the
TESS light curves. To prevent the removal of the secondary eclipse
signal during detrending, we started by using TESS PDCSAP data
and detrending the light curves. We masked out in-transit data as
well as data predicted in the secondary eclipse based on the orbital
parameters outlined in Section 4.1. To account for the uncertainties
in the orbital parameters, we masked out an additional period of
time equal to the transit duration before and after the predicted
secondary eclipse. We then employed the PYTRANSIT package to
fit the secondary eclipse. Our fitted parameters consisted of mid-
transit time, orbital period, companion-to-star area ratio (equivalent
to RZ/R?), stellar density, impact parameter, companion-to-star
flux ratio, /e sinwy,, and /e cos w;, (e and wj, refer to the orbital
eccentricity and the argument of periapsis). We set Gaussian prior
with the mean and the variance derived from the results of Section 4.1
for all fitted parameters except the companion-to-star flux ratio, for
which we assigned a uniform prior between 0 and 1.

We found that the secondary eclipse signal of TOI-1608 is
significant, with a companion-to-star flux ratio of 0.043 £ 0.007.
The detrended light curve and the best-fitting model for this result
are shown in Fig. 10. For TOI-2336 and TOI-2521, we found that
their secondary eclipse signal is not significant and their flux ratio
results are consistent with 0. Therefore, we only report the 3o upper
limit of the flux ratio, which is <0.092 for TOI-2336 and <0.072 for
TOI-2521.
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Table 4. Prior settings and the best-fitting values along with the 68 per cent credibility intervals in the final joint fit for TOI-1608. N (i , o) means a normal
prior with mean p and standard deviation o . U(a, b) stands for a uniform prior ranging from a to b. [7(a, b) stands for a Jeffrey’s prior ranging from a to b.

Parameter Prior Best-fitting Description
Companion’s parameters
Py (d) U (24,2.6) 2.47275T 500004 Orbital period of TOI-1608b
Ty (BID) U (2458791, 2458793) 2458792.4599+0-0007 Mid-transit time of TOI-1608b
b Uuwo,1) 0.95279003 Parametrization for p and b
b Uu©o,1) 0.057790% Parametrization for p and b
esin wp U (-0.7,0.7) —0.02f8:8§ Parametrization for ¢ and wp
ecos wp U (-0.7,0.7) 0.02f8:8§ Parametrization for ¢ and wy,
TESSphotometry parameters
DTESS-S18 Fixed 1 TESS photometric dilution factor
MrEss-s18 N (0,0.1%) 0.0000004f8:88888§ Mean out-of-transit flux of TESS photometry
OTESS-S18 (ppm) J (0.1, 1000) 239f§ TESS additive photometric jitter term
q1, TESS-S18 Uu©,1) 0. 12f8:(1)§ Quadratic limb darkening coefficient
42, TESS-S18 Uu©,1) 0.48f8:§g Quadratic limb darkening coefficient
Stellar parameters
o« (kg m™3) J (10, 1000) 224127 Stellar density
RV parameters
Kp (ms™h) U (0, 20 000) 106491332 RV semi-amplitude of TOI-1608b
NRESRV parameters
pnges (ms™h) U (70 000, 100 000) 82204758} Systemic velocity for NRES
onres (msh) J (1, 10 000) 542113 Extra jitter term for NRES

Then we used the obtained results to estimate the effective
temperature of the companions. According to Charbonneau et al.
(2005), the flux ratio should be

Fy [ Fy()S()ada

F. [ F.)SO)AdL’ M

where S()) is the TESS spectral response function, F(X) and F,(A)
represent the companion’s and stellar surface fluxes as a function of
the wavelength, respectively. For simplicity, we assumed blackbody
spectra for both the companion and the star and neglected the
reflected light, meaning that the albedo is 0. Combining the TESS
spectral response function® and the stellar effective temperature from
Table 1, we estimated the effective temperature of the companions
as follows: TOI-1608: 2983 4 90 K, TOI-2336: <3566 K, and TOI-
2521: <3143 K. When assuming that the blackbody radiation of these
companions is balanced with their incident flux, the corresponding
equilibrium temperatures would be about 2081, 1509, and 1474 K,
respectively. These values are all lower than the estimated effective
temperature and upper limits, which is expected since these three
targets are brown dwarfs or low-mass stars.

For TOI-1608, as its secondary eclipse signal is significant, we may
use this signal to independently constrain its eccentricity. Although
we used e and w,, from the transit to predict the time of the secondary
eclipse when we detrended the light curves, the additional part we
masked out ensures our results can remain independent with the e
and w), from transit. To constrain the eccentricity, we set a uniform
prior from —1 to 1 for /e sin wy, and /e cos wy, kept other priors,
and fitted the light curves. However, we found the secondary eclipse
did not provide strong constraints on e and wy, as the posterior of

Shttps://heasarc.gsfc.nasa.gov/docs/tess/the-tess- space-telescope.html

e was wide and consistent with a near zero e, consistent with our
results from the joint fit listed in Table 7.

5 DISCUSSION

5.1 Mass-radius relation and Inflation

We compare TOI-1608b, TOI-2336b, and TOI-2521b with the
models from Baraffe et al. (2015) and Phillips et al. (2020) in the
mass-radius diagram, which is shown in Fig. 11. For the following
analysis, we also build a sample of transiting companions with a mass
between 13 M; and 150 M;. We use the sample compiled by Grieves
et al. (2021) and add NGTS-19b (Acton et al. 2021), TOI-1278 B
(Artigau et al. 2021), TOI-2119b (Caiias et al. 2022; Carmichael et al.
2022), TIC-320687387 B (Gill et al. 2022), TOI-629b, TOI-1982b,
and TOI-2543b (Psaridi et al. 2022). We call them the ‘previous
transiting BDs and low-mass stars sample’ in the following text, and
we also plot this sample in Fig. 11. The sample and the codes for
this figure are available on Github® According to the plotted model
isochrones, all of our three targets seem to be younger than 0.5 Gyr.
This is much younger than the ages we obtained in Section 3 for
the primary stars. For TOI-1608 and TOI-2336, if we adopt a very
low age limit of 1 Gyr for these systems, the predicted radii from the
model isochrones would be 1.06 R, and 0.90 R;, respectively, both of
which are about 3¢ smaller than the measured values from our joint
transit and RV analyses. For TOI-2521, if we adopt a very low age
limit of 5 Gyr for the system, the predicted radius would be 0.84 R,
which is 40 smaller than our measured value. Therefore, TOI-1608b,
TOI-2336b, and TOI-2521b should be all inflated.

Ohttps://github.com/Ssealevel/Codes_TOI-1608_2336_2521

MNRAS 523, 6162-6185 (2023)

20z Arenuer zo uo 1sanb Aq 981661 L/2919/¥/€ZSG/2I0IME/SEIUW/WOod"dNo"d1Wapeo.//:Sd)y WOy Papeojumod


https://heasarc.gsfc.nasa.gov/docs/tess/the-tess-space-telescope.html
https://github.com/Ssealevel/Codes_TOI-1608_2336_2521

6174 Z. Lin et al.

Table 5. Similar to Table 4 but for TOI-2336.

Parameter Prior Best-fitting Description

Companion’s parameters
Py (days) U (7.6,7.8) 7711978700001 Orbital period of TOI-2336b
Ty, (BID) U (2459 358, 2459 360) 2459359.0493 700006 Mid-transit time of TOI-2336b
b Uu@©,1) 0.874Jj8:85 Parametrization for p and b
72 u@o,1 0.0592f8:888§ Parametrization for p and b
esin wp U (-0.7,0.7) —0.007f8:88§ Parametrization for e and wp
ecos wp U (-0.7,0.7) 0.006t8:88§ Parametrization for e and wp

TESS photometry parameters
Drgss-sii Fixed 1 TESS photometric dilution factor
DrEss-s38 Fixed 1
MTEss-st1 N (0,0.1%) 0.0000009 000009 Mean out-of-transit flux of TESS photometry
Mrpss-s3s N (0,0.1%) —0.000001*9,000008
OTESs-s11 (ppm) J (1, 10 000) 121"?(5) TESS additive photometric jitter term
o TESS-s38 (PpM) J (1,10 000) 1738
q1, TESS-S11 Uu@,1 0.19f8:(1)§ Quadratic limb darkening coefficient
q1, TESS-S38 U©,1) 0.12tgigg
42, TESS-S11 U@, 1 0.32703) Quadratic limb darkening coefficient
92, TESS-$38 U@, 0.56703
LCOGT photometry parameters
Dy coct Fixed 1 LCOGT photometric dilution factor
Mycoct N (0,0.1%) 0.00015+9-00009 Mean out-of-transit flux of LCOGT photometry
oLcoGT (ppm) J (1, 10 000) 1 179fg§ LCOGT additive photometric jitter term
q1,LCOGT Uuo,1) 0.02f8:8§ Quadratic limb darkening coefficient
42, LCOGT Uuo,1) 0.54f8:§§ Quadratic limb darkening coefficient
Stellar parameters
0y (kg m™3) J (10, 1000) 2467138 Stellar density
RV parameters
Kp (ms™h U (0, 20 000) 554913 RV semi-amplitude of TOI-2336b
NRESRV parameters

finkEs (ms™) U (20 000, 40 000) 33707327 Systemic velocity for NRES
ongrEs (ms~!) J (0.1, 10 000) 15861354 Extra jitter term for NRES

CHIRONRYV parameters
JLCHIRON (M s_]) U (20 000, 40 000) 302881';(2) Systemic velocity for CHIRON
ocuron (ms™h) J (0.1, 10 000) 477773 Extra jitter term for CHIRON

CORALIERYV parameters
(corALIE (m s~ U (20 000, 40 000) 32432136 Systemic velocity for CORALIE
OCORALIE (ms™) J (0.1, 10 000) 10475 Extra jitter term for CORALIE

The radius inflation of hot Jupiters has been observed and charac-
terized in multiple previous studies (e.g. Bouchy et al. 2011; Weiss
et al. 2013), and the stellar incident flux clearly plays an important
role in shaping the sizes of these giant planets. Weiss et al. (2013)
obtained an empirical relation for the inflation of planets heavier than
150 Mg (0.47 M)

Rp < Mp ) —0.039 < F )0.094
—2 =25 L _— . 2
Rg Mg erg s—! cm—2

However, for brown dwarf companions, previous research concluded
that the stellar irradiation would not affect their radii as much as
observed for the hot Jupiters (e.g. Bouchy et al. 2011). To compare
the dependence on the incident flux for hot Jupiters, brown dwarfs,

MNRAS 523, 6162-6185 (2023)

and low-mass stars, we used the ‘previous transiting BDs and low-
mass stars sample’ and fitted a similar power-low relation to that of
Weiss et al. (2013) as

R M\ ([ F

“L=c(L — . 3)
R J M J F@

We fitted this relation for brown dwarfs and low-mass stars separately
with a cut-off at 80 M, (Baraffe et al. 2002) to distinguish them. For

both sets of samples, we calculated their time-averaged incident flux
using the equation

. (R 1
F = Usteff ; 71 — ez ) (4)
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Figure 9. The RVs of TOI-1608, TOI-2336, and TOI-2521. The black line is the best-fitting model obtained by JULIET. The error bars are the quadrature sum of
the instrument jitter term and the measurement uncertainties for all RVs. The left row is the RVs as a function of time and the right row is the phase-folded RVs.
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Table 6. Similar to Table 4 but for TOI-2521.

Parameter Prior Best-fitting Description
Companion’s parameters
Py (d) U (5.5,5.6) 5.5630607 0 000007 Orbital period of TOI-2521b
To,» (BID) U (2459 226, 2459 228) 2459227.24667 ) 0007 Mid-transit time of TOI-2521b
b u@o,1 0.711'8:?; Parametrization for p and b
o) Uu©1 0059800013 Parametrization for p and b
esin wp U (-0.7,0.7) 0.003f8:gg; Parametrization for e and wy
ecos wp U (-0.7,0.7) 0.0003'_"8:88?1 Parametrization for e and wj,
TESS photometry parameters
DrEss-s6 Fixed 1 TESS photometric dilution factor
DrEss-s33 Fixed 1
MTESS-S6 N (0,0.1%) —0.000004f818888£ Mean out-of-transit flux of TESS photometry
MrEss-s33 N (0,0.1%) —0.00000413-000011
OTESS-S6 (PPM) J (0.001, 10) 0.25723% TESS additive photometric jitter term
OTESs-s33 (ppm) J (0.001, 10) 0.12549
q1, TESS-S6 Uuo,1) 0.15f8:(1)% Quadratic limb darkening coefficient
q1, TESS-S33 U(Q,1) 0.1670 04
42, TESS-S6 Uuo,1) 0.40f8:% Quadratic limb darkening coefficient
42, TESS-$33 uo,1n 0.317937
Stellar parameters
0y (kg m™3) J (10, 1000) 269111 Stellar density
RV parameters
Kp (ms™h U (0, 20 000) 8725713 RV semi-amplitude of TOI-2521b
CHIRONRYV parameters
scHroN (ms~h) U (—40 000, —20 000) —313341’23 Systemic velocity for CHIRON
ocumroN (ms™h) J (0.1, 1000) 113+% Extra jitter term for CHIRON

Table 7. Physical parameters for TOI-1608b, TOI-2336b, and TOI-2521b.

Parameter TOI-1608 TOI-2336 TOI-2521 Description

P(d) 2.47275F 000004 7.711978F0-000013 5.56306010:00000;  Orbital period

Ry/R. 0.0574 10020 0.059270-0008 0.059875:0011 Companion radius in units of stellar radius
Ry (R)) 1.2175:96 1057504 L0175 Companion radius

My, (My) 90.73:; 69.933 77.53% Companion mass

pp (g cm™3) 63.759{3 75.0Jj§:g 92.8ﬂ§:3 Companion density

b O.929f8:882 O.SIOfgigé? 0.56f8:% Impact parameter

alRy 4. 17f8:}§ 9.18f8:13 7.60f8:§(1’ Semi-major axis in units of stellar radius
a (au) 0.041970:00%2 0.077775:005 0.061510.007 Semimajor axis

i (deg) 771403 84.9104 85.8+18 Inclination angle

e 0.04115:928 0.01075:90 <0.035 Eccentricity

F (Fo) 31551388 846142 72118 Insolation flux relative to the Earth

“Here, we report the upper limits at the 99 per cent confidence level.

where oy, is the Stefan—Boltzmann constant. In the following
analyses we excluded from the samples objects with precision on the
radius or mass that is poorer than 30 per cent. We also excluded RIK
72b because it is a very young brown dwarf (David et al. 2019) and

probably still in the process of initial contraction after its formation.
Finally, we have 34 brown dwarfs and 25 low-mass stars in our fitting.

We used EMCEE (Foreman-Mackey et al. 2013) to perform a Markov
chain Monte Carlo (MCMC) fitting for each sample. We set uniform R,

MNRAS 523, 6162-6185 (2023)

R

M
L =1.11 (—”
M,

priors between —5 and 5 for « and 8 and a log-uniform prior between
1073 and 10 for C. The MCMC posteriors are shown in Fig. 12 and
the best-fitting values are listed in Table 8. The best-fitting relation
for the brown dwarfs (13 M; ~ 80 M) is

—0.052 F 0.009
Fg ’
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Figure 10. The TESS light curves near the secondary eclipse of TOI-1608.
The detrended TESS PDCSAP data, described in Section 4.2, are represented
by gray dots and the binned data are in blue. The red line represents the
best-fitting secondary eclipse model obtained by PYTRANSIT.
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Figure 11. Radius—mass diagram for the transiting brown dwarfs and low-
mass stars. The black dots are the ‘previous transiting BDs and low-mass stars
sample,” and the red dots are the three targets in this work. The isochrones of
0.1, 0.5, 1, 5, and 10 Gyr at solar metallicity from Baraffe et al. (2015) and
Phillips et al. (2020) models are shown as lines with different colours. The
sample and codes for generating this figure are available on https://github.c
om/Ssealevel/Codes_TOI-1608-2336_2521.

and the relation for the low-mass stars (80 M; ~ 150 M) is

Rp 1‘417 0.86 F 0.019
— =0.021 — -— . 6)
RJ MJ F@

In Fig. 13, we show the sample of transiting low-mass companions
with mass around 13 M; ~ 150 M; as well as the sample of known
hot Jupiters with the published values for the radius and the incident
flux with a precision better than 50 per cent. The empirical relations
for different types of objects are shown as different lines. Comparing
these results, we find that the mass—radius relations for the three kinds
of objects are different. The mass dependence for brown dwarfs and
low-mass stars from our fits is consistent with Chen & Kipping
(2017). Besides, the power-law indices for incident flux in the mass—
radius relation for brown dwarfs and low-mass stars are significantly
lower than that for hot Jupiters, which confirms that brown dwarfs are
less affected by stellar irradiation (e.g. Bouchy et al. 2011). However,
the best-fitting indices for incident flux for brown dwarfs and low-
mass stars are not consistent with zero, which suggests that the effect
on the size of these objects by the stellar irradiation is perhaps not
totally negligible. Naively, one would speculate that objects with
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Figure 12. The posterior distribution of the MCMC fitting of equation (3)
for brown dwarfs and low-mass stars. C is the normalization parameter, « is
the power-law index for mass, and f is the power-law index for incident flux.
The corresponding results of these parameters are listed in Table 8.

higher densities or higher surface gravity should be more difficult
to inflate via external irradiation. Since brown dwarfs have higher
densities than low-mass stars on average (Baraffe et al. 2003; Barafte,
Chabrier & Barman 2008) (also see fig. 8 in Persson et al. 2019),
it is consistent with the expectation that the brown dwarfs’ radii
have a weaker dependence on the incident flux than the low-mass
stars’ (a smaller power-law index). Future studies with a larger and
better characterized sample of low-mass objects may reveal more on
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Figure 13. The incident flux received by the companions versus their radii.
Dots with different colours are the ‘previous transiting BDs and low-mass
stars sample,” and the colour scale represents the mass of these companions.
The dots with red outlines are the three targets in this work and the grey dots
in the background are hot Jupiters. Here, we only show brown dwarfs and
low-mass stars with mass and radius measured with a precision better than
30 percent and hot Jupiters with radius and incident flux with a precision
better than 50 per cent. Equations (5) and (6) are plotted in solid lines for two
different selected masses in each mass range, and the dashed line presents the
Weiss et al. (2013) relation for hot Jupiters with 1 M. The sample and codes
for generating this figure are available on https://github.com/Ssealevel/Cod
es_TOI-1608_2336_2521.

Table 8. MCMC fitting results of equation (3) for brown dwarfs and low-
mass stars.

Parameter Brown dwarfs Low-mass stars
+0.021 +0.025
o —0.05275 5, 0.8607 176
+0.003 +0.004
B 0.0095 503 0.0197 504
+0.11 +0.002
C L1155 0.0217%5 502

this potential difference between these two populations. Finally, we
caution that the radii of brown dwarfs and low-mass stars can change
considerably as they age (as can be seen in the isochrones in Fig. 11).
For example, since the radii decrease with age, and irradiation is
higher closer to the star where tidal effects are also stronger, if tides
are strong enough to cause orbital decay and destruction of close-in
objects within the main sequence lifetime of the host stars, then this
may result in closer-in brown dwarfs being systematically younger
and with larger radii than farther out objects. This may mimic a trend
with irradiation. However, due to the lack of samples with accurate
ages, we were unable to consider the dependence on age in this
discussion. More samples with accurate age estimates and a more
comprehensive analysis are needed in future works.

5.2 Tidal effects

Tidal effects are important in the evolution of close binary systems.
There are several tidal effects to consider for binary systems with a
relatively high-mass ratio like the three cases here: tidal circulariza-
tion, orbital decay, and spin-orbit synchronization. We discuss tidal
circularization in Section 5.2.1. In Section 5.2.2, we discuss spin-
orbit synchronization as well as the fast rotation of TOI-1608 and
TOI-2521. Finally, we discuss the orbital decay in Section 5.2.3.
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5.2.1 Tidal circularization

The tidal circularization effect is where the tidal force damps the
eccentricity of the orbit. We examine the orbital circularization time-
scale

e
= 7

= de/dr] @

of the three targets by using the equation from Jackson et al. (2008):

1 de 63 R; 171 RM

- 7(GM3)1/2 p + 7(G/M*)1/2 *77P a713/2’

e dt 4 oM, 16 0.

®)

where Q, is the modified quality factor of the companion and Q,
is the modified quality factor of the host star. The quality factor
is impossible to measure precisely. For brown dwarf companions,
this value is usually adopted as Q, = Q, = 10° at face value.
Under this assumption, the orbital circularization time-scales are
2.13, 373, and 41.3 Myr for TOI-1608, TOI-2336, and TOI-2521,
respectively. Compared to the stellar ages derived in Section 3, the
orbital circularization time-scales are much smaller, which means it
is very likely that the orbits have been circularized. This is consistent
with the measured low eccentricities of these three systems.

5.2.2 Spin-orbit synchronization

Dissipative tidal interactions alter both the orbital periods and
the rotation periods of the host star and may lead to spin-orbit
synchronization (Goldreich & Soter 1966). For TOI-1608 and TOI-
2521, as discussed in Section 3.5, we have determined that they
are old stars, but their fast rotations appear inconsistent with their
age. However, since their rotation periods (see Table 1) are very
close to their companion orbit periods (see Table 7), the fast rotation
might be explained by spin-orbit synchronization. To verify this
scenario, we adopted the tidal model in Hut (1981) and calculated
the ratio of orbital and rotational angular momentum at the stable
equilibrium configuration («) for these two systems. Here the
equilibrium configuration means coplanarity (the spin axis of the two
stars and the orbit are aligned), circularity (of the orbit), and spin-
orbit synchronization of a binary system. In summary, Hut (1981)
suggested that such an equilibrium state is stable only when o > 3.
When a < 3 and ¢ — 3 < 1, the system will reach the circularity
relatively quickly and take much more time to reach the spin-orbit
synchronization. When « ~ 7, the system will reach both circularity
and synchronization roughly at the same time. When o > 7, the
system will reach synchronization much more quickly than it will
reach circularity. Assuming the moment of inertia / = 0.07 M, R?
as the sun’, we obtained @ = 14 for TOI-1608 and o = 60 for
TOI-2521, which suggests that these systems can reach spin-orbit
synchronization and that the spin-orbit synchronization will take less
time than tidal circularization. In Section 5.2.1, we found these two
systems are very likely to be circularized. Therefore, it is reasonable
to suggest that these two systems have been spin-orbit synchronized,
which led to the fast rotation of the host stars.

We also estimated the synchronization time-scales for these two
systems. Here we adopted the equations (2) and (3) in Albrecht et al.
(2012), which are based on the formulae from Zahn (1977) and are
calibrated with observations of binary stars:

https://nssdc.gsfc.nasa.gov/planetary/factsheet/sunfact.html
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where 7 and tra are the synchronization time-scales for cool stars
with convective envelopes and hot stars with radiative envelopes,
respectively, and q is the companion-to-star mass ratio. In Albrecht
et al. (2012), they adopted T = 6250 K as the transition between
stars with radiative and convective envelopes. As the effective
temperatures of TOI-1608 and TOI-2521 are all smaller than 6250 K,
we assumed convective envelopes and obtained 7z = 2.9 Myr for
TOI-1608 and tx = 77 Myr for TOI-2521. These time-scales are
much smaller than our estimated ages. Therefore, we conclude that
TOI-1608 and TOI-2521 are very likely old stars, and their fast
rotations result from spin-orbit synchronization.

For TOI-2336, the rotation period is 4.2 £ 0.5 d, which is 7o
smaller than the orbital period of 7.71 d. This significant difference
makes spin-orbit synchronization unlikely. However, if the orbital
period were the second harmonics of 8.4 £ 1.0 d, synchronization
would become a possibility. Nevertheless, considering that the vsin i
derived from the spectra is faster than the velocity inferred by
the rotation period of 4.2 d (as discussed in Section 3.4), the
likelihood of an ~8.4-d period is low. Therefore, it is unlikely for this
system to have reached spin-orbit synchronization. In addition, we
used equation (10) to calculate its synchronization time-scales and
obtained tga = 1.9 x 10* Gyr, which is consistent with the notion
that TOI-2336 has not yet reached synchronization.

5.2.3 Orbital decay

When the orbital period is shorter than the stellar rotation period,
the semimajor axis of the companion’s orbit will shrink and the
companion will experience orbital tidal decay. According to the
equation in Patra et al. (2017) derived from Goldreich & Soter (1966),
the tidal decay time-scale is

5
=T =2Q*(M*)(i> P, (11)
\dP/de] — 27 \ M, ) \ R,

where P is the orbital period. For evolved host stars, the decay will
become faster as the radius of the host star increases. For TOI-2336,
since its orbital period is larger than the stellar rotation period, its
orbit should not experience decay. For TOI-1608 and 2521, though
we conclude in Section 5.2.2 that TOI-1608 and TOI-2521 have
likely achieved spin-orbit synchronization, we still investigated their
orbital decay time-scales to gain insight into how rapidly their orbit
would decay in case they had not achieved synchronization yet. Using
equation (11) and adopting O, = 10°, we obtained 3.05 and 73.2 Myr
for TOI-1608 and TOI-2521, respectively. The orbital decay time-
scale of TOI-1608b is similar to that of WASP-12b, whose orbital
decay has been reported (Maciejewski et al. 2016; Patra et al. 2017;
Yee et al. 2020; Wong et al. 2022). Based on equation (11), we
calculated the decay rate of the orbital period to be ~70msyr~!,
which only induces a difference of ~4.6 ms in our TESS observation.
As the uncertainty on the orbital period in our analysis is 3.5 s,
the orbital decay of TOI-1608b is not detectable in the TESS data
gathered so far. Nevertheless, the orbital decay of WASP-12b was
measured after being observed for a decade. Therefore, if TOI-1608
have not been spin-orbit synchronized, we might have a chance
to observe their orbital decay in future observations (e.g. in TESS
Extended Missions). On the other hand, if TOI-1608 and 2521 have
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Figure 14. The eccentricities of transiting companions with a mass between
13 and 150 M; as a function of mass. The dots with different colours are
the ‘previous transiting BDs and low-mass stars sample’ and our targets are
circled in red. The dots are sized by the radii of the companions and the
colour shows their orbital periods. The dashed line is the mass threshold
at 42.5 M proposed by Ma & Ge (2014) separating two different brown
dwarf populations. We denoted CWW 89Ab, a possible outlier in the low-
mass brown dwarf population, with the orange circle and presented a short
discussion in Section 5.3. The sample and codes for generating this figure are
available on https://github.com/Ssealevel/Codes_TOI-1608_2336_2521.

indeed reached tidal spin-orbit synchronization, magnetic braking
could then cause further orbital decay with different time-scales (e.g.
Barker & Ogilvie 2009; Li & Winn 2016; Benbakoura et al. 2019).

5.3 Eccentricity

In Section 5.2, we showed the low eccentricities of TOI-1608b,
TOI-2336b, and TOI-2521b are consistent with their relatively short
tidal circularization time-scales. Here, we put these three system in
a broader context by comparing their eccentricities with previous
statistical results. In Ma & Ge (2014), they analysed brown dwarf
companions and found different eccentricity distributions for brown
dwarfs below and above 42.5 M,. The eccentricity distribution of
low-mass brown dwarf companions is consistent with that of massive
planets, while the high-mass brown dwarf companions show more
diversity in their eccentricity distribution, more consistent with
binaries. We show the eccentricities of the ‘previous transiting BDs
and low-mass stars sample’ as well as our targets in Fig. 14. More
diverse eccentricities can be seen in the region above 42.5 M. All our
targets are in the high-mass region, but all have very low eccentricities
in contrast to the majority of the high-mass brown dwarfs. We
can see that companions with smaller periods tend to have lower
eccentricities. This trend was also found by Ma & Ge (2014), and
they suggested that this is caused by tidal circularization. All of our
targets have relatively small orbital periods and thus are consistent
with their observed trend.

In addition, the possible outlier in the low-mass region of Fig. 14
is CWW 89AD (Curtis et al. 2016; Nowak et al. 2017; Beatty et al.
2018), which is denoted by the orange circle. This system has an
M dwarf companion on a wide orbit, which might help explain its
architecture and provide insight into the formation and migration of
brown dwarf companions.

As all our targets are companions orbiting aged stars, we also
compared the eccentricities with the sample of hot Jupiters from
Grunblatt et al. (2018). They analysed a sample of hot Jupiters around
419 dwarf stars and 136 giant stars with planetary radii R, > 0.4 R,
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and orbital periods between 4.5 and 30 d. They found that for the giant
planets with short orbital periods, the ones orbiting evolved stars tend
to have higher eccentricities (with a median eccentricity of e ~ 0.152)
than the giant planets orbiting main-sequence dwarfs (with a median
eccentricity of e &~ 0.056). They suggest that this may be caused by
the increasing tidal effect of the evolved stars as their radii increase
post-main-sequence: the planets with shorter tidal circularization
time-scales would also have relatively short tidal decay time-scales
and thus be engulfed. As a result, we would observe more planets
with high eccentricities. All of our targets have eccentricities that are
significantly lower than the median eccentricity of e & 0.152 of the
evolved-star sample reported by Grunblatt et al. (2018). This is not
consistent with the trend in Grunblatt et al. (2018). As we discussed in
Section 5.2, orbital decay happens when the orbital period is shorter
than the stellar rotation period and thus may not happen in our targets.
Perhaps this mismatch shows the systematic difference between the
post-main-sequence evolution of systems with brown dwarf or low-
mass star companions and hot Jupiters. However, there is currently a
small sample of brown dwarfs (or planets) around evolved stars, and
more detections are needed to reveal the detailed statistical properties
of this population in comparison with the planetary population.

6 SUMMARY

In this paper, we confirmed one brown dwarf, TOI-2336b, and two
objects near the hydrogen burning mass limit, TOI-1608b and TOI-
2521b, transiting three aged stars. We analysed space and ground
photometry as well as RVs from ground-based high-resolution
spectra. TOI-2336b has a radius of 1.05 + 0.04R;, a mass of
69.9 £+ 2.3 M, and an orbital period of 7.71 days. TOI-1608b has
a radius of 1.21 £ 0.06 R;, a mass of 90.7 4 3.7 M, and an orbital
period of 2.47 d. TOI-2521b has a radius of 1.01 £ 0.04 R,, a mass
of 77.5 & 3.3 M, and an orbital period of 5.56 d. Their host stars are
F (TOI-2336, TOI-1608) and G (TOI-2521) type subgiant stars. In
addition, we detected the secondary eclipse signal in the light curve
of TOI-1608, while no signal was detected for TOI-2336 and TOI-
2521. The corresponding constraints on the effective temperatures
are 2983 £ 90 K for TOI-1608b, <3566 K for TOI-2336b, and
<3143 K for TOI-2521b.

We found that all three companions have inflated radii via compar-
ison to the evolution models for brown dwarfs and low-mass stars.
Combining data from the literature, we fitted a relationship between
radius, mass, and incident flux for brown dwarfs and low-mass stars,
and we found that they are different between these two populations
and also differ from the relationship of hot Jupiters. We found weak
but statistically significant positive correlations between radius and
flux for both brown dwarfs and low-mass stars, which indicates that
these companions may also be inflated by the irradiation from host
stars as hot Jupiters, though to a much lesser degree.

We analysed the tidal interactions in these three systems. We found
that their relatively small eccentricities are consistent with their short
orbital circularization time-scales. We also compared their stellar
rotation periods and orbital periods and found that TOI-1608 and
TOI-2521 are very likely to have reached spin-orbit synchronization.
This phenomenon adequately explains the unusually rapid rotation
of their host stars, which appear to be at odds with gyrochronology
given their evolutionary stages. We examined the angular momentum
distribution of these two systems following Hut (1981) and found that
they can achieve and maintain stable spin-orbit synchronization. The
estimated synchronization time-scales are also significantly shorter
than their ages, further supporting the synchronization scenario.
Additionally, we found a short orbital decay time-scale of 3.05 Myr
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for TOI-1608, which may be detectable in future observations if it
has not reached spin-orbit synchronization yet.

We compared the eccentricities of these three systems with
previous statistical works. Compared with Ma & Ge (2014), they do
not follow the trend that high-mass brown dwarf companions show
more diversity in their eccentricity distribution than low-mass brown
dwarf. Instead, they are consistent with the trend that companions
with smaller periods tend to have lower eccentricities. This is in
contrast with the hot Jupiter sample in Grunblatt et al. (2018), where
short-period giant planets orbiting evolved stars tend to have larger
eccentricities than the ones orbiting dwarfs. A larger sample of
transiting brown dwarfs and low-mass stars will reveal more on the
similarities and differences between these populations and the gas
giant planets and provide more insights about their formation and
evolution.
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Figure A1. The posterior distribution of isochrone fitting for TOI-1608. The bimodal solution can be seen in the distribution of M, ps, log g., and age.
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Table B1. RV measurements of TOI-1608.

Table B2 - continued

BJD1pB RV (ms™!) ory (ms™h) Instrument BJDtpB RV (ms™!) ory (ms™h) Instrument
2459551.809 77505.8 111.0 NRES 2459342.68168 34035 219 CHIRON
2459554.611 72125.0 115.4 NRES 2459345.72623 24826 164 CHIRON
2459555.828 92426.6 113.9 NRES 2459349.70953 35637 180 CHIRON
2459556.669 80122.9 117.2 NRES 2459357.62661 35468 206 CHIRON
2459569.599 72143.9 117.0 NRES 2459359.65638 27702 198 CHIRON
2459570.815 93377.1 136.1 NRES 2459371.64418 34388 128 CHIRON
2459571.662 74946.0 1125 NRES 2459387.65515 35618 178 CHIRON
2459573.657 86689.7 317.6 NRES 2459399.56554 24837 215 CHIRON
2459574.790 74478.1 111.6 NRES 2459407.61081 24916 186 CHIRON
2459575.762 92945.6 119.0 NRES 2459417.57493 33182 191 CHIRON
2459586.564 74329.9 1285 NRES 2459424.53740 30008 214 CHIRON
2459586.624 73127.7 135.1 NRES 2459432.50942 31233 205 CHIRON
2459586.691 72150.8 99.8 NRES 2459318.877767 37598.76 121.12 CORALIE
2459586.757 72454.5 140.4 NRES 2459321.804744 27564.77 111.03 CORALIE
2459588.610 84335.5 1475 NRES 2459328.784617 29880.55 119.24 CORALIE
2459588.661 82298.2 101.6 NRES 2459331.872147 31218.65 99.95 CORALIE

2459335.705030 33463.34 109.05 CORALIE
Table B2. RV measurements of TOI-2336. 2459343.687687 32204.50 125.93 CORALIE

2459346.774496 29472.14 99.30 CORALIE
BiDros RV(ms™)  owv(ns™h)  Instrument 2459351.752823 30681.14 120.70 CORALIE
2459327.48570 36031.7 146.3 NRES 2459356.753344 37656.42 123.56 CORALIE
2459328.38208 33814.8 130.3 NRES 2459357.723789 3755435 77.79 CORALIE
2459329.55779 25601.2 205.3 NRES 2459358.643619 34352.13 99.49 CORALIE
2459336.62242 34946.6 169.7 NRES 2459361.597369 27438.35 65.13 CORALIE
2459341.32044 39963.4 127.5 NRES 2459363.736155 36053.07 107.73 CORALIE
2459343.48120 35564.8 113.3 NRES 2459365.700203 36685.84 69.86 CORALIE
2459344.56582 30027.7 129.6 NRES 2459368.608494 27031.54 78.39 CORALIE
2459346.54750 30188.4 1322 NRES 2459373.599021 35976.49 64.58 CORALIE
2459347.49433 34602.6 102.0 NRES
2459348.57917 37950.9 112.0 NRES
2459371.34618 36932.0 97.0 NRES Table B3. RV measurements of TOI-2521.
2459376.46575 29548.0 119.3 NRES

BJDtpB RV (m s’l) oRry (m s") Instrument
2459377.29886 31467.1 142.8 NRES
2459379.50367 38767.5 134.0 NRES 2459294.52983 —36l6l 53 CHIRON
2459406.40547 28286.2 1342 NRES 2459295.53896 —40116 87 CHIRON
2459407.41335 26729.2 134.1 NRES 2459296.53688 —33715 53 CHIRON
2459410.41467 38226.1 132.9 NRES 2459297.55627 —24716 49 CHIRON
2459411.40852 37089.3 110.6 NRES 2459298.51469 —23135 112 CHIRON
2459412.37610 35113.3 128.6 NRES 2459301.52687 —38223 97 CHIRON
2459414.22659 28683.6 113.1 NRES 2459303.52923 —22904 66 CHIRON
2459415.38816 273292 113.1 NRES 2459304.50997 —25694 86 CHIRON
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