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ABSTRACT

We report the discovery of two intermediate-mass brown dwarfs (BDs), TOI-569b and TOI-1406b,
from NASA’s Transiting Exoplanet Survey Satellite mission. TOI-569b has an orbital period of P =
6.55604 + 0.00016 days, a mass of M, = 63.8 + 1.0 M, and a radius of R, = 0.75 + 0.02 Ry. Its host
star, TOI-569, has a mass of M, = 1.21 £ 0.03 Mg, a radius of R, = 1.48 £ 0.03R, and an effective
temperature of Teg = 5705 &+ 76K. TOI-1406b has an orbital period of P = 10.57415 + 0.00063 days,
a mass of My, = 46.0 £ 2.7Mj, and a radius of R, = 0.86 + 0.03Ry. The host star for this BD has a
mass of M, = 1.18 £0.09 Mg, a radius of R, = 1.35+0.03Rg, and an effective temperature of Tog =
6290 £ 100K. Both BDs are in circular orbits around their host stars and join an increasing number
of known transiting intermediate-mass BDs. TOI-569 is one of two slightly evolved stars known to
host a transiting BD (the other being KOI-415). TOI-1406b is one of three known transiting BDs to
occupy the mass range of 40-50 M; and one of two to have a circular orbit at a period near 10 days
(with the first being KOI-205b). Based on the relatively long circularization timescales for both BDs,
we believe that they must have formed in nearly circular orbits and migrated inward to their present
orbital configurations.

Keywords: brown dwarfs — techniques: photometric — techniques: radial velocities — techniques: spec-
troscopic

1. INTRODUCTION The Transiting Exoplanet Survey Satellite (TESS)
mission has aided in the discovery and characterization
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of two new transiting brown dwarfs (BDs) in the past
year (Jackman et al. 2019; Subjak et al. 2019). BDs are
generally defined as objects with masses between 13 and
80 Jupiter masses (Mj) and, for those that orbit main-
sequence stars, are typically observed to be 0.7 to 1.4
Jupiter radii (Ry) in size (Csizmadia & CoRot Team
2016; Carmichael et al. 2019). The mass limits corre-
spond to the threshold required to fuse deuterium in
the core of the BD (roughly 13 Mj, separating planets
from BDs) and the threshold to fuse hydrogen in the
core (80 My, separating BDs from stars). The mass and
radius of a BD are measured though a combination of
observational techniques, with two of the most impor-
tant being transit photometry and radial velocity (RV)
measurements. The transit method is best utilized for
BDs in relatively short orbital periods (on order of 10
days or less to detect multiple transits), which is why
the TESS mission has been particularly useful in mak-
ing the initial detection of the transiting BD that Sub-
jak et al. (2019) recently discovered. The transit light
curves from TESS are taken over roughly 28 consecu-
tive days per sector (or up to one year for overlapping
sectors), with occasional gaps in coverage due to instru-
mental systematics. These light curves give estimates of
the radius of the candidate companions to stars. This
informs us on whether or not a candidate companion
is within the typical range of radii expected for a BD
orbiting a main-sequence star.

Follow up spectra are then taken to construct a series
of RV measurements to determine an orbit and measure
a mass to verify whether or not the candidate compan-
ion is in the BD mass range. This is an important step
as objects ranging from roughly 1Mj to 100 My may
have the same radius (~1Ry), so the only way to dis-
tinguish them is through measuring the mass. We are
particularly fortunate at the present time to be able to
utilize the parallax measurements from Gaia DR2 to de-
rive precise stellar radii for the stars hosting transiting
BDs, which directly impacts how well we measure the
companion radius.

Though this process of detecting and characterizing
transiting BDs is well-established and fairly accessible
given the precision of modern spectrographs, we only
know of 23 transiting BDs (e.g. Siverd et al. 2012;
Bonomo et al. 2015; Zhou et al. 2019; Carmichael et al.
2019; Subjak et al. 2019). When compared to the num-
ber of known transiting hot Jupiters and eclipsing low-
mass stellar companions in comparable orbital periods
(i-e. less than 100 days), it is clear that there is a lack of
BDs; this is the so-called “brown dwarf desert” (Marcy
& Butler 2000).

Despite not fully understanding the origins of this
desert, we may still strive to understand the nature of
the population of the objects in the 13Mj to 80M;
mass range. Ma & Ge (2014) contribute to this pur-
suit of knowledge by proposing the existence of a gap
within the the brown dwarf desert centered on 42.5 My,
implying that two sub-populations of BDs exist above
and below this mass. Another study by Persson et al.
(2019) implies that the mass range of giant planets spans
0.3-73 M based on a mass-density relation. These dif-
ferences in ideas highlight the importance of the detec-
tion and characterization of new transiting BDs. With
a transit, orbital solution, and well-determined stellar
radius, we have all the components required to precisely
measure the mass and radius of a transiting BD. So,
each newly discovered transiting BD will add another
member to this scarcely populated region of objects.

The mass and radius of a transiting BD are useful in
understanding how these substellar objects evolve when
compared to evolutionary models that consider the pres-
ence of a main sequence host star (e.g. Baraffe et al.
2003). Since a BD may only fuse deuterium and not
hydrogen, it lacks the energy source needed to stave
off gravitational contraction on long timescales as ef-
fectively as stars do, so the BD’s radius will shrink as
it ages. Thus, the age also becomes an important prop-
erty of a transiting BD, and this is something we may
explore with substellar evolutionary models.

Age is a particularly difficult parameter to measure
for stars and BDs. This makes it all the more impor-
tant that we have some reasonable estimate of the age
as the age of a transiting BD may be compared to its
circularization timescale for the system it is in. These
timescales, though not well-understand for short-period,
transiting BDs, are used to understand a BDs formation
and past orbital evolution.

One method to measuring the age of a transiting BD
is done via its association with a star cluster or stream.
There are only 3 transiting BD systems that are in clus-
ters or stellar associations (Nowak et al. 2017; Gillen
et al. 2017; David et al. 2019), so in general, this popu-
lation is lacking in systems with directly measured ages.
If we are not fortunate enough to have a directly mea-
surable age, then we rely on stellar isochrone models in
combination with parallax measurements form the Gaia
mission and measurements of the spectral energy distri-
bution (SED) of the host star. This method is limited
by how well the metallicity and effective temperature of
the star is measured.

Here we report the discovery and characterization of
TOI-569b and TOI-1406b. TOI-569b orbits a recently
evolved star in a circular orbit. TOI-1406b orbits an



F-type star, joining 7 other transiting BDs that orbit

Table 1.
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Coordinates and magnitudes for TOI-569 and TOI-

F-type stars, and is also in a circular orbit. Section 2 1406.
gives details on the light curves and spectra that were Description TOL569 TOL1406 Source
obtained for this study with additional attention given 5 — 7
to the determination of the orbital period of TOI-569b, 42000 quatoria 07 40 24.67 0528 30.71 !
. . . . 432000 coordinates -42 09 16.79 -48 24 32.64 1
which was initially reported incorrectly due to gaps in
the TESS data. Section 3 describes the analysis tech-
. . T..... TESS T 9.473 £ 0.006  11.427 £+ 0.006 2
niques used to derive the host star and BD proper- o Cain & 0.036 £ 0.001 11750 & 0.001 )
. . . . . . . L © T ala & ..... . . . .
tlfesil Sectlondfl contz?ms. dls}(lzus],?s’l];)n of thedl_mplcll(.:atlons By Tycho By 11.036 1 0.048 15.352 4 0.359 3
of these new discoveries in the mass-racius diagrammn V. Tycho V... 10.173+0.032 12.0744+0.195 3
and some discussion on the circularization timescales for I OMASS J ... 8.829+0.020 10.929 + 0.020 4
cach system. H.... 2MASS H.. 85754+0.060 10.787+£0.030 4
Kg ... 2MASS Kg. 8.444 +0.020 10.675 4+ 0.020 4
9. OBSERVATIONS WISE1 WISE 3.4um 8.419 £+ 0.023 10.649 4+ 0.023 5
WISE2 WISE 4.6pm  8.467 +0.020 10.692 £+ 0.021 5
2.1. TESS and ground-based light curves WISE3 WISE 12um  8.41440.021 10.651 +£0.062 5
The light curves of TOI-569 come from the TESS mis- WISE4 WISE 22um  8.180 £0.188 ‘ 5

sion in sectors 7 and 8, and the Las Cumbres Observa-
tory (LCO). For the TESS light curve for TOI-569, we

NOTE—References: 1 - Lindegren et al. (2018), 2 - Stassun et al.
(2018b), 3 - Hgg et al. (2000), 4 - Cutri et al. (2003), 5 - Cutri

use the Pre-search Data Conditioning Simple Aperture
Photometry flux (PDCSAP; Stumpe et al. 2014; Smith
et al. 2012) from the Mikulski Archive for Space Tele-
scopes (MAST)!. The PDCSAP light curve has system-
atic effects removed and with this, we then normalize
light curve with the 1ightkurve package in Python (the
Lightkurve Collaboration et al. 2018). The light curves
used for TOI-1406 come from the full-frame images (30
minute cadence) from the TESS mission in sectors 4, 5,
and 6. We use the lightkurve package to extract and
normalize the light curve of TOI-1406.

We observed an ingress of TOI-569 continuously for
140 minutes on April 15, 2019 using 15 s exposures
and a z-short band filter from the LCO (Brown et al.
2013) 1.0m node at Cerro Tololo Inter-American Ob-
servatory. We used the TESS Transit Finder, which
is a customized version of the Tapir software package
(Jensen 2013), to schedule our transit observations. The
4096 x 4096 LCO SINISTRO cameras have an image
scale of 0.389" per pixel, resulting in a 26’ x 26 field of
view. The images were calibrated by the standard LCO
BANZALI pipeline, and photometric data were extracted
with the AstroImageJ software package (Collins et al.
2017) using a circular aperture with radius 5.8”. The
images have typical stellar point-spread-functions with
a half-width-half-maximum of 1”. We detect a ~ 3000
ppm ingress on target with apertures as small as 2".
Systematic effects start to dominate the light curve for
smaller apertures. Thus, we confirm that the source of
the TESS detection is within 3" of the target star lo-

L https://mast.stsci.edu/portal/Mashup/Clients/Mast /Portal.
html

& et al. (2013)

cation and that the transit depth from the LCO partial
transit is consistent with the TESS depth for all aper-
ture radii we checked down to 2”. We do not take any
ground-based photometric followup of TOI-1406.

2.1.1. Light curve modulation and the orbital period of the
TOI-569 system

Previous to the transit detections of TOI-569b from
TESS, the Wide Angle Search for Planets (WASP)
found a 13-day modulation in the light curve of TOI-
569. The phased light curve for WASP is shown in Fig-
ure 2. The WASP data were taken during the 2011 to
2012 seasons with a total of 150 days of coverage. The
transits of TOI-569b are too shallow to be detected in
the WASP light curve, but they can be seen in the TESS
light curve in the top panel of Figure 2. The WASP and
TESS light curves show a similar but not exactly equal
modulation. The period peaks and dips in both light
curves are likely from brightness variations due to star
spots, which may vary in the total brightness difference
over time (especially the 150-day WASP observing pe-
riod). The unevenness in the peaks in the TESS light
curves are likely from two different star spot configura-
tions on different areas on the surface of the star.

The gaps in the TESS light curve occur during every
other transit of TOI-569b in the sectors the host star
was observed. This means that the initial orbital period
was reported to be 13.11 days (twice the true orbital
period of 6.56 days). We discovered that this was the
case as the orbital solution developed with RV follow
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Figure 1. Top: Detrended TESS light curve of TOI-569. The star was observed at 2 minutes cadence in TESS sectors 7 and 8.
This star also exhibits 1-3% periodic variations in flux likely due to star spots; these effects have been removed for the transit
analysis. Bottom: Detrended TESS light curve of TOI-1406 obtained from the full-frame images at 30 minute cadence from

TESS sectors 4, 5, and 6.

up using the instruments described in later sections. It
seems coincidental that this erroneous orbital period of
13.11 days is nearly equal to the 13-day modulation in
the WASP light curve. This would make the BD ap-
pear to have a synchronized orbit with the rotation rate
of the star, but this is not the case upon a more thor-
ough investigation that accounts for the orbital solution
derived from RVs.

2.2. High resolution imaging and contaminating
sources

For TOI-569, we use SOAR speckle imaging to verify
that there are no objects within the TESS aperture that
would significantly contaminate the transit and RV sig-
nals we observe. Nearby stars which fall within the same
TESS image profile as the target can cause photomet-
ric contamination or be the source of an astrophysical
false positive, such as a background or nearby eclipsing
binary star. We searched for nearby sources to TOI-
569 with SOAR speckle imaging (Tokovinin 2018) on
May 18, 2019, observing in a similar visible bandpass

as TESS (the Cousins-I band). Further details of the
observations are available in Ziegler et al. (2019). We
detect no nearby stars within 3” of TOI-569. The 5-
o detection sensitivity and the speckle auto-correlation
function from the SOAR observation are plotted in Fig-
ure 3. We also use data from Gaia DR2 to confirm this,
finding that no stars brighter than G=17.0 are within
25" and only two stars with G=13.7 and G=14.9 are ap-
proximately 26” from TOI-569, which has a brightness
of G=9.9 (Table 2). These other fainter stars also do not
share the same proper motion as TOI-569, which further
indicates that they are not associated with TOI-569 and
are more distant background stars (Gaia Collaboration
et al. 2018).

We do not have any high resolution imaging for TOI-
1406, but using Gaia DR2 data (Gaia Collaboration
et al. 2018), we find only 3 other stars within 30" of
TOI-1406. The brightest of these other stars has a mag-
nitude of G=15.8 and is 19” from TOI-1406, which has
a magnitude of G=11.8. We also find that none of these



Table 2. Nearby sources from Gaia DR2 data. This table list sources within 30" of each star (TOI-569 and TOI-1406)
that are G < 16 in magnitude. Listing sources fainter than this results in too many items to reasonably list here. The
parallaxes () and proper motions (ua, t5) of the nearby stars indicate that none are associated with TOI-569 or TOI-1406.

Gaia DR2 ID 32000 532000

7 (mas) Jio (mas/yr)  ps (mas/yr) G (mag)

5535473358555685760 (TOI-569) 07 40 24.67 -42 09 16.79

5535473392915426304 07 40 26.44 -42 09 00.02
5535473358555686656 07 40 23.61 -42 09 39.57
5535473358556195840 07 40 23.25 -42 09 38.38

6.3723 £0.0306  6.317 = 0.053

0.0899 £0.0193 —1.790 + 0.035
0.8838 +£0.0275 12.130£0.047 —13.344 +£0.041 14.88
0.1963 +0.0414 —4.600 £ 0.072

—3.068 £ 0.048 9.94
2.832 £ 0.030 13.69

5.585 £ 0.060 15.64

4797030079342886784 (TOI-1406) 05 28 30.71 -48 24 32.64
05 28 29.07 -48 24 41.93

4797030079342886656

2.3855£0.0291  0.889 £0.057  —21.885 =+ 0.066 11.76
1.1846 + 0.0396

1.222 £ 0.073 —1.752 £ 0.093 15.78
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Figure 2. Top: Offset-normalized raw TESS light curve
from sectors 7 and 8 of TOI-569. The offset between each
sector is removed using lightkurve, but no other systematic
effects are removed since the focus of this figure is to show
the missed transits of TOI-569b and provide context for the
flux variability of the host star. The rapid ramp down at 515
days and ramp up at 535 days are instrumental systematics
from the spacecraft. The blue lines show the transits of TOI-
569b. Bottom: WASP light curve of TOI-569 phase folded at
13.03 days from observations taken over a time of 150 days.

other stars share the same proper motion as TOI-1406
from the Gaia DR2 data (Table 2).

2.3. CHIRON spectra

To characterize the RVs and stellar atmospheric pa-
rameters of TOI-569 and TOI-1406, we obtained a series
of spectroscopic observations using the CHIRON spec-
trograph on the 1.5m SMARTS telescopes, located at
Cerro Tololo Inter-American Observatory, Chile. CH-

SOAR Speckle ACF

A6 [arcsec]

Aa [arcsec]

Amagnitude (/-band)
SN

0.0 05 1.0 15 20 25 3.0
Aarcsec

Figure 3. The 5-0 sensitivity limits and auto-correlation
functions of the SOAR speckle observations of TOI-569. The
black circles are measured data points and the lines are fits
in two different separation regimes. In general, the sensitiv-
ity of speckle imaging to companions rises sharply from the
diffraction limit to a “knee” at a separation of 0.15 — 0.2",
where it then continues to slowly increase out to 1.5”, beyond
which the speckle patterns begin to become de-correlated.
No nearby contaminating sources are detected within 3".

IRON is a high resolution echelle spectrograph that is
fed via an image slicer and a fiber bundle. CHIRON
achieves a spectral resolving power of \/AX = R ~
80,000 over the wavelength region 4100 to 8700 A. The
wavelength calibration is obtained via Thorium-Argon
hollow-cathode lamp exposures that bracket each stel-
lar spectrum.

To derive the stellar RVs, we performed a least-squares
deconvolution (Donati et al. 1997) between the observed
spectra and a non-rotating synthetic template gener-
ated via ATLAS9 atmospheric models (Castelli & Ku-
rucz 2004) at the stellar atmospheric parameters of each
target. We then model the stellar line profiles derived
from the least-squares deconvolution via an analytic ro-
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Table 3.

Relative radial velocities of TOI-569 from CHIRON,
CORALIE, and FEROS and of TOI-1406 from CHIRON and ANU.

BJDrpp — 2450000 RV (m/s) ogry (m/s) Instrument Target
8594.61690 75132.3 16.6 CHIRON TOI-569
8606.50771 77754.5 20.7 CHIRON  TOI-569
8596.60327 66265.0 18.9 CHIRON TOI-569
8595.59076 69864.3 16.4 CHIRON TOI-569
8607.53323 75982.6 17.8 CHIRON TOI-569
8611.59733 71966.8 24.9 CHIRON TOI-569
8612.57581 76679.3 30.6 CHIRON TOI-569
8649.44500 66193.1 24.2 CHIRON TOI-569
8651.48774 74957.8 34.9 CHIRON TOI-569
8654.46711 70453.9 27.2 CHIRON TOI-569
8593.58587 79347.5 13.0 CORALIE  TOI-569
8597.47058 68533.2 31.6 CORALIE  TOI-569
8599.52446 78333.6 16.8 CORALIE  TOI-569
8602.58567 69230.9 13.3 CORALIE  TOI-569
8603.46595 67533.0 20.3 CORALIE  TOI-569
8614.49353 75527.3 32.4 CORALIE  TOI-569
8615.48815 70140.4 29.5 CORALIE  TOI-569
8594.49170 77148.3 6.5 FEROS TOI-569
8595.52217 71681.8 8.4 FEROS TOI-569
8597.51010 68686.8 6.8 FEROS TOI-569
8617.52568 70033.1 6.0 FEROS TOI-569
8540.61381 -13631.0 69.2 CHIRON  TOI-1406
8541.60193 -15950.3 91.8 CHIRON  TOI-1406
8542.56709 -17888.9 45.1 CHIRON  TOI-1406
8544.52353 -19087.2 166.4 CHIRON  TOI-1406
8546.51779 -15936.1 91.8 CHIRON  TOI-1406
8562.57958 -15177.2 126.9 CHIRON  TOI-1406
8566.55925 -18101.1 97.7 CHIRON  TOI-1406
8567.59295 -16029.1 83.6 CHIRON  TOI-1406
8568.54388 -13973.3 124.3 CHIRON  TOI-1406
8569.57364 -12432.3 110.3 CHIRON  TOI-1406
8533.07797 -19568.3 465.0 ANU TOI-1406
8534.98787 -17679.4 197.8 ANU TOI-1406
8536.06364 -15764.1 260.2 ANU TOI-1406
8537.96961 -12090.1 725.7 ANU TOI-1406
8538.93516 -12135.5 282.9 ANU TOI-1406
8561.89365 -13798.5 270.0 ANU TOI-1406

tational broadening kernel as per Gray (2005). The de-
rived RVs for TOI-569 and TOI-1406 are listed in Ta-
ble 3. The stellar parameters derived from the spectra
of TOI-569 are Tog = 5669 £+ 106K, log g = 4.11 + 0.18,
[Fe/H] = 0.23+0.05 dex, and vsiné = 6.65+£0.10 km/s.

2.4. ANU 2.3m echelle spectra

To help identify TOI-1406b as a BD, we obtained six
spectroscopic observations with the echelle spectrograph
on the Australian National University (ANU) 2.3 m tele-
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Figure 4. Top: Relative radial velocities of TOI-569 with
EXOFASTv2 orbital solution plotted in red. Bottom: TESS
and LCO light curves with EXOFASTv2 transit model in red.

scope, located at Siding Spring Observatory, Australia.
The ANU 2.3m echelle is a slit-fed spectrograph that
yields a resolving power of R ~ 23,000 over the wave-
length region of 3700 — 6700 A. Wavelength calibration
was provided by bracketing Thorium-Argon lamp expo-
sures, and the spectra were reduced as per Zhou et al.
(2014). The RVs from each exposure were measured via
the least-squares deconvolution technique as described
in Section 2.3. To derive Teg, log g, and [Fe/H] for TOI-
1406, we use SpecMatch-emp (Yee et al. 2017), which
matches the input spectra to a vast library of stars with
well-determined parameters derived with a variety of
independent methods, e.g., interferometry, optical and
NIR photometry, asteroseismology, and LTE analysis of
high-resolution optical spectra. From the ANU spec-
tra and SpecMatch-emp we find T,g = 6283 + 110K,
logg = 4.13 £ 0.12, and [Fe/H] = —0.09 £ 0.09 dex for
TOI-1406.

2.5. CORALIE spectra



TOI-569 was observed with the CORALIE spectro-
graph on the Swiss 1.2m Euler telescope at La Silla
Observatories, Chile (Queloz et al. 2001), between April
19 and May 11, 2019. CORALIE has a resolving power
of R ~ 60,000 and is fed by two fibres; one 2" on-sky
science fibre encompassing the star and another which
can either be connected to a Fabry-Pérot etalon for si-
multaneous wavelength calibration or on-sky for back-
ground subtraction of the sky-flux. RVs were computed
for each epoch by cross-correlating with a binary G2
mask (Pepe et al. 2002). Bisector-span, full-width half-
max. and other line-profile diagnostics were computed
as well using the standard CORALIE data reduction
software. Initial observations showed a 10.8 km/s RV
shift over 3 days, and we subsequently reduced the ex-
posure time from 1200 seconds to 450-600 seconds de-
pending on seeing and airmass. We obtain a precision
of 13-32 m/s. The resulting velocities are plotted in
Figure 4, and are listed in Table 3.

The CORALIE spectra were shifted to the stellar rest
frame and stacked while weighting the contribution from
each spectrum with its mean flux to produce a high
signal-to-noise spectrum for spectral characterization
using SpecMatch-emp (Yee et al. 2017). We used the
spectral region around the Mgb triplet (5100 — 5340A)
to match our spectrum to the library spectra through x?2
minimization. A weighted linear combination of the five
best matching spectra were used to extract bulk stellar
parameters; Teg = 5481 £ 110K, logg = 4.08 = 0.12 and
[Fe/H] = 0.41 + 0.09 dex for TOI-569.

2.6. FEROS spectra

TOI-569 was observed with the FEROS spectrograph
(Kaufer & Pasquini 1998) mounted on the MPG 2.2m
telescope installed at the ESO La Silla Observatory.
Four spectra were obtained between April 20 and May
14, 2019. Observations were performed with the simul-
taneous calibration mode where a second fibre is illu-
minated with a Thorium-Argon lamp for tracking the
instrumental drift in RV during the science exposure.
The adopted exposure time was of 400s which produced
spectra with a typical signal-to-noise ratio per resolu-
tion element of 90. FEROS data was processed with the
ceres pipeline (Brahm et al. 2017a), which performs
the optimal extraction of the raw data, the wavelength
calibration, the instrumental drift correction, and the
computation of precise RVs and bisector spans, which
are presented in Table 3. The four FEROS spectra were
combined in order to measure the atmospheric parame-
ters using the zaspe package (Brahm et al. 2017b), ob-
taining Tog = 5669 + 80 K, logg = 4.21 + 0.12, [Fe/H]

7

= 0.28 £ 0.05 dex, and wvsini = 6.45 £ 0.30 km/s for
TOI-569.
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Figure 5. Top: Relative radial velocities of TOI-1406 with
EXOFASTv2 orbital solution plotted in red. Bottom: TESS
light curve with EXOFASTv2 transit model in red.

3. ANALYSIS
3.1. Modeling with EXOFASTv2

The masses and radii of the BDs are derived using
EXOFASTv2. A full description of EXOFASTv2 is given in
Eastman et al. (2019). EXOFASTv2 uses the Monte Carlo-
Markov Chain (MCMC) method. For each MCMC fit,
we use N=36 (N = 2Xnparameters) Walkers, or chains,
and run for 50,000 steps, or links. To derive stellar pa-
rameters, EXOFASTv2 utilizes the MIST isochrone mod-
els (Dotter 2016; Choi et al. 2016; Paxton et al. 2015)
or the Yonsei-Yale isochrone models (YY; Spada et al.
2013). We use the MIST models for the analysis of TOI-
1406 and the YY models for TOI-569. The YY mod-
els include a metallicity range of up to [Fe/H] = +0.78
dex while the MIST models currently implemented in
EXOFASTv2 extend [Fe/H] to only +0.5 dex. Based on
our spectroscopic measurements of the metallicity for
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TOI-569 (roughly +0.4), we choose to report the results
for TOI-569 from the YY models in order to avoid ap-
proaching the upper limit on metallicity in the MIST
models during the MCMC analysis. We see a difference
of 0.1 dex between the metallicity found by the MIST
models ([Fe/HJyust = 0.30153] dex) to that found by
the YY models ([Fe/H]yy = 0.40750% dex). The pa-
rameters for which we set priors and the types of priors
we set for each (i.e. uniform U[a,b] or Gaussian G[a, b])
are shown in Tables 7 and 8. We rely on our spectro-
scopic measurements and parallax measurements from
Gaia to define our Gaussian priors, which penalize the
fit for straying beyond the width, b, away from the mean,
a of the parameter. We use an upper limit for the Ay
extinction. See Table 3 of Eastman et al. (2019) for a
detailed description of priors in EXOFASTv2. The spec-
tral energy distribution for each star is also taken into
account with EXOFASTv2 and this is discussed in more
depth in Section 3.3.

We also see bimodality in the posterior distribution
for the age (and correlated parameters) of TOI-569, so
we present the two most probable solutions resulting
from the bimodal posterior distributions with the abso-
lute most probable solution taken as the final reported
value (Table 8). The most relevant bimodal posterior
distributions are shown in Figure 6. The probability of
the solution we report here is 0.73, with the less likely
solution having a probability of 0.27.

3.2. Analysis with pyaneti

As an independent check on our EXOFASTv2 analysis,
we also carried out an analysis with the pyaneti? (Bar-
ragan et al. 2019) software. Using a Bayesian approach
combined with MCMC sampling, we performed a joint
analysis of the RV measurements and the TESS light
curves and modelled posterior distributions of the fit-
ted parameters. The RV data were fitted with Keple-
rian orbits, and for each different instrumental set-up,
an offset term for each systemic velocity was included.
The photometric data are modeled with the quadratic
limb-darkening model of Mandel & Agol (2002).

We use uniform priors and fit for the BD-to-star ra-
dius ratio, the orbital period, the mid-transit time, the
scaled orbital distance, the eccentricity, the argument of
periastron, the impact parameter (b), and the Doppler
semi-amplitude variation (K). The allowed ranges for
the fit parameters for pyaneti are shown in Table 4.

We used 500 independent chains, and checked for con-
vergence after every 5,000 iterations. After convergence,
a posterior distribution of 250,000 independent points

2 https://github.com/oscaribv /pyaneti
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Figure 6. Top: Yonsei-Yale isochrone from EXOFASTv2. The
black line is the best-fitting evolutionary mass track from the
Y'Y models. The black circle is the YY model value for log g
and Teg. The red asterisk corresponds to the model value
of the age for TOI-569 (see Eastman et al. (2019), Table 3
for full details). The bimodality of the EXOFASTv2 solution
arises because TOI-569 falls near the main sequence turnoff
point (the sharp bends in the black line). Bottom: Age and
stellar mass posterior distributions from EXOFASTv2 (YY) for
TOI-569. We show these to provide a sense of the relative
probabilities between the peaks of the bimodal distributions,
which is roughly 3-to-1 in favor of a more massive, younger
system. We see no bimodality for the posterior distributions
of TOI-1406 in EXOFASTv2.

for every parameter was computed from the last 5,000
iterations. The eccentricity was found to be consistent
with zero for both BDs.We find a mass and radius of
TOI-569b and TOI-1406b to be consistent within 1-o of
the values from the EXOFASTv2 models.

3.3. Stellar parameters from broadband photometry

As an independent check on the derived stellar param-
eters, we performed an analysis of the broadband spec-
tral energy distribution (SED) together with the Gaia
DR2 parallax in order to determine an empirical mea-
surement of the stellar radius, following the procedures
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Table 4. Allowed ranges for fit parameters from pyaneti.

Parameter TOI-569 TOI-1406

Rpp /R« [0, 0.1] [0, 0.1]
Por (days) [6.5541, 6.5580]  [10.5721, 10.5762]
Ty — 2458400 (BJDppp)  [96.858, 96.878]  [14.5061, 14.7061]

/Ry [1.1, 12] [1.1, 19]

ecosw -1, 1] [-1, 1]

esinw [-1, 1] [-1, 1]

Impact parameter b [0, 1] [0, 1]
Semi-amplitude K (km/s) [0, 15] [0, 15]

described in Stassun & Torres (2016); Stassun et al.
(2017, 2018a). We pulled the BtV magnitudes from
Tycho-2, the Stromgren ubvy magnitudes from Paunzen
(2015), the BVgri magnitudes from APASS, the JHKg
magnitudes from 2MASS, the W1-W4 magnitudes from
WISE, and the G magnitude from Gaia. Together, the
available photometry spans the full stellar SED over the
wavelength range 0.35-22 pm (see Figure 7). We per-
formed a fit using Kurucz stellar atmosphere models,
with the priors on Teg, log g, and [Fe/H] from the spec-
troscopically determined values. The remaining free pa-
rameter is the extinction (Ay ), which we restricted to
the maximum line-of-sight value from the dust maps of
Schlegel et al. (1998).

Doing this yields stellar parameters that are consis-
tent with those derived with EXOFASTv2 with the mass
and radius for TOI-569 being M, = 1.26 + 0.08 Mg
and R, = 1469 + 0.052Rg, and the mass and ra-
dius for TOI-1406 being M, = 1.28 + 0.08 My and
R, =1.308 + 0.048 Rn. The stellar mass is determined
from mass-radius relations from Torres et al. (2010).
The resulting SED fits are shown in Figure 7.

3.4. Circularization and synchronization timescales

In previous works (Persson et al. 2019; Subjak et al.
2019), we have calculated the timescale for the orbital
period of an intermediate-mass BDs to synchronize with
the rotation of their host star and to have their orbit
circularized. In the case of EPIC 212036875b, a short-
period BD with mass M, = 51 + 2Mj, Persson et al.
(2019) found that the BD still has some orbital eccen-
tricity (e = 0.132) and its current orbital configuration
is a result of a relatively quick inward migration, favor-
ing a formation scenario that the BD did not form at or
near its current orbital configuration (i.e., not in-situ).
In the case of TOI-503b, Subjak et al. (2019) find a rel-
atively young (~180 Myr) A-type host star with a BD
(M = 53.7Mj) in a circular orbit. This system has been
more complex to describe with established tidal interac-
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Figure 7. Spectral energy distributions for TOI-569 and
TOI-1406. Red symbols represent the observed photometric
measurements, where the horizontal bars represent the ef-
fective width of the bandpass. Blue symbols are the model
fluxes from the best-fit Kurucz atmosphere model (black).

tion models (e.g. Jackson et al. 2008) given that these
models are not tailored to A-type stars with radiative
envelopes and BD companions as massive as TOI-503b.
Given this, Subjak et al. (2019) do not conclusively de-
termine a formation scenario for TOI-503b (in-situ ver-
sus not) and instead offer some discussion of the tidal
quality factors, @, that may be most appropriate for
this system. Here, we will examine the circularization
timescales for TOI-569 and TOI-1406 in a similar way.

Following the formalism from Jackson et al. (2008),
the equations for orbital circularization timescale for a
close-in companion are:

L
Tcirc,x N 16 M, Q*

3 5 .
L _63/GIMERY,

5
G R*MBDCL7173 (1)

(2)

TereBD 4 QpMpD
1 1 1
S 3
Te Tcirc,* Tcirc,BD

where 7, is the circularization timescale, a is the semi-
major axis, M, is the stellar mass, R, is the stellar ra-
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Table 5. Circularization timescales for different values of Q.
and pp with stellar rotational period and BD orbital period.
These rotation periods are calculated using vsin¢ and R.. Note
for TOI-1406, the shortest 7. for reasonable choices of Q. =
107 and Qpp = 10*° is 7. = 91.5715§ Gyr. These show 1-o
uncertainties.

Object name & Age Qx QBD Te (Gyr)
TOI-569 108 106 78.6777,
4.7970 7% Gyr 108 1045 47.0722
107 106 8.0798
0.7
107 1045 75797
Prot (days) Pop (days) wsing (km/s)
TOI-569 11.3 6.6 6.740.1
TOI-1406 4.5 10.6 15.0+ 1.0

dius, Mpp is the BD mass, Rgp is the BD radius, Q4
is the tidal quality factor for the star, and @Qpp is the
tidal quality factor for the BD. The individual contribu-
tions of the effects of tides raised on the star and the BD
are accounted for in Equations 1 & 2, respectively, and
summed together in Equation 3. Equation 3 is a predic-
tion on how long it takes for the orbital eccentricity of
an object to decrease by an exponential factor (the rela-
tionship 7,  dt «x —de/e). Use of this equation comes
with a number of assumptions that we reiterate here
from Jackson et al. (2008): 1) the BD is in a short or-
bital period (10 days or less), 2) the orbital eccentricity
e is small (though for companions in the planetary mass
range, higher-order terms may be important to account
for higher e in the past), 3) the BD’s orbital period Py,
is smaller than the host star’s rotation period P,o;. Ad-
mittedly, Equation 3 and these assumptions cater to hot
Jupiters and not much more massive BDs, which is im-
portant to highlight as P, of the host star is influenced
by the presence of a massive companion. We also note
that Equation 3 produces longer estimates for the cir-
cularization timescale compared to solutions worked out
by Zahn (1977) and others, which predict tidal evolution
to occur on shorter timescales.

We also highlight that the circularization timescale
and the synchronization timescale, 7, change over time
as the host star and especially the BD change in radius.
The equation for 7o from Goldreich & Soter (1966) is:

i _ 9 GREME%D (4)
0 40, M,Q,Qab

where ), is the angular velocity of the star and «, is
the stellar moment of inertia.

With these considerations in mind, we calculate 7, for
TOI-569b and TOI-1406b for a range of @, and Qpp
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Figure 8. Circularization and synchronization timescales
for TOI-569 and TOI-1406 as a function of the age of the
system. Here we took tidal quality factors Q, = 107 and
QBD = 10*°. When the curves for Te, Ta, OF T are above
the solid line, then the respective timescale is longer than
that current age of the system.

for each system in Table 5. The rotation period of each
star is estimated using the projected rotation rate vsins
and the radius of the star from EXOFASTv2. The choice
to adopt a Qpp as low as 10*° comes from Beatty et al.
(2018), who directly constrain Qpp for CWW 89Ab, a
Mpp = 39M; BD. For the bimodal posterior distribu-



tions of TOI-569, we only use the most probable M,,
R,., Mgp, Rpp, and a (Table 8). Each parameter (M,,
R., Mpp, Rpp, and a) is a randomly sampled posterior
distribution from EXOFASTv2 and so the 7, distribution
is as well. From the 7, distribution for our selected com-
binations of @), and QIgp, we calculate the median and
1-0 uncertainties as the 16*" and 84*" percentiles of the
distribution. For TOI-569, we find a range of 7. = 7.5
Gyr to 7o = 78.6 Gyr. For TOI-1406, we see 7, > 91
Gyr for the lowest reasonable choices of tidal quality
factors, however, since P, > Pt in this system, these
timescales are generally invalid. We also note that Jack-
son et al. (2008) provide equations for the orbital decay
timescale 7, and for both TOI-569 and TOI-1406, the
decay timescale is at least an order of magnitude longer
than the age of either system.

We see from Table 5 and Figure 8 that all reasonable
choices of Q4 and @Qpp for TOI-1406 yield 7, and 7 val-
ues much longer that the system’s likely age (3.207% 20
Gyr), but TOI-1406 does not meet the assumptions ac-
counted for with Equation 3. Namely, the orbital period
of TOI-1406b is not much shorter than the star’s rota-
tion period. In fact, Py, of the BD is more than twice
as long as P, for the star.

The narrative is different for TOI-569. In this system,
P, < Pot and we find for certain permutations of Q)
and @pp that 7, is comparable to the age of TOI-569
(4.79£0.73 Gyr). Additionally, this system is predicted
to synchronize within 1 Gyr, yet we see from the TESS
light curve (Figure 2) and Pyt derived from vsini and
R, that the system is not synchronized. In order to ex-
plain why the stellar rotation and BD orbital period are
not synchronized (Pop, # Prot), a value of Q, = 10% is
more appropriate for TOI-569. This is because higher
values of () indicate that the star or BD is more resis-
tant to circularization or synchronization, which makes
the timescales for these processes longer. A high value
for Q4 is consistent with recent statistical estimates by
Collier Cameron & Jardine (2018) and theoretical cal-
culations by Penev & Sasselov (2011).

4. DISCUSSION

Including the new BDs in this work, the total num-
ber of known BDs that transit a star is 23 (Table 6).
With the discovery of TOI-569b and TOI-1406b, the
total number of new transiting BDs discovered or ob-
served by the TESS mission is now 4 (Subjak et al.
2019; Jackman et al. 2019, this work). We expect at
least as many more to be discovered as TESS contin-
ues its observations over the remainder of its primary
mission. At present, we do not have enough transiting
BDs to perform a statistical study of the population and
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draw conclusions about the fundamental origins of BDs
and how the mass of a BD precisely reflects its formation
and evolution.
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80

751

70 +

65 TOI-569b
(@]

60 o

551
)
50

z
@ TOI-1406b
24 o
7y
© 40 4
=
35 +
301
(@]
251
o
20 @ @ Teir=4000K
154 4000K < Tefr = 5000K ||
5000K < Terr < 6000K
10 1 O  6000K < Tefr < 7000K |4
Teff > 7000K
100 10! 10 0123456
Period (days)

Figure 9. Mass-period distribution of transiting BDs. The
colors indicate the effective temperature of the host star of
each BD.

The mass distribution for the current population of
BDs is shown in Figure 9 with the effective temperature
of the host star indicated by the colors of the points.
From all published studies of transiting BDs to date,
there is no preference for a particular type of host star
to BDs. This could be compared to the distribution of
primary stars in short-period binary systems and to hot
Jupiter host stars in future works once the total number
of transiting BDs increases. Interestingly, we see that 6
transiting BDs (roughly 20% of the transiting BD popu-
lation, see Table 6) are hosted by an M dwarf star. This
is in contrast to hot Jupiters where only a few percent of
the hot Jupiter population are found transiting M dwarf
stars (e.g. Kepler-45b Johnson et al. (2012), HATS-6b
Hartman et al. (2015), WASP-80b Triaud et al. (2015),
NGTS-1b Bayliss et al. (2018)). It may be the case as
TESS completes its primary mission that we continue to
discover more BDs around M dwarfs. If so, we will be
challenged to explain why this is the case for BDs and
less so for giant planets.

4.1. TOI-569b and TOI-1406b in the mass-radius
diagram
The mass-radius diagram for transiting BDs is shown
in Figure 10. All of the BDs on this diagram are neces-
sarily transiting because it is through the transit method
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that we can measured the radius. However, even though
a transit provides some measure of the radius, the mea-
surement is not always very precise. Exactly how precise
can be quantified with the aid of substellar evolutionary
models (Baraffe et al. 2003, CONDO03). For example, we
see from Figure 10 that an uncertainty of 0.3 Ry (~30%)
for any BD mass translates to an uncertainty of hun-
dreds to thousands of Myr. These large (10-30%) uncer-
tainties in the radii typically arise from grazing transits
of the BDs, as is the case with CoRoT-33b (Csizmadia
et al. 2015), NLTT 41135b (Irwin et al. 2010), and TOI-
503b (Subjak et al. 2019). So, what may seem to be
a reasonably precise radius uncertainty of 10% actually
turns out to be a rather large uncertainty in the age.

We are fortunate that the transits of TOI-569b and
TOI-1406b are not grazing, which means we have a
nicely constrained measurement (< 5% uncertainty) of
the radius of each BD. This means that these two new
transiting BDs have precisely predicted ages from sub-
stellar evolutionary models. The CONDO03 models con-
sider the effects of irradiation on the BD’s radius over
time, while another set of models by Saumon & Mar-
ley (2008) (SMO08) does not and instead focuses on the
effects of metallicity.

Transiting brown dwarf population with evolutionary models

1.6
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Figure 10. Mass-radius diagram of transiting BDs featuring
the Baraffe et al. (2003) (CONDO3) and Saumon & Marley
(2008) (SM08) models. TOI-569b and TOI-1406b are shown
as a red star and a purple square, respectively. Both models
overestimate the age of TOI-569b yet seem to approximately
estimate the age of TOI-1406b.

We see that both sets of models seem to overestimate
the age of TOI-569b to be ~10 Gyr compared to the

age of the host star modelled from MIST (4.79 £+ 0.73
Gyr). For TOI-1406, we find that both the CONDO3
and SMO8 models roughly predict the age of the sys-
tem (3.207%25 Gyr). This is difficult to reconcile since
the CONDO03 and SMO8 models overestimate the age
of the TOI-569b while these same models reasonably
predict the age of TOI-1406b. It may be that the age
of TOI-1406b is only coincidentally predicted and that
more generally these models overestimate a BD’s age.
Evidence for this may be seen in how both models over-
estimate the ages of CWW 89Ab (Beatty et al. 2018)
and AD 3116b Gillen et al. (2017), which are two BDs
with directly measured ages via their association with
stellar clusters/streams. Another way to convey this
is to say that the CONDO3 models may underestimate
the rate at which irradiated, short-period transiting BDs
contract over long timescales.

4.2. Possible formation pathways for TOI-569b and
TOI-1406b

Though the CONDO03 and SM08 models may not ac-
curately estimate the ages of these BDs, we do have
reasonable estimates of the ages of the host stars. So,
we may compare the Jackson et al. (2008) models for
circularization and synchronization timescales to these
ages. We do this in an effort to find evidence in fa-
vor of a formation scenario for short-period BDs that is
either more similar to that of giant planets or instead
more similar to the formation of the smallest, least mas-
sive stars. The different types of formation pathways
can be broadly reduced into three methods: 1) cloud
fragmentation, 2) gravitational disk instability, 3) core
accretion in a protoplanetary disk. Considering now the
short-period BDs in this study, each of these possible
BD pathways may happen at different distances from a
host star and somehow result in a close-in BD. Given
this, we may break down these pathways further into
three scenarios:

Scenario 1: formation in-situ at or very close to the
BD’s current orbit

Scenario 2: formation in a disk at a wide separation
from the host star and a slow or “dynamically
quiet” migration inward

Scenario 3: formation in a disk at a high eccentricity
with tidal damping aiding in migration inward to
a circular orbit

Now, we may examine each scenario in the context
of the three aforementioned formation pathways (cloud
fragmentation, gravitational instability, core accretion).
Note that we have ruled out Scenario 3 for all formation
pathways in Section 3.4 (see Table 5 and Figure 8).



4.2.1. Cloud or core fragmentation in the disk

Scenario 1 is not possible for TOI-569b and TOI-1406b
because fragmentation has been shown to occur on scales
of tens to thousands of AU (Delgado-Donate et al. 2004;
Offner et al. 2010; Bate 2019), so in-situ cloud fragmen-
tation cannot happen at the orbital separations of these
BDs. Scenario 2 may be possible although the migration
through the disk will take place after formation through
the dissipative interactions with gases in the disk. Sce-
nario 2 also faces resistance in that disk evolutionary
models do not produce BDs at sub-AU scales very well.

4.2.2. Gravitational disk instability

Scenario 1 for in-situ formation cannot happen in the
case of either BD due to high disk temperatures and a
Toomre () > 1 at scales of a few AU or less (Kratter
& Lodato 2016). With the ideal conditions, Scenario
2 is possible. That is, single or multiple fragments may
form at wide separations (30-100 AU) from the host star
and migrate inward. Single fragments may even migrate
quickly if they avoid gap openings in the disk as the
travel inward (Malik et al. 2015; Stamatellos & Inutsuka
2018). This sort of migration is enhanced when multiple
fragments form (Forgan et al. 2018). Whether or not
these fragments can migrate inward while maintaining
a nearly circular orbit and build to a single 40-65Mj
object is unclear.

4.2.3. Core accretion in the disk

Scenario 1 is not possible given the large masses of
TOI-569b and TOI-1406b. Hot Jupiters may be able
to form in-situ with a sufficiently massive enough core
(156Mg, Coleman et al. 2017), but it is not clear that this
scales to 40-50 M 5. Scenario 2 is not possible for similar
reasons; the mass budget for gas in the disk may not be
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high enough to grow a core to tens of Jupiter masses.
Though with TOI-569, the high metallicity helps in mas-
sive core growth (Mordasini et al. 2012), this does not
appear to explain the resulting 63 My BD.

Though a clear explanation has yet to present itself, it
seems that TOI-569b and TOI-1406b may have formed
in nearly circular orbits and migrated inwards in such a
way to maintain their zero eccentricity over a few billion
years.

Ultimately, we find TOI-569b and TOI-1406b to be
special in that they contribute new measurements to the
still sparsely populated mass-radius diagram for tran-
siting BDs. These systems also offer themselves as
new data to examine circularization and synchroniza-
tion models. As we continue to characterize new short-
period, intermediate mass BDs, we are learning that no
single formation scenario seems to adequately describe
these type of BDs. Perhaps then, it is the systems like
TOI-569 and TOI-1406 that may be the most informa-
tive in our endeavors to understand BD formation.
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Table 6. List of published transiting brown dwarfs as of September 2019.

Name P (days) Mgp/M; Rep/Rj e M./ Mg R./Re Ter (K) [Fe/H] Reference

TOI-569b 6.556 63.8+1.0 0.754+0.02 O (adopted) 1.21+0.03 1.484+0.03 5705+76 +0.40+0.08 this work

TOI-1406b 10.574 46.0+2.7 0.864+0.03 O (adopted) 1.18+0.09 1.354+0.03 6290+ 100 —0.08+£0.09 this work
HATS-70b 1.888 129+1.8 1.38£0.08 < 0.18 1.78 £0.12 1.88£0.07 79304820 +40.04=+0.11 1
KELT-1b 1.218 2744+09 1.124+0.04 0.01+0.01 1.34+0.06 1.47+0.05 651649 +40.05+0.08 2
NLTT 41135b 2.889 33.7+28 1.134+0.27 < 0.02 0.19+0.03 0.21+0.02 3230+£130 —0.254+0.25 3
LHS 6343c 12.713 62.9+2.3 0.83+0.02 0.056+0.032 0.37£0.01 0.38£0.01 - +0.02 £0.19 4
LP 261-75b 1.882 68.1+2.1 0.90 £ 0.02 < 0.007 0.30+£0.02 0.31+£0.01 3100+ 50 - 5
WASP-30b 4.157 61.0+£0.9 0.894+0.02 O (adopted) 1.17+0.03 1.304+0.02 6201+97 —0.08+0.10 6
WASP-128b 2.209 372+£0.9 0.9440.02 < 0.007 1.16 £0.04 1.15£0.02 5950£50 +40.01+£0.12 7
CoRoT-3b 4.257 21.7+1.0 1.01+0.07 O (adopted) 1.37+0.09 1.56+0.09 6740+ 140 —0.02+£0.06 8
CoRoT-15b 3.060 63.3+4.1 1.124+0.30 0 (adopted) 1.32+0.12 1.46+0.31 6350+200 +0.10=+0.20 9
CoRoT-33b 5.819 59.0+1.8 1.10+£0.53 0.070+0.002 0.86+0.04 0.94+0.14 522580 +40.44+0.10 10
Kepler-39b 21.087 20.1+1.3 1.244+0.10 0.112+0.057 1.29£0.07 1.40=£0.10 63504100 +40.10+0.14 11
KOI-189b 30.360 78.0+3.4 1.00£0.02 0.2754+0.004 0.76+£0.05 0.73+£0.02 4952+40 —0.07+0.12 12
KOI-205b 11.720 39.9+1.0 0.81+0.02 < 0.031 0.92+£0.03 0.844+0.02 5237+60 +0.14+£0.12 13
KOI-415b 166.788  62.1+2.7 0.79+£0.12 0.689 £0.001 0.94+0.06 1.15+0.15 581080 —0.244+0.11 14

EPIC 201702477b 40.737  66.9+1.7 0.76£0.07 0.228+0.003 0.87+0.03 0.90+0.06 551770 —0.16+0.05
EPIC 212036875b 5.170 52.3+19 0.87+0.02 0.132+£0.004 1.29£0.07 1.50£0.03 6238+60 +40.01+£0.10 18, 21

—_
ot

AD 3116b 1.983  54.2+4.3 1.02+0.28 0.146+0.024 0.2840.02 0.29+0.08 32004200 +40.16+0.10 17
CWW 89Ab 5.293 3924+ 1.1 0944002 0.189+0.002 1.10+0.05 1.03+£0.02 5755+49 +0.20+£0.09 16, 18
RIK 72b 97.760  59.24+6.8 3.10+0.31 0.1464+0.012 0.44+0.04 0.9640.10 3349 + 142 - 19
TOI-503b 3.677  53.7+1.2 1.34732¢ 0 (adopted) 1.804+0.06 1.70+0.05 76504160 +0.61 + 0.07 22
NGTS-7Ab 0.676 755730 1.38701% 0 (adopted) 0.48+0.13 0.61+0.06 3359+ 106 - 23
2M0535-05a8 9.779  56.7+4.8 6.5040.33 0.323 +0.006 - - - - 20
2M0535-05b 9.779  35.6+2.8 5.0040.25 0.323+0.006 - - - - 20

NOTE—References: 1 - Zhou et al. (2019), 2 - Siverd et al. (2012), 3 - Irwin et al. (2010), 4 - Johnson et al. (2011), 5 - Irwin et al. (2018), 6 -
Anderson et al. (2011), 7 - Hodzi¢ et al. (2018), 8 - Deleuil et al. (2008), 9 - Bouchy et al. (2011), 10 - Csizmadia et al. (2015), 11 - Bonomo
et al. (2015), 12 - Diaz et al. (2014), 13 - Diaz et al. (2013), 14 - Moutou et al. (2013), 15 - Bayliss et al. (2017), 16 - Nowak et al. (2017), 17 -
Gillen et al. (2017), 18 - Carmichael et al. (2019), 19 - David et al. (2019), 20 - Stassun et al. (2006), 21 - Persson et al. (2019), 22 - Subjak
et al. (2019), 23 - Jackman et al. (2019)



Table 7. MIST median values and 68% confidence interval for TOI-1406, created using
EXOFASTv2 commit number 65aa674. Here, U[a,b] is the uniform prior bounded between
a and b, and GJa, b] is a Gaussian prior of mean a and width b.

Parameter Units Priors Values

Stellar Parameters:

My...... Mass (M)« veeeneeainaainannn. - 1.181568
Re.ooi.. Radits (R) - vvervveeeieeaannannn. - 1.3510:63
Ly...... Luminosity (Le) ..ovvvinenanannaa.. - 2.56 £ 0.15
. +0.07
DPoevnnnnn Density (€g8) o vvvvvniniiriiiiinnan... - 0.687 07
logg..... Surface gravity (cgs).............o.... - 4.252f818?&
Teff ----- Effective Temperature (K)........... G[6282,110] 6290 £ 100
[Fe/H] Metallicity (dex)..................... G[—0.09, 0.09] —0.08 £ 0.09
Age..... AgE (GYT) eevee i - 3.2013-20
EEP Equal Evolutionary Point ........... - 377t§g
Av...... V-band extinction (mag)............. U[0,0.08804] 0.04315-639
0sgp --- SED photometry error scaling ....... - 3.04:1)‘?3
W Parallax (mas)....................... G[2.3855,0.0291] 2.386 £ 0.029
do....... Distance (PC).....ooovvviiininiiin.. - 419.17:2:(2]

Brown Dwarf Parameters:

P....... Period (days)......oovvveiarenninn. - 10.5739810-59050
Mp..... Mass (Mjy) .ooiviiiiiiiiiia - 46.0t§"?
Rp...... RAdius (Ry)..onenenenenananananns. - 0.86 & 0.03
To oo Time of conjunction (BJDTpg)... ... - 2458414.6065 155018
To.o.n... Optimal conjunction Time (BJDrpg) - 2458435.7545 105012
[ Semi-major axis (AU) ............... - 0.10107:8:88%%
[ Inclination (Degrees) ................ - 87.70J_r8'ég
€ Eccentricity ............ ...l - 0 (adopted)
Tego-n--- Equilibrium temperature (K)........ - 1108t¥;
K....... RV semi-amplitude (m/s)............ - 3720ti§8
logK .... Log of RV semi-amplitude ........... - 3.57015-012
Rp /R« Radius of planet in stellar radii ..... - 0.0654 £ 0.0011
a/Rs«.... Semi-major axis in stellar radii ...... - 16.11f8‘gg
[ I Transit depth (fraction).............. - 0.00428 £+ 0.00014
Depth ... Flux decrement at mid transit ...... - 0.00428 + 0.00014
T Ingress/egress transit duration (days) - 0.0lSOfg:gg%i
bl Transit Impact parameter ........... - 0.648f8:8§2
PP e Density (CgS) - .vvvnvneririnnianann.. - QOtié_
loggp ... Surface gravity ...................... - 5.190t8;8j£
Mp sini Minimum mass (Mj)................ - 45.9f3‘$
Mp /M. Mass 1atio ........ooovviriiniin... - 0.037215-:5016
Wavelength Parameters: TESS band
[75 linear limb-darkening coeff .......... 0.224 £ 0.050
UD e quadratic limb-darkening coeff ...... 0.299 +£ 0.050
RV Parameters: ANU CHIRON
Yeel .- Relative RV Offset (m/s) ............ —154901299 15461779
g e RV Jitter (/8)..veevrenianen.. 3807509 182185
0% ... RV Jitter Variance .................. 1500007150900 330007138060
Transit Parameters: TESS
o2 Added Variance ..................... —0.000000154195000060- 1

Baseline flux ........................ 0.999996 =+ 0.000013
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Table 8. Yonsei-Yale median values and 68% confidence interval for TOI-569, created using EXOFASTv2 commit number 65aa674.
The most likely values (probability of 0.73) and the ones we report for this system are shown in boldface. Here, U[a,b] is the
uniform prior bounded between a and b, and GJa, b] is a Gaussian prior of mean a and width b.

Parameter Units Priors Most likely values Less likely values
Stellar Parameters: Prob. =0.73 Prob. = 0.27
Mi...... Mass (ME) . nveanrenaieaeeannns - 1.21+0.03 11171662
Riooon.. Radits (RE) «vvvveerreeaeannn. - 1.48 +0.03 1.48 £ 0.03
Lo Luminosity (L@) .« .veeevveeennennn. - 2.0879:29 2.03 £0.09
Poeevennnn Density (Cg8) «vvvvrvriinininnenen.. - 0.52 +0.03 0.48 £0.03
logg..... Surface gravity (cgs)................. - 4.18 +0.019 4.14 +0.02
Tof -o. - Effective Temperature (K)........... G[5605, 100] 5705778 5651759
[Fe/H] Metallicity (dex)..................... G[0.41,0.1] 0.4073:97 0.33 £ 0.08
+0.82
Age..... Age (GYT) oo - 4.79+0.73 7.4410:82
Ay ... V-band extinction (mag)............. Uu[o,1.1749) 0.06713:983 0.05216-674
OSED SED photometry error scaling ....... - 2.94fé‘?2 3.08f(1)‘§g
W Parallax (Mas).........cooeevueann... G[6.3723, 0.0306] 6.374 4+ 0.031 6.37470-0%0
doooo.... Distance (Pe) ... ..ovveeeiaeiaina.. - 156.88 + 0.75 156.83 + 0.75

Brown Dwarf Parameters:

o2 .. Added Variance .....................

Baseline flux ........................

+0.00000030
0.000002027 )" 50000026
0.99981 £+ 0.00013

+0.0000000063
0.0000001792Z¢ 6000000062

1.0000143 £ 0.0000053

P...... Period (days) ......c.covveieeinann.. - 6.55604 1900018 6.5560315-50016
Mp..... Mass (M) «ovveeneenaineanannn, - 63.84+1.0 60.175°5
Rp...... Radius (Ry)..covvviiiiint - 0.75 £ 0.02 0.76 £ 0.02
To ... Time of conjunction (BJDrpg)...... - 2458523.0919279-99070  2458523.09199 + 0.00070
To.eonnn. Optimal conjunction Time (BJDrpg) - 2458529.6479679:99070  2458529.6480315-90070
Aenennn. Semi-major axis (AU) ............... - 0.07428 + 0.00059 0.0720773-06027
A, Inclination (Degrees) ................ - 85.37J_rgiﬁ 85.157:8:}3
€urinnnn Eccentricity ............ooiiiii... - 0 (adopted) 0 (adopted)
Teg-----. Equilibrium temperature (K) ........ - 1227f13 12371%?,)
K....... RV semi-amplitude (m/s)............ - 5884 +17 5884t%§
logK . Log of RV semi-amplitude ........... - 3.7697 + 0.0013 3.7697 £ 0.0013
Rp/R... Radius of planet in stellar radii ..... - 0.05217+3-00094 0.0525815-5016 .
a/Rx . Semi-major axis in stellar radii ...... - 10.81t8‘§? 10.44t8:§(1)
St Transit depth (fraction).............. - 0.00272119-90649 0.00276579-09010
Depth Flux decrement at mid transit ...... - 0.002730tg:838(1)36 0.002765f8:888}(1]0
T Ingress/egress transit duration (days) - 0.0214tgjggig 0.02301’8:88%
b.o....... Transit Impact parameter ........... - 0.8739tgigggi 0.8820f8188$g
PP e Density (Cg8) «vvvvreriinininnenen.. - 187f%g 169f}g
loggp Surface gravity .............ooiiii.s - 5.44475:929 5.412715-697
Mpsini Minimum mass (Mj) .............. .. - 63.6 1.0 59‘9f8:g
Mp /M. Mass 1atio .........ooovriiraiin... - 0.0504373-55097 0.0519570-06025
Wavelength Parameters: I-band TESS band
UL v linear limb-darkening coeff .......... 0.292 + 0.050 0.335 4 0.049
UDee e quadratic limb-darkening coeff ...... 0.260 + 0.050 0.269 + 0.049
RV Parameters: CHIRON CORALIE FEROS
Yeel - Relative RV Offset (m/s) ............ 71964715 734137117 73402753
OF e RV Jitter (In/S). .. vovuveeiaineanin, 37+23 3737 70720
o2 ... RV Jitter Variance .................. 142073350 139012500 50007176060
Transit Parameters: LCO UT 2019-04-15 (I-band) TESS




