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Abstract

We present the discovery of 11 new transiting brown dwarfs (BDs) and low-mass M dwarfs from NASA’s
Transiting Exoplanet Survey Satellite (TESS) mission: TOI-2844, TOI-3122, TOI-3577, TOI-3755, TOI-4462,
TOI-4635, TOI-4737, TOI-4759, TOI-5240, TOI-5467, and TOI-5882. They consist of five BD companions and
six very-low-mass stellar companions ranging in mass from 25M; to 128 M;. We used a combination of
photometric time-series, spectroscopic, and high-resolution imaging follow-up as a part of the TESS Follow-up
Observing Program (or TFOP) to characterize each system. With over 50 transiting BDs confirmed, we now have
a large enough sample to directly test different formation and evolutionary scenarios. We provide a renewed
perspective on the transiting “brown dwarf desert” and its role in differentiating between planetary and stellar
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formation mechanisms. Our analysis of the eccentricity distribution for the transiting BD sample does not support
previous claims of a transition between planetary and stellar formation at ~42 M;. We also contribute a first look
into the metallicity distribution of transiting companions in the range 7-150 Mj, showing that this does not support
a ~42 M; transition too. Finally, we also detect a significant lithium absorption feature in one of the BD hosts
(TOI-5882). However, we determine that the host star is likely old based on rotation, kinematic, and photometric
mdeasurements. We therefore claim that TOI-5882 may be a candidate for planetary engulfment.

Unified Astronomy Thesaurus concepts: Brown dwarfs (185); Exoplanets (498); M dwarf stars (982); Transits

(1711); Radial velocity (1332)

Materials only available in the online version of record: machine-readable table

1. Introduction

Since the launch of NASA’s Transiting Exoplanet Survey
Satellite (TESS) in 2018 (G. R. Ricker et al. 2015), the number
of brown dwarfs (BDs) known to transit their host stars has
increased rapidly from just 16 systems to >50. These BDs,
which are defined as objects within the mass range of
13-80 M, fuse only deuterium in their cores. This differenti-
ates them from planets, which undergo no fusion, and stars,
which ignite hydrogen fusion. However, the deuterium- and
hydrogen-burning limits have been shown to be less clear than
this definition would imply. D. S. Spiegel et al. (2011) showed
that the lower limit varies from 11 to 16 Mj, while 1. Baraffe
et al. (2003) showed that hydrogen fusion can ignite between
75 and 80 M;. The spread in both of these estimates can be
explained by variation in the chemical composition and
formation conditions of the BD. While these definitions
provide insight into the physical processes taking place in
BD interiors, they offer little insight into how they form.

Reframing our perspective on BDs into one motivated
by formation and evolution has long been advocated for by
some members of the BD community (A. S. Burrows 2014;
G. Chabrier et al. 2014; T. W. Carmichael et al. 2021), where
objects would be distinguished based on whether they form
through a planet-like or a star-like formation mechanism. BDs
forming like planets would undergo a core-accretion pathway
(J. B. Pollack et al. 1996), commonly referred to as a “bottom-
up” approach. The star-like BDs, on the other hand, would
form via direct gravitational collapse, or “top-down,” which
can happen either within the circumstellar disk or at the core
scale (F. C. Adams et al. 1989; M. R. Bate 2012; K. Kratter &
G. Lodato 2016). Differentiating between these two formation
pathways remains challenging, since it is unclear under what
conditions each mechanism dominates, and whether there are
any observable parameters that could distinguish them.
Fortunately, in the era of TESS we have begun to accumulate
transiting BDs en masse, allowing us to pursue the question of
BD formation from a different perspective. This budding
population of transiting BDs is particularly enticing for studying
BD formation because it provides a complementary, and in
many cases more complete, understanding of BDs compared to
previously studied objects, which have primarily been dis-
covered via direct imaging or radial velocity (RV) techniques.
The transiting population serves as a complementary data set to
these other populations because transits provide a model-
independent measurement of BD radii, a property which often
can only be otherwise inferred with evolutionary models based
on the observed spectrum and luminosity. This measurement is
vital because BDs tend to contract with age, while also
decreasing in size as mass increases (A. Burrows et al. 2001;
I. Baraffe et al. 2003; D. Saumon & M. S. Marley 2008;

M. W. Phillips et al. 2020). Thus, there exists a degeneracy
between mass, radius, and age for BDs, making it difficult to
test the substellar models with observed systems unless all three
variables can be measured. These transiting systems provide
direct, independent measurements on two of these degenerate
parameters, and in cases where the host star’s age can be
precisely determined all three (e.g., E. Gillen et al. 2017;
G. Nowak et al. 2017; T. J. David et al. 2019; N. Vowell
et al. 2023).

This rapidly growing population of transiting BDs also
allows us to revisit the longstanding idea of the so-called
“brown dwarf desert.” Prior work has shown a dearth of BDs
orbiting main-sequence host stars with semimajor axes <5 au.
(G. W. Marcy et al. 1997; D. W. Latham et al. 1998). B. Ma &
J. Ge (2014) refined our understanding of the BD desert by
investigating the population of all published BDs discovered
with the RV method at the time. Here they found that the
“driest land” of the desert lies between 35 < m sini < 55 Mj
and with period P < 100days. The authors attribute this
feature to being a result of different formation mechanisms
dominating in different mass regimes. Namely, that stellar
binary formation is responsible for the systems with BD
companions > 42 M; while formation in the protoplanetary
disk explains the systems with BDs < 42 M;. However, the
sample in this study with period P < 100 days was quite small,
at only 25 BDs. Furthermore, by virtue of being a RV study, it
was restricted to only probing m sini rather than the BD mass
directly, unable to break the sini degeneracy in most cases, a
complication that the transiting population does not have.

As this population of transiting BDs expanded in the era of
space-based transit surveys, several new discoveries noted an
“oasis” forming in the desert (T. W. Carmichael et al. 2020;
J. §ubjak et al. 2020; B. A. Henderson et al. 2024a) with new
transiting systems beginning to populate the driest region of
the desert noted by B. Ma & J. Ge (2014). With the new
discoveries presented in this work, the transiting BD popula-
tion now exceeds 50 systems, more than double the size of the
population B. Ma & J. Ge (2014) had access to, opening the
door for a reevaluation of the BD desert from a new
perspective. Hence, in this paper we present the discovery of
11 new transiting companions from NASA’s TESS mission.
Six of these systems are BDs, with three lying within the
B. Ma & J. Ge (2014) defined “driest” region of the BD desert.
We confirmed the remaining six non-BD companions as very-
low-mass stars <150 Mj. In Section 2 of this manuscript, we
present all the observations collected for each system in this
work. Section 3 details our analysis of each system using
EXOFASTv2 (J. Eastman et al. 2013; J. D. Eastman et al.
2019). In Section 4, we provide a discussion on how these new
systems fit into the population as a whole with a renewed
perspective on the BD desert. We also discuss a detection of
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Table 1
Literature and Measured Properties
TOI-2844 TOI-3122 TOI-3577 TOI-3755 Source
Other identifiers
TESS Input Catalog TIC 387342052 TIC 61117473 TIC 396133015 TIC 281196902
TYCHO-2 TYC 771-367-1 TYC 6773-1-1 TYC 3608-647-1
2MASS J07204878+1301073 J15074899-2809237 J21482300+4820042 J04385936+6640161
Gaia DR3 3166196736096450816  6212565847439064192  1977894600881987328 483359575160953728
Astrometric Parameters
Qj2000° R.A. (hh:mm:ss) 07:20:48.78 15:07:48.99 21:48:23.01 04:38:59.37 (1)
812000 decl. (deg:arcmin:arcsec) 13:01:07.4 —28:09:23.8 48:20:04.4 66:40:16.2 (€))]
Lo Gaia DR3 proper motion in R.A. —2.992 £+ 0.016 —13.329 + 0.015 5.052 + 0.011 —11.614 + 0.007 (1)
(mas yr")
s Gaia DR3 proper motion in decl. —4.906 £+ 0.016 —0.501 £+ 0.013 —33.472 £ 0.011 11.407 £+ 0.009 (1)
(mas yr’l)
m Gaia DR3 parallax (mas) 1.4262 £+ 0.0137 1.9337 £ 0.0147 2.3184 £ 0.011 3.0749 £ 0.0104 (1)
v sini, Projected rotational velocity 60.8 + 2.6 232 £ 5.1 103 £ 0.5 5.1 +£05 2)
(kms™h
Photometric Parameters
G Gaia G mag 11.87 + 0.02 12.52 + 0.02 11.75 + 0.02 12.62 + 0.02 (1)
Ggp Gaia Ggp mag 12.08 + 0.02 12.835 + 0.02 12.07 + 0.02 13.06 + 0.02 (1)
Ggrp Gaia Ggrp mag 11.52 + 0.02 12.05 + 0.02 11.26 + 0.02 12.01 £ 0.02 (1)
T TESS mag 11.583 £ 0.007 12.123 £ 0.008 11.321 £ 0.006 12.079 + 0.006 3)
J 2MASS J mag 11.168 £ 0.022 11.515 £ 0.026 10.638 £+ 0.023 11.316 £+ 0.024 “4)
H 2MASS H mag 10.967 + 0.027 11.277 + 0.025 10.381 £ 0.03 10.966 + 0.028 4)
K 2MASS K mag 10.927 £ 0.021 11.207 £ 0.024 10.318 £ 0.020 10.876 + 0.022 4)
Wi WISE W1 mag 10.90 + 0.03 11.05 + 0.03 10.24 + 0.03 10.82 + 0.03 )
w2 WISE W2 mag 10.93 + 0.03 11.07 + 0.03 10.27 + 0.03 10.87 £+ 0.03 5)
W3 WISE W3 mag 10.987 £ 0.143 11.147 £ 0.155 10.298 £ 0.046 10.651 + 0.093 5)
TOI-4462 TOI-4635 TOI-4737 TOI-4759 Source
Other identifiers
TESS Input Catalog TIC 76420654 TIC 337129672 TIC 142532090 TIC 49705089
TYCHO-2 TYC 2635-1030-1
2MASS J18184078+3615175 J02143112+0804481 J06533851-1326106 J06234422-2401288
Gaia DR3 4605954852723545088  2521579495665163008  2949605211853441664  2936390357694302336
Astrometric Parameters
Qj2000" R.A. (hh:mm:ss) 18:18:40.78 02:14:31.26 06:53:38.51 06:23:44.23 (1)
612000" decl. (deg:arcmin:arcsec) 36:15:17.5 08:04:45.3 -13:26:10.7 -24:01:28.9 (@)
Lo Gaia DR3 proper motion in R.A. 6.959 + 0.038 122.150 + 0.026 11.332 £ 0.013 0.634 + 0.009 (1)
(mas yr— ")
s Gaia DR3 proper motion in decl. —3.105 £+ 0.045 —203.829 £ 0.019 —20.658 + 0.014 7.847 + 0.012 (1)
(mas yr— ")
m Gaia DR3 parallax (mas) 2.5184 £ 0.0365 13.3018 £ 0.0238 1.7169 £ 0.0132 1.3243 £ 0.0107 (1)
vsini, Projected rotational velocity 18.6 £ 0.4 35+ 1.1 5.1 £0.6 134 £ 0.6 2)
(kms™h)
Photometric Parameters
G Gaia G mag 10.88 + 0.02 11.32 + 0.02 12.43 + 0.02 12.73 + 0.02 (1)
Ggp Gaia Ggp mag 11.17 + 0.02 11.99 + 0.02 12.78 + 0.02 13.10 £ 0.02 (1)
Ggrp Gaia Grp mag 10.39 + 0.02 10.53 + 0.02 11.93 + 0.02 12.20 + 0.02 (1)
T TESS mag 10.445 + 0.006 10.445 £ 0.006 11.992 £ 0.006 12.263 + 0.007 3)
J 2MASS J mag 9.882 + 0.020 9.565 + 0.025 11.355 £ 0.024 11.596 + 0.022 4)
H 2MASS H mag 9.585 + 0.020 8.987 + 0.028 11.057 £ 0.025 11.325 + 0.025 )
K 2MASS K mag 9.513 + 0.020 8.854 + 0.025 10.988 + 0.025 11.21 £ 0.026 4)
Wi WISE W1 mag 9.46 + 0.03 8.70 £+ 0.03 10.93 + 0.03 11.12 + 0.03 5)
w2 WISE W2 mag 9.49 £+ 0.03 8.74 £ 0.03 10.97 4+ 0.03 11.15 + 0.03 5)
w3 WISE W3 mag 9.410 + 0.033 8.696 + 0.030 10.960 + 0.107 11.166 + 0.107 5)
TOI-5240 TOI-5467 TOI-5882 Source

Other identifiers
TESS Input Catalog
TYCHO-2
2MASS
Gaia DR3

TIC 40055053
TYC 2663-268-1

J193220104-3456254
2046792606517797632

TIC 83275782

J061734494-2826431

3433414139371114368

TIC 232941965
TYC 2695-1754-1
J20473329+-3444151

1869489729418662528
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Table 1
(Continued)
TOI-2844 TOI-3122 TOI-3577 TOI-3755 Source

Astrometric Parameters
Q2000° R.A. (hh:mm:ss) 19:32:20.11 06:17:34.49 20:47:33.29 (1)
612000° decl. (deg:arcmin:arcsec) 34:56:25.4 28:26:43.1 34:44:15.2 (€))]
Lha Gaia DR3 proper motion in R.A. —0.414 £ 0.011 0.599 + 0.016 —14.084 + 0.014 (1)

(mas yr’l)
s Gaia DR3 proper motion in decl. 0.502 + 0.012 —13.726 + 0.012 —17.246 + 0.017 (1)

(mas yr")
m Gaia DR3 parallax (mas) 0.9894 £+ 0.0114 1.7558 £ 0.0138 2.3859 £+ 0.0144 (1)
vsini, Projected rotational velocity 328 £ 1.3 312+ 04 73 +£05 2)

(km s~ 1)
Photometric Parameters
G Gaia G mag 11.92 + 0.02 12.25 + 0.02 11.11 + 0.02 (1)
Ggp Gaia Ggp mag 12.09 £ 0.02 12.56 £+ 0.02 1147 £ 0.02 1)
Grp Gaia Grp mag 11.63 £ 0.02 11.78 £ 0.02 10.58 + 0.02 (1)
T TESS mag 11.692 £ 0.009 11.842 £ 0.006 10.634 £ 0.006 3)
J 2MASS J mag 11.307 £ 0.021 11.255 £ 0.021 9.988 + 0.020 “4)
H 2MASS H mag 11.176 £ 0.022 11.011 £ 0.023 9.736 + 0.020 4
K 2MASS K mag 11.154 £+ 0.020 10.947 + 0.020 9.615 + 0.020 “)
W1 WISE W1 mag 11.14 £+ 0.03 10.90 + 0.03 9.57 £ 0.03 5)
w2 WISE W2 mag 11.16 + 0.03 10.91 £ 0.03 9.60 £ 0.03 5)
w3 WISE W3 mag 10.928 + 0.096 10.952 + 0.144 9.662 + 0.055 5)

Notes. The uncertainties of the photometric measurements have a systematic floor applied that is usually larger than the reported catalog errors.

# R.A. and decl. are in epoch J2000. The coordinates come from Vizier where the Gaia R.A. and decl. have been precessed and corrected to J2000 from epoch J2016.
Sources: (1) Gaia Collaboration et al. (2023); (2) Section 2.3; (3) K. G. Stassun et al. (2019); (4) R. M. Cutri et al. (2003); M. F. Skrutskie et al. (2006); (5)

E. L. Wright et al. (2010); R. M. Cutri et al. (2012).

lithium (Li) in the host star of the BD companions presented
here (TOI-5882). Finally, we present our conclusions in
Section 5.

2. Observations

In the following subsections, we present all observations
collected and analyzed for each target in this sample. To
briefly summarize, each target has a suite of observations that
serve to characterize the host star and/or companion and rule
out false-positive scenarios. Generally, these observations
include archival multiband observations from various ground-
based missions, time-series photometry from both space- and
ground-based telescopes, spectroscopy, and high-resolution
imaging. See Table 1 for the relevant results of the archival
data associated with each system.

2.1. TESS Photometry

Each system presented here initially showed signs of an
orbiting companion via transits detected by TESS. TESS has a
mosaic of four CCD cameras each with a 24° x 24° field of
view, and a pixel size of 21”. In combination, this makes the
TESS field of view 24° x 96° for each sector, which is
observed for approximately 27 days before moving to a new
sector of sky. TESS observes at a 2 s cadence, and in the TESS
prime mission the data were processed into 2 minutes stacks
for select stars, with the rest of the field being processed at
30 minutes cadence. This prime mission observed >80% of
the entire sky, with the largest gaps in coverage occurring near
the ecliptic plane. As TESS transitioned to its first, and now
second, extended missions it continues to observe even more
of the ecliptic plane. In this second extended mission, most

preselected targets are now processed at 120 s, while a smaller
number are processed at 20 s cadence. Full-frame images are
processed at 200 s.

The systems presented here were observed by TESS
between Sectors 6—76 with cadences ranging from 30 minutes
in the prime mission to as low as 2 minutes in the extended
mission. The TESS data were originally downloaded and
reduced using both the TESS Science Processing Operations
Center (SPOC) pipeline (J. M. Jenkins et al. 2016) and the
MIT Quick-Look Pipeline (QLP; C. X. Huang et al. 2020a,
2020b; M. Kunimoto et al. 2021). The initial detection of a
transit-like signal was discovered and vetted by the faint-star
QLP search (M. Kunimoto et al. 2022) for 10 out the 12
systems presented in this paper. The remaining two, TOI-4462
and TOI-4635, were initially detected by the QLP and SPOC
pipelines, respectively, and then vetted by the TESS Science
Office. The diagnostic tests described in J. D. Twicken et al.
(2018) were used to evaluate whether the transit-like signal is
indeed Keplerian. Upon passing, each system was designated
as a TESS Object of Interest (TOI; N. M. Guerrero et al. 2021).
While both the QLP and SPOC pipelines correct for
contamination by known nearby stars, we choose to use the
SPOC light curves with the shortest cadence in our analysis
wherever possible for consistency. See Table 2 for full details
on the sectors, cadence, and pipeline used for each source. It
should be noted that all QLP light curves are processed from
the full-frame images. The TESS-SPOC (D. A. Caldwell et al.
2020) light curves are produced by the SPOC on a best-effort
basis under the leadership of Doug Caldwell, the PI, and
delivered as high-level science products to the Mikulski
Archive for Space Telescopes (MAST) rather than as part of
the official mission data products produced by the SPOC.
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Table 2
Summary of Observations from TESS
Target TESS Sector Cadence Pipeline
(s)
TOI-2844 7 1800 TESS-SPOC
- 33 600 TESS-SPOC
44 600 TESS-SPOC
45 600 TESS-SPOC
46 600 TESS-SPOC
71 120 SPOC
72 120 SPOC
TOI-3122 11 1800 QLP
38 600 QLP
65 120 SPOC
TOI-3577 8 1800 QLP
56 120 SPOC
76 120 SPOC
TOI-3755 19 1800 TESS-SPOC
59 120 SPOC
73 120 SPOC
TOI-4462 26 1800 TESS-SPOC
e 40 600 TESS-SPOC
53 600 TESS-SPOC
54 600 TESS-SPOC
74 120 SPOC
TOI-4635 42 120 SPOC
43 120 SPOC
70 120 SPOC
71 120 SPOC
TOI-4737 6 1800 TESS-SPOC
7 1800 QLP
33 600 TESS-SPOC
TOI-4759 6 1800 QLP
33 600 QLP
TOI-5240 14 1800 QLP
40 600 QLP
41 600 TESS-SPOC
54 600 QLP
55 600 QLP
74 120 SPOC
75 120 SPOC
TOI-5467 43 600 TESS-SPOC
. 44 600 TESS-SPOC
45 600 TESS-SPOC
71 120 TESS-SPOC
72 120 TESS-SPOC
TOI-5882 15 1800 TESS-SPOC
41 600 TESS-SPOC
55 600 TESS-SPOC
75 120 SPOC

We downloaded the individual light curves from the MAST
using the lightkurve package (Lightkurve Collaboration
et al. 2018).>” We then removed any long-term variability
(both stellar and instrumental) by fitting a spline to the flux
and dividing the light curve by the best-fitting spline
model. We used the Keplerspline package® for this
process as described in A. Vanderburg & J. A. Johnson
(2014). We remove most of the out-of-transit data, electing to
keep just one transit duration of baseline on either side of the
transit.

3 hutps: //github.com/lightkurve /lightkurve
49 hitps: //github.com/avanderburg /keplerspline
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2.2. Ground-based Time-series Photometry

In order to confirm that the signal observed by TESS is on
target, not originating from a nearby eclipsing binary that is
blended with the target star, we gathered ground-based time-
series photometry of each system as the companion transited
its host star. Since TESS has a relatively large pixel scale
(21”7 per pixel), the shallow eclipses we measured, which are
consistent with roughly 1 R;, can be easily mimicked when a
different, nearby eclipsing binary happens to fall on the same
photometric aperture as the target star. The much deeper
eclipses of the nearby eclipsing binary become diluted by the
target star to mimic a much shallower event. Seeing-limited
ground-based telescopes can have a much higher angular
resolution than TESS, typically 1”7-2", and therefore can
confirm that the signal is on target, thereby ruling out nearby
eclipsing binaries at all but the closest separations. They also
have the benefit of observing in multiple wavelengths to
confirm that the transit-like signal is achromatic. This is
helpful because the eclipse depth of an eclipsing binary is
nearly always wavelength dependent since the occulting body
cannot be treated as a nonluminous sphere. We also note here,
that while six of the companions presented herein are low-
mass M dwarfs, and hence are eclipsing binaries themselves,
they are so low in mass that we can still treat them as black
spheres since they contribute negligibly to the overall flux of
the system (D. J. Stevens et al. 2018). This process not only
rules out the nearby eclipsing binary false positive, but also
serves to refine the ephemerides of systems in which these data
are able to extend the photometric baseline.

The observations for these systems were collected through
the TESS Follow-up Observing Program (TFOP; K. A. Collins
et al. 2018) from various observatories as shown in Table 3.
The Las Cumbres Observatory Global Telescope (LCOGT;
T. M. Brown et al. 2013) was responsible for 14 light curves
from the following sites: McDonald Observatory (McD),
Teide Observatory (TEID), South African Astronomical
Observatory (SAAO), and Cerro Tololo Inter-American
Observatory (CTIO). The remaining light curves were
contributed by the following facilities: Calar Alto Observatory,
Brierfield Observatory, the Telescopio Carlos Sanchez (TCS)
at Teide Observatory, Grand-Pra (GdP) Observatory, Thacher
Observatory (J. J. Swift et al. 2022), KeplerCam at the Fred
Lawrence Whipple Observatory (FLWO), and the Acton Sky
Portal.

All data sets, except for the observations of TOI-3577 from
MuSCAT?2, were reduced and their light curves extracted
using AstroImaged (AlJ; K. A. Collins et al. 2017). To do
this, we use AlJ’s multi-aperture photometry tool using at least
five similarly bright comparison stars. We use AIJ’s built-in
transit fitting tool to assess the quality of the data and
determine detrending parameters. Generally, we only detrend
against the parameters that strongly correlate with the apparent
brightness of the companion stars as they change over the
course of the night. We choose to adopt detrending only when
the Bayesian information criterion of AlJ’s transit-only fit
significantly favors the detrended model. The detrending
parameters used for each light curve can be found in
Table 3. See Section D in the Appendix of K. A. Collins
et al. (2017) for a detailed description of each detrending
parameter. Finally, we normalized the data to the out-of-transit
baseline and incorporated each light curve (with detrending)
into our global fitting process (see Section 3).


https://github.com/lightkurve/lightkurve
https://github.com/avanderburg/keplerspline
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Table 3
Follow-up Observations
Exposure Detrend
TIC ID TOI Telescope Camera Observation Date  Telescope Size  Filter  Pixel Scale Time Params
uT) (m) (arcsec) (s)
387342052 2844 LCO-McD QHY600 2023 Apr 5 0.35 P 0.7 135 Air mass
Zeiss Calar Alto iKon-XL 230 2023 Nov 21 1.23 R 0.314 90 None
LCO-TEID Sinistro 2023 Nov 29 1.0 I8 0.389 19 None
61117473 3122 Brierfield Moravian 2023 May 15 0.36 R 0.735 180 Air mass
16803
396133015 3577 TCS MuSCAT2 2023 Jul 16 1.52 g 0.44 10 None
TCS MuSCAT2 2023 Jul 16 1.52 r 0.44 5 None
TCS MuSCAT2 2023 Jul 16 1.52 P 0.44 5 None
TCS MuSCAT?2 2023 Jul 16 1.52 Z_S 0.44 10 None
281196902 3755 GdP FLI4710 2022 Mar 3 0.4 I8 0.73 90 None
Thacher Teledyne PIXIS 2023 Oct 18 0.7 r 0.608 40 None
CDK-700
76420654 4462 FLWO KeplerCam 2024 Mar 19 1.2 i 0.672 6 Air mass
LCO-TEID Sinistro 2024 Apr 3 1.0 i 0.389 38 tot_C_cnts
337129672 4635 LCO-SAAO Sinistro 2023 Nov 22 1.0 4 0.389 37 None
LCO-CTIO-fa04 Sinistro 2023 Dec 5 1.0 4 0.389 37 None
LCO-CTIO-fal5 Sinistro 2023 Dec 5 1.0 z 0.389 37 Air mass
142532090 4737 LCO-TEID Sinistro 2023 Nov 26 1.0 P 0.389 33 None
LCO-CTIO Sinistro 2023 Dec 6 1.0 I8 0.389 33 None
LCO-SAAO Sinistro 2023 Dec 24 1.0 I 0.389 33 Air mass
49705089 4759  LCO-SAAO-fa06 Sinistro 2024 Feb 5 1.0 i 0.389 44 Air mass
LCO-SAAO-fal4 Sinistro 2024 Feb 5 1.0 I8 0.389 44 None
40055053 5240 LCO-TEID Sinistro 2023 Aug 2 1.0 i 0.389 26 None
83275782 5467 FLWO KeplerCam 2023 Mar 4 1.2 i 0.672 15 Air mass
Acton Sky Portal SBIG A4710 2023 Mar 20 0.36 r 1.0 20 Air mass
LCO-McD Sinistro 2023 Oct 13 1.0 i 0.389 29 tot_C_cnts
232941965 5882 LCO-McD Sinistro 2023 Jun 16 1.0 4 0.389 45 None

Note. All light curves are available on ExoFOP (https://exofop.ipac.caltech.edu).

Our follow-up observations of TOI-3577 were taken by
MuSCAT?2 on the TCS from Teide Observatory in Tenerife,
Spain (N. Narita et al. 2019). MuSCAT?2 is a multiband imager
with four cameras, each with a field of view of 7’4 x 7'4. This
setup allows for simultaneous observation in multiple bands,
which in our case were the g/, r/, i/, and z, bands. These
data were reduced by the dedicated MuSCAT2 pipeline
(H. Parviainen et al. 2019), and incorporated into our global fit.

2.3. Spectroscopy

We collected spectroscopic observations for each system to
measure the mass and eccentricity of their companions while
also further ruling out the false-positive scenario of nearby
eclipsing binaries. While several of the systems presented here
have companions above the hydrogen-burning boundary, and
thus are eclipsing binaries themselves, none of them have
companions that are bright enough to be detected photome-
trically or spectroscopically. Hence, they are all single-lined
spectroscopic binaries. Any potential nearby eclipsing binaries
(both bound and unbound) that cannot be ruled out by ground-
based photometry can be ruled out by spectroscopy within the
angular diameter of the fiber. These are ruled out by the fact
that the companions presented here are significantly more
massive than their giant planet counterparts. The Doppler
motion of the host stars’ spectral lines is too large to be
mimicked by a nearby eclipsing binary without resolving a
secondary set of spectral features.

We obtained spectroscopic measurements for each system
in this sample via the Tillinghast Reflector Echelle
Spectrograph (TRES) on the 1.5m Tillinghast Reflector
telescope at the Fred Lawrence Whipple Observatory on
Mt. Hopkins, Arizona. The TRES instrument is a fiber-fed,
échelle spectrograph with a resolving power of 44,000. We
reduced the spectra according to L. A. Buchhave et al. (2010)
and analyzed each observation with the Stellar Parameter
Classification (SPC) tool (L. A. Buchhave et al. 2012) in
order to measure the metallicity, effective temperature,
surface gravity, and projected rotational velocity of the star.
We incorporated the average metallicity for each system into
our analysis as a Gaussian prior in our global fits (see
Section 3). We did not incorporate the effective temperature
or surface gravity measurements from SPC as priors
because these quantities are better constrained by the fit
itself. This is due to the fact that EXOFASTv2 simulta-
neously models the spectral energy distribution (SED),
companion’s transit, and stellar evolutionary models
(J. D. Eastman et al. 2023)

Finally, we derived the RVs according to the methods
described in S. N. Quinn et al. (2012), except that we do not
cross-correlate against a template spectrum. Instead, we create
a high-signal-to-noise ratio (S/N), median-combined observed
spectrum that we cross-correlate with each individual
spectrum. See Table 4 for a sample RV point for each system
(the full table of RVs is available in machine-readable form in
the online journal).


https://exofop.ipac.caltech.edu
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Table 4
One Representative RV Measurement for Each System
Target BID1pg RV ORV Spectrograph
(msh (ms ")

TOI-2844 2459528.8676 —6696 1791 TRES
TOI-3122 2459651.9406 14841 145 TRES
TOI-3577 2459395.9184 52 70 TRES
TOI-3755 2459477.9662 —8617 31 TRES
TOI-4462 2459468.6623 944 76 TRES
TOI-4635 2459556.7367 6170 19 TRES
TOI-4737 2459583.9325 2529 65 TRES
TOI-4759 2459623.7415 —64 53 TRES
TOI-5240 2459681.9612 20204 375 TRES
TOI-5467 2459697.6358 —237 352 TRES
TOI-5882 2459899.6240 108 55 TRES
TOI-5882 2459930.2705 —22361.2 124 SOPHIE

(This table is available in its entirety in machine-readable form in the online
article.)

2.3.1. SOPHIE Spectroscopy

We complement the TRES data with SOPHIE observations of
TOI-5882. SOPHIE is a stabilized échelle spectrograph dedicated
to high-precision RV measurements at the 1.93 m telescope of the
Observatoire de Haute-Provence, France (S. Perruchot et al.
2008; F. Bouchy et al. 2009, 2013). We used its high-resolution
mode (resolving power R = 75,000) and the fast readout of
its CCD.

Removing a few observations with low accuracy, we have a
data set of 21 SOPHIE measurements of TOI-5882 secured
from 2022 December to 2024 July. Exposure times ranged
between 5 and 37 minutes, allowing S/Ns between 14 and 40
to be reached per pixel at 550 nm.

The RVs were extracted with the SOPHIE pipeline, as
presented by F. Bouchy et al. (2009) and refined by N. Heidari
et al. (2024, 2025). That procedure includes corrections for bad
pixels, cosmic rays, and charge transfer inefficiency of the
CCD, as well as sky background and instrumental drifts. It
derives cross-correlation functions (CCFs) from a numerical
mask, then fits the CCFs by Gaussians to derive the RVs
(A. Baranne et al. 1996; F. Pepe et al. 2002). One sample
measurement is reported in Table 4.

2.4. High-resolution Imaging

While ground-based transits rule out nearby eclipsing
binaries at most scales, if another source is close enough to
the target star it may be blended both in TESS and from the
ground. Therefore, to verify that there is no contamination at
these very small separations, and in order to detect any
potentially bright companions, we utilized high-resolution
imaging. We employed both adaptive optics (AO) and speckle
imaging instruments to obtain our high-resolution images for
these systems.

We used the ShARCS and PHARO instruments for AO
imaging. The ShARCS instrument is on the Shane 3.0 m
telescope located at Lick Observatory (R. Kupke et al.
2012; D. Gavel et al. 2014; R. McGurk et al. 2014). The
PHARO instrument is on the Palomar Hale 5 m telescope at
Palomar Observatory (T. L. Hayward et al. 2001). For our
speckle observations, we used the following telescopes and
instruments: HRCam on the Southern Astrophysical Research
(SOAR) 4.1m telescope at CTIO (A. Tokovinin 2018;
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C. Ziegler et al. 2020), the NN-EXPLORE Exoplanet Stellar
Speckle Imager (NESSI; N. J. Scott et al. 2018) on the WIYN
3.5m telescope at Kitt Peak Observatory, the Speckle
Polarimeter on the 2.5 m telescope at the Caucasian Mountain
Observatory of the Sternberg Astronomical Institute (SAI) at
Lomonosov Moscow State University, and the Zorro instru-
ment on the Gemini-South 8m telescope. The Speckle
Polarimeter used an Andor iXon 897 electron-multiplying
CCD for the observation of TOI-3755 (B. S. Safonov et al.
2017). All other observations from this instrument used a
Hamamatsu ORCA-quest CMOS detector (I. A. Strakhov
et al. 2023). See Table 5 for a summary of each observation
including the dates each system was observed, filters used,
contrast achieved, and whether a nearby companion was
detected.

Our high-resolution imaging runs resulted in the detection of
only two nearby companions, one in the TOI-4462 system and
another in the TOI-5240 system (see Figure 1). The companion
to TOI-5240 was detected only by PHARO and is 2.4 away at
a position angle of 156°. It is 6.67 mag dimmer in the Bry
filter, contributing only 0.1% of the total flux of the unresolved
system. Even if this companion is a perfectly edge-on, equal-
mass eclipsing binary, the eclipse depths would be an order of
magnitude smaller than the observed transit depths. Since it
contributes a negligible amount of light to the overall flux of
the system, we chose to neglect this companion in our analysis
(e.g., M. Mugrauer & K.-U. Michel 2020, 2021).

The companion to TOI-4462 A was resolved by both SAI
and PHARO at 0.4 separation and a position angle of 225°. It
is approximately 2.6 mag dimmer in the H, and K., filters,
too bright to neglect in our analysis (see Section 3). However,
we remain confident that the Keplerian signals detected in both
our photometry and spectroscopy can only be attributed to
the brighter primary star. The transits observed by TESS
KeplerCam and LCO-TEID show no evidence of chromaticity,
and the spectral line profiles show no evidence of a secondary
set of spectral lines that would produce an apparent RV shift.
Since TRES observed TOI-4462 with a 2.3 fiber (larger than
the companion’s separation), the host-star spectra were
blended with light from the companion. However, this faint
companion would only affect the measured RVs at the tens
of meters per second level (L. A. Buchhave et al. 2011),
significantly smaller than the 10,000 m s~ semi-amplitude we
measure for the TOI-4462 system. Hence, we are confident
that the signal we detect is due to an unresolved transiting
companion around the brighter primary star TOI-4462 A.

3. Analysis

We analyzed each system using EXOFASTv2 (J. D. East-
man et al. 2019),*" a publicly available exoplanet fitting suite.
EXOFASTv?2 is a differential evolution Markov Chain Monte
Carlo (MCMC) code which globally fits both the star and the
companion simultaneously, ensuring a self-consistent set of
parameters for the entire system. In each fit, we generate a
SED model for the host star using MESA Isochrones and
Stellar Tracks (MIST; B. Paxton et al. 2011, 2013) in order to
fit the host star, while the companion is fit with a standard
Keplerian model. Our SED model is fit to broadband archival
photometry, which we collected from Gaia Data Release 3
(DR3; Gaia Collaboration et al. 2023), the Two Micron All

*! https://github.com /jdeast/EXOFASTv2
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Figure 1. The AO images and contrast curves for TOI-4462 and TOI-5240 taken by PHARO on the 5.0 m Palomar telescope. Left: TOI-4462 in the Koy filter with a
bright companion clearly seen at a separation of 0.4. Right: TOI-5240 in the Bry filter with a faint companion at a separation of 2.4.

Table 5§
Summary of High-resolution Imaging Observations
Target Telescope Instrument Image Type Filter Contrast Observation Date Detection?”
(UT)

TOI-2844 SOAR (4.1 m) HRCam Speckle I. A 5.8 mag at 1” 2022 Apr 15 No
WIYN (3.5 m) NESSI Speckle 832 nm 2022 Apr 18 No
TOI-3122 SOAR (4.1 m) HRCam Speckle I. A 5.0 mag at 1” 2022 Apr 25 No
TOI-3577 Palomar (5.0 m) PHARO AO Bry A 5.8 mag at 0.5 2023 Jun 7 No
TOI-3755 SAI (2.5 m) Speckle Polarimeter Speckle I. A 5.7 mag at 1” 2021 Oct 29 No
TOI-4462 SAI (2.5 m) Speckle Polarimeter Speckle 1. A 6.3 mag at 1” 2023 Jan 22 Yes
SAI (2.5 m) Speckle Polarimeter Speckle I. A 5.3 mag at 1” 2024 Feb 24 Yes
Palomar (5.0 m) PHARO AO Hone A 7.2 mag at 0’5 2024 Apr 21 Yes
Palomar (5.0 m) PHARO AO Keont A 6.9 mag at 0’5 2024 Apr 21 Yes
TOI-4635 Shane (3.0 m) ShARCS AO J 2021 Nov 21 No
Shane (3.0 m) ShARCS AO Ks 2021 Nov 21 No
SOAR (4.1 m) HRCam Speckle 1. A 6.7 mag at 1” 2024 Jan 8 No
TOI-4737 Gemini (8.0 m) Zorro Speckle 562 nm A 43 mag at 0.5 2022 Mar 19 No
Gemini (8.0 m) Zorro Speckle 832 nm A 6.0 mag at 0'5 2022 Mar 19 No
SOAR (4.1 m) HRCam Speckle 1. A 5.6 mag at 1” 2022 Apr 15 No
TOI-4759 SOAR (4.1 m) HRCam Speckle I. A 6.2 mag at 1” 2022 Apr 15 No
TOI-5240 Palomar (5.0 m) PHARO AO Bry A 6.7 mag at 0’5 2023 Jun 6 Yes
SAI (2.5 m) Speckle Polarimeter Speckle I. A 6.3 mag at 1” 2023 Sep 1 No
TOI-5467 SAI (2.5 m) Speckle Polarimeter Speckle 1. A 6.2 mag at 1” 2022 Dec 12 No
TOI-5882 Palomar (5.0 m) PHARO AO Bry A 6.8 mag at 0.5 2023 Jun 6 No
SAI (2.5 m) Speckle Polarimeter Speckle 1. A 7.4 mag at 1” 2023 Aug 28 No

Notes. All images and contrast curves are available on ExoFOP.

# Detection refers to a positive detection of a star within the field of view of the AO or speckle instrument, subject to the maximum contrast possible with the

instrument in question.

Sky Survey (ZMASS; R. M. Cutri et al. 2003; M. F. Skrutskie
et al. 2006), and the Wide-field Infrared Survey Explorer
(WISE; E. L. Wright et al. 2010; R. M. Cutri et al. 2012). The
Keplerian model for the companion is fit to the TESS and
ground-based transits as well as the RV data from TRES and
SOPHIE. For a more detailed explanation of the modeling
process, see J. D. Eastman et al. (2019).

The fit was generally set up in the same way for each
system, except for TOI-4462, which required special con-
sideration due to the presence of a bright nearby companion,
which we discuss in Section 3.1. For the other 11 systems, we
first compiled the archival photometry for each target in the
Gaia G, Bp, Rp, 2MASS J, H, Ks, and WISE W1, W2, and W3
bands to construct the SED. We then placed a set of priors on

each system based on previous observations, the first of which
was a Gaussian prior on the parallax from Gaia DR3 with the
L. Lindegren et al. (2021) correction applied. The parallax
uncertainty was added in quadrature with 0.01 to account for
any remaining systematic residuals. We also placed a Gaussian
prior on the host-star metallicity centered on the average value
of the TRES-derived metallicity with a prior width of twice the
standard deviation. Additionally, we place an upper limit on
the V-band extinction along the line of sight using the dust
maps from D. J. Schlegel et al. (1998) and E. F. Schlafly &
D. P. Finkbeiner (2011).

In addition to the priors described above, we also fit for a
dilution term in each system to account for unresolved
contaminants.To do this, we placed a prior of 0% 4+ 10% of
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the contamination ratio reported by the TESS Input Catalog
(TIC; K. G. Stassun et al. 2018, 2019). While the QLP and
SPOC light curves are both already corrected for known
contaminants, we still chose to fit for a dilution term as a
conservative assumption that the correction applied had a
precision of at most 10%. We did this because the
contamination ratio reported by the TIC is only an estimate
that does not account for the actual point-spread functions, as
the CCD location and camera were unknown until after the
launch of TESS. We also provided each fit with starting
points on several parameters from the TIC. Specifically, we
adopted the TIC-derived values for the host star’s mass, radius,
and effective temperature as well as the companion’s
orbital period, time of conjunction, and radius. We retrieved
these values from the TESS mission catalog on ExoFOP
(NExScl 2022).** We performed a preliminary fit with
EXOFASTv2 on each system, which included fitting a linear
term to the RVs in order to account for a long-term drift due to
unseen outer companions. In every case except for TOI-4737,
this resulted in a slope consistent with zero within 1o, and we
subsequently fixed the slope to zero in all subsequent fits for
these systems. For TOI-4737, we continued to fit for this long-
term trend, and in the final iteration of these fits which we
publish here, we found a slope of —1.63 + 0.23ms ' day .
Each system’s final fit was run to the adopted convergence
criteria suggested by J. D. Eastman et al. (2019) of at least
1000 independent draws and a Gelman—Rubin statistic <1.01.
See Table 6 for the priors used, and the median values
determined from our analysis.

Four of our fits resulted in bimodal posterior distributions. This
typically arises when EXOFASTv2 is unable to distinguish
between a host star that is at the end of the main sequence versus
the subgiant branch, resulting in high and low stellar mass
solutions. Indeed, this was the case in all four bimodal systems
presented here (TOI-3577, TOI-4462, TOI-4759, and TOI-5882).
We characterized each solution independently by splitting the
posterior distributions at the local minimum between the two
solutions. We present both solutions for the sake of transparency,
but in each case we adopt the higher-probability solution as the
preferred parameter set. See Table 7 for the priors used, and the
median values determined for both solutions of these bimodal
systems. Plots of the transit photometry, RVs, SEDs, and MIST
evolutionary tracks for each system presented in this work are
presented in Figures 2—12.

3.1. Multi-star Fitting in EXOFASTv2

As discussed in Section 2.4, a stellar companion to TOI-
4462 was detected 0.4 away, which was blended in all catalog
photometry and a significant factor in the dilution of the transit
light curves. Given that the probability of a chance alignment
is low, and the high Gaia renormalized unit weight error of
3.13, we assumed this companion is bound to the primary star.
We undid the deblending that SPOC applies to the TESS light
curves so that we could more accurately model it based on our
multicomponent SED model. We modeled both stars simulta-
neously, each with its own MIST evolutionary model, while
assuming that the age, initial metallicity, distance, and
extinction are the same for both stars. In addition, we modeled
a SED for each star, constraining the sum of both stars with the
catalog photometry of the unresolved TOI-4462 system, and the

42 hitps:/ /exofop.ipac.caltech.edu /tess/
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difference between the two stars with the AO photometry from
PHARO, as shown in Figure 1 (left). We therefore fit for dilution
terms that were then constrained by the multicomponent SED
model, integrated at the transit-observed bands assuming a 5%
floor in the theoretical dilution from the model atmospheres. That
is, we applied an adaptive prior penalty of

ey

2
D — D
Ingy — 05( Step SED) ,

0.02Ds1cp

where Dg;.p, is the modeled dilution at the current MCMC step,
and Dggp is the SED-derived dilution. This naturally
propagates the uncertainty in the stellar properties, accounting
for systematics in the theoretical atmospheres, to the light-
curve deblending and transit depth.

4. Discussion

The five BD-mass companions presented here increase the
population of transiting brown dwarfs to over 50. While this
number is expected to continue growing, it is worth analyzing
the sizable population that has been put together thus far in the
context of planet-like and star-like formation. We have also
added six new transiting low-mass stars to the population
>80 M;. Accurate mass and radius measurements are rare for
these objects, which will be vital for anchoring our under-
standing of stellar formation and evolution. We may find that
early trends or features observed in the growing population
from previous efforts have been reinforced, or lost significance
(perhaps even disappearing) in the wake of new discoveries.
One such feature of particular interest is the so-called brown
dwarf desert and its potential role in dividing the brown dwarfs
into distinct planet-like and star-like groups. We discuss these
trends below in Sections 4.1 and 4.2. We also note that one of
the BD-hosting stars presented herg, TOI-5882, has a
significant absorption feature at 6708 A, which we attribute
to Li. We discuss in Section 4.3 the implications of this, as
well as how it affects our determination of the system’s age.

4.1. The Transiting Brown Dwarf Desert

Perhaps the most discussed feature to emerge from the growing
transiting BD population is that of the BD desert. The phrase was
originally coined in the earliest days of exoplanet discovery
(G. W. Marcy et al. 1997; D. W. Latham et al. 1998) in reference
to the lack of BD-mass companions discovered by RV surveys at
that time. It has since evolved over time with studies like D. Gre-
ther & C. H. Lineweaver (2006), which analyzed RV-detected
companions with periods less than 5 yr and found the “driest” part
of the desert was between 13 and 56 Mj. Then, B. Ma & J. Ge
(2014) examined trends in the RV-discovered population and
refined the measurement to be between 35 < m sini < 55 M
and with periods less than 100 days.

We now have a more substantial population of transiting BD
systems that have precisely measured radii and masses. It is
worth exploring how well the trends found in the the RV-
discovered sample hold up in the transiting BD regime. Of
course, because of the transit probability decreases with
period, transiting systems tend to have much shorter orbital
periods than their counterparts discovered through direct
imaging and RV campaigns. As a result we are largely
investigating a different, more limited parameter space than
the previous studies of B. Ma & J. Ge (2014), for example. We
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Table 6

Median Values and 68% Confidence Intervals for Fitted Stellar and Planetary Parameters

Vowell et al.

TOI-2844

TOI-3122

TOI-3755

TOI-4635

Priors
w Gaia parallax (mas) G[1.4759, 0.01696] G[1.962, 0.01778] G[3.0924, 0.01443] G[13.33, 0.02582]
[Fe/H] Metallicity (dex) G[0.025, 0.198] G[0.3193, 0.1188] G[0.3156, 0.1007] G[—0.1783, 0.1608]
Ay V-band extinction (mag) Ulo, 0.2725) U0, 0.4675) Ufro, 0.9867] UI0, 0.3959]
Dy Dilution in TESS GI0, 0.008335] GI0, 0.027729] G0, 0.012054] G0, 0.002608]
Primary Star Parameters
M, Mass (M) 158579973 1.24775%34 1.0375:98 0.69879%1
R, Radius (R.) 1.78470:58 133670092 1.044+0:0%2 0.683 + 0.011
Ly Luminosity (L) 6.51503% 227934 0.997012 0.182+5911
. Density (cgs) 0.394799%3 0.74275% 1297918 3.09 + 0.12
logg Surface gravity (cgs) 413540048 428475038 441759813 4,613 + 0.013
Teir Effective temperature (K) 6910.0 + 210 6120.07189 5630.0 + 170 4555.015;
[Fe/H] Metallicity (dex) 0.067342, 0.29 £ 0.11 0.33479992 —0.09199%
[Fe/H]o Initial metallicity 0.221546 0.298+0:954 0.317+0:953 —0.0775003
Age Age (Gyr) 1.0803 25428 49442 7.5+42
EEP Equal evolutionary phase 342,579 351.0%33 362.074 332.011}
Ay V-band extinction (mag) 0.1327998 0.310:12 0.57013 0.26%91s
d Distance (pc) 677.0772 5100 + 4.6 3235+ 1.5 75.015013
Companion Parameters
P Period (days) 3.5524204 £ 0.000003  6.1836025 £ 0.0000063 5.54374453:3000062 12.2769349 =+ 0.0000033
Rp Radius (R;) 0.7757938 1.235585 0.885093% 1.02 £ 0.019
Mp Mass (Mj) 54.0147 1015+ 47.1%3, 84.012!
Tc Time of conjunction (BJYDrpg) 2459574.313967500%88  2459356.521221590067  2459914.2448310900%7  2459448.74844 + 0.00018
T, Optimal conjunction time 2459940.21326159088  2459727.5373715300%%  2459775.65123105903%  2460013.48744 + 0.0001
(BJD1pR)
a Semimajor axis (au) 0.0537+5:990%5 0.0728* 5901 0.062979:0013 0.0958* 59012
i Inclination (degrees) 83.7f1_3 87.371¢ 87.517033 88.79170:937
e Eccentricity 0.42410046 047049968 0.0049+99931 0.4906 + 0.0015
Wy Argument of periastron (degrees) 159.0 + 11 75.555098 21014 —5.997078
Teq Equilibrium temperature (K) 1919.073] 1267.073 1106.0 + 28 586.6152
Teire Tidal circularization time- 27.0%13 33.013% 500.07179 827.0704
scale (Gyr)
K RV semi-amplitude (m s™) 5700.074% 10450.0 = 110 5127.0 + 22 10032.0741
Rp/Ry Radius of planet in stellar radii 0.0447 + 0.0013 0.095215:992¢ 0.0872 + 0.0025 0.15339+0:50081
a/Ry Semimajor axis in stellar radii 6.47 + 0.34 1174708 12.96792] 30.17 £ 0.38
Depth TESS flux decrement at mid-transit 0.00212 + 0.00011 0.01026*Y; 888;_5; 0.0085 =+ 0.00046 0.02871+3:3005¢
T Ingress/egress transit dura- 0.0073533018 0.0101553:99%3, 0.014473:9917 0.02135 + 0.00058
tion (days)
Ty, Total transit duration (days) 0.1258+3.9012 0.1075+3:9012 0.1267+3502 0.1231675:300%3!
b Transit impact parameter 0.527918 0.37514 0.56479932 0.5099917
op Density (cgs) 143.0t27 67.0tl 84.0719 98.3747
log gp Surface gravity 5.34610065 5.218004 5.1731002 5.302 £ 0.014
C) Safronov number 471754 9.58704% 6.45%03% 2257947
T Time of eclipse (BJD1pg) 2459575.2177998¢ 2459353.94713033 2459911.484910:008¢ 2459446.27 3011
Ts14 Total eclipse duration (days) 0.142730% 0.205+39% 0.1269+39021 0.1137 + 0.0013
€ coS wy —0.3911008 0.11733:3978 0.003410:99%% 0.4878 + 0.0016
e sinwy 0.148+5:958 oo 0.0017935% —0.0511+599%¢
Mp/M,, Mass ratio 0.0326-0:5028 00023 0.04337700000 0.1148 + 0.0016
d/R, Separation at mid-transit 4.627938 08 12955038 24.14 + 0.41
TOI-4737 TOI-5240 TOI-5467

Priors

T Gaia parallax (mas)
[Fe/H] Metallicity (dex)
Ay V-band extinction (mag)
Dy Dilution in TESS

G[1.7399, 0.01656]
G[0.3267, 0.1499]
U[0, 1.8386]
G[0, 0.005883]

G[1.0355, 0.01516]
G[—0.1571, 0.2089]
U[0, 0.4879]
G0, 0.024878]

G[1.7819, 0.01704]
G[0.3257, 0.1645]
Ul0, 1.6687]
G0, 0.007941]
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Table 6

(Continued)

Vowell et al.

TOI-4737

TOI-5240

TOI-5467

Primary Star Parameters

M, Mass (M) 13367538 175479004 151579938
R, Radius (R.) 1.6187998 2.35 + 0.11 150379048
Ly Luminosity (L) 3.39+03% 14,9724 447041
P Density (cgs) 0.44319073 0.18979932 0.6310:93%
log g Surface gravity (cgs) 4.145f8;823 3.938+0042 426675934
Teir Effective temperature (K) 6160.072 7390.07339 6820.071%0
[Fe/H] Metallicity (dex) 0.24751, —0.12 + 0.19 0.26510:998
[Fe/H]o Initial metallicity 0.29779993 —0.037918 0.31679983
Age Age (Gyr) 3.0°1% 1.19493 0.29°9%2
EEP Equal evolutionary phase 377.0438 374.0413 294.0+2]
Ay V-band extinction (mag) 0.4+ 0.11 0.23+913 0.567799%?
d Distance (pc) 574.5%33 966.0 + 14 560.5%3%
Companion Parameters
P Period (days) 9.32027875:300018 4.1793241 + 0.0000058 2.6570963 0000003
Rp Radius (Ry) 0.701+3978 1.65579%7 1.09670:948
Mp Mass (M) 663137 128.07%9 917738
T Time of conjunction (BJD1pg) 2459222.4062*3%017 2459444.90408™ 59005, 2459545.35471+3:99952
T, Optimal conjunction time 2459949.3884 + 0.0011 2459950.60229 + 0.00057 2459927.97657 + 0.00035
(BJD1pg)
a Semimajor axis (au) 0.097+0:501% 0.0626 + 0.0011 0.04394 1090036
i Inclination (degrees) 87.827938 85.7+14 83.217033
e Eccentricity 0.006385%, 0.0113+994 0.0137+9913,
W Argument of periastron (degrees) —120.014 —115.01238 121.043]
Teq Equilibrium temperature (K) 1214.0%3¢ 2187.0+8 1924.0%3)
Teire Tidal circularization time- 25000.0 1399 257492 18.13%
scale (Gyr)
K RV semi-amplitude (m s 5118.0 & 49 10580.071%9 9760.0+139
Rp/Ry Radius of planet in stellar radii 0.0443733%47 0.0723 + 0.0019 0.075 =+ 0.0017
a/Ry, Semimajor axis in stellar radii 12.86758] 5724031 6.29*011
Depth TESS flux decrement at mid-transit 0.00216+ 530038 0.00563 £ 0.0003 0.00569 £ 0.00025
T Ingress/egress transit dura- 0.012+3:5012 0.019275:59% 0.0157331!
tion (days)
Tyy Total transit duration (days) 0.214753%33 0.232750:99% 0.1053 + 0.0012
b Transit impact parameter 0.4915907¢ 0.4367 %4 0.735-0038
pp Density (cgs) 236.0178 35.0712 86.515%
log gp Surface gravity 552179083 506375938 527810932
(C] Safronov number 13,7413 552703 485702
T Time of eclipse (BJDrpg) 2459227.05473935 2459446.98370912 2459546673601
Ts14 Total eclipse duration (days) 0.21379:5032 0.22947090¢ 0.1054 + 0.0011
€ cos wy —0.002+3:5037 —0.003979%043 —0.005753:304
e sinwy —0.0026"33%8 —0.006513:0084 0.0097 53835
Mp/M, Mass ratio 0.0474+00013 0.0696 90018 0.0578 + 0.0012
d/R, Separation at mid-transit 12.92+98 577803 622793,

Note. The priors listed at the top of the table are labeled as G[mean, standard deviation] if they are Gaussian priors and U [lower limit, upper limit] if they are uniform

priors.

found that the most sparsely populated area of the transiting
BD desert appears to be the entire low-mass BD regime
(<~42 My), and the work presented here contributes one new
BD (TOI-5882) to this underpopulated region (see Figure 13).
We also note that the apparent drop-off in systems with
companions above the substellar limit (80 Mj) is likely
unphysical, and is more plausibly due to selection bias since

11

most of these systems have been discovered via exoplanet
discovery pipelines. In order to more accurately describe
trends emerging near the hydrogen fusion boundary, a more
unbiased sample will need to be produced.

Another key trend that was first noted by the B. Ma & J. Ge
(2014) RV study is in the eccentricity versus m sini
distribution. They found that eccentricity decreases as
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Table 7
Median Values and 68% Confidence Intervals for Fitted Stellar and Planetary Parameters for Bimodal Systems

Vowell et al.

TOI-3577

TOI-4462

Low-mass Solution
(63.8% Probability)

High-mass Solution
(36.2% Probability)

Low-mass Solution
(90.7% Probability)

High-mass Solution
(9.3% Probability)

Priors
T Gaia parallax (mas) G[2.36440, 0.01487] G[2.53984, 0.03785]
[Fe/H] Metallicity (dex) G[—0.0486, 0.0889] G[0.0873, 0.1781]
Ay V-band extinction (mag) Ulo, 2.2165] UI[0, 0.0949]
Dy Dilution in TESS Gl0, 0.032559] Gl0, 0.057591]
Primary Star Parameters
M, Mass (M) 11117987 1.3159973 125273953 1.452+0049
R, Radius (R.,) 17530068 173308 2.084+008¢ 2.128+0046
Ly Luminosity (L) 3.38%03, 406103 4981028 5.079%
P Density (cgs) 0.29+9037 0.355°0347 0.19579347 0.213233907°
logg Surface gravity (cgs) 3.995:?_(‘;%8 4.078+09%, 3.89810:926 3.94510011
Totr Effective temperature (K) 5920.0 + 210 6210.023 5970.0 & 110 5930.0%
[Fe/H] Metallicity (dex) —0.031+997) —0.02610081 0.051913 0.19*913
[Fe/H], Initial metallicity 0.021+3:9% 0.074+997¢ 0.09 + 0.12 0.22594
Age Age (Gyr) 6.8"1% 3.29%0¢8 473558 2.88793¢
EEP Equal evolutionary phase 453.5%43 398.013 454,573 407.3784
Ay V-band extinction (mag) 0.31701% 0.53 4 0.15 0.054t8_8§;’ 0.063+0:933
d Distance (pc) 4232 427 4234 4+ 27 392.6%3% 395.2%317
Companion Parameters
P Period (days) 5.266759 =+ 0.000013 5.2667597 5990014 4.9132987+(:9000088 4.91329981(9900088
Rp Radius (R;) 0.99979923 0.96779933 114143984 1.158 + 0.075
Mp Mass (M;) 53.8%13 60.032 101.7%8 111.97%3
Tc Time of conjunction (BJDrpg) 2459847.67307 5350+ 2459847.673+3:9000° 2459789.41867 + 0.00079  2459789.4187+0:90078
T, Optimal conjunction time (BJDqpp)  2460105.744247099064  2460105.744237900%,  2459882.77168 + 0.00077  2459882.77175+9:30076
a Semimajor axis (au) 0.0623+3.901, 0.065767 53012, 0.06251*5.90085 0.06558=930072
i Inclination (degrees) 83.56103¢ 84.14 + 0.34 87.7114 89.02*99
e Eccentricity 0.006+3:9981 0.0066+0.90%7 0.0203+5.993¢ 0.0199F35034
W Argument of periastron (degrees) —77.0%8% —78.07% 96.5739 96.5751
Teq Equilibrium temperature (K) 1512.0°4] 1540.0 + 47 1663.0°%] 1630.0+2
Teire Tidal circularization timescale (Gyr) 258.0+89 378.01410 214.0+% 241.0%%5
K RV semi-amplitude (m s™) 5656.0140 5655.0142 9954.073 9954.0+32
Rp/R,, Radius of planet in stellar radii 0.0586 =+ 0.0012 0.0574 £ 0.0011 0.0561*0003 0.055879.9932
a/Ry Semimajor axis in stellar radii 7.63 + 031 8.16103 6457518 6.6350077
Depth TESS flux decrement at mid-transit 0.00317 + 0.0001 0.003137+5:090059 0.0035973:30044 0.00361" 59904
T Ingress /egress transit duration (days) 0.0262+3.9028 0.0222+3.9023 0.014+39013 0.0132379:30092
Tia Total transit duration (days) 0.13727007 0.1339+990% 0.2447+3.9024 0.2433+00022
b Transit impact parameter 0.8675912 0.83879313 0.267% 1‘§ 0.11240:44e
op Density (cgs) 66.775% 82.0+13 84.01%0 89.0172
log gp Surface gravity 5.125 + 0.048 520119841 5.28679; 821 531610938
0] Safronov number 6.03703 6.21 + 0.32 8.8970%3 8.7210¢1
Ts Time of eclipse (BJDypg) 2459845.0427199%, 2459845.0428* 994, 2459791.868279:3062 2459791.8684 199964
Ts,14 Total eclipse duration (days) 0.138179:303¢ 0.1347+5:9%, 0.253915:9938 0.2528+5:992°
€ cos w 0.000979%3¢ 00009109034 ~0.002310992 ~0.0022 =+ 0.0021
e sinwy —0.00315:994 —0.0041799% 0.0201793034 0.0197+359%
Mp/M,, Mass ratio 0.04626 109944, 0.0436510:99003 0.07761 53914 0.07359 + 0.0009
d/R, Separation at mid-transit 7.6749% 8.217038 6324018 6503099
TOI-4759 TOI-5882
Low-mass solution High-mass solution Low-mass solution High-mass solution
(68.2% probability) (31.8% probability) (71.1% probability) (28.9% probability)
Priors
T Gaia parallax (mas) G[1.34392, 0.01465] G[2.42207, 0.01753]
[Fe/H] Metallicity (dex) G[0.2723, 0.4141] G[0.1400, 0.1900]
Ay V-band extinction (mag) U[o0, 0.1507] U[0, 0.8438]
Dy Dilution in TESS G0, 0.038128] GI0, 0.008565]

12
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Table 7
(Continued)

Vowell et al.

TOI-4759

TOI-5882

Low-mass solution
(68.2% probability)

High-mass solution
(31.8% probability)

Low-mass solution
(71.1% probability)

High-mass solution
(28.9% probability)

Stellar Parameters

M, Mass (M)

R, Radius (Rs)

L, Luminosity (L)
Px Density (cgs)
log g Surface gravity (cgs)

Tetr Effective temperature (K)

[Fe/H] Metallicity (dex)

[Fe/Hlo Initial metallicity

Age Age (Gyr)

EEP Equal evolutionary phase

Ay V-band extinction (mag)

d Distance (pc)

Planetary Parameters

P Period (days)

Rp Radius (Ry)

Mp Mass (My)

Tc Time of conjunction (BJDtpg)
To Optimal conjunction time (BJD1pg)
a Semimajor axis (au)

i Inclination (degrees)

e Eccentricity

W Argument of periastron (degrees)
Teq Equilibrium temperature (K)
Teire Tidal circularization timescale (Gyr)
K RV semi-amplitude (m sh
Rp/Ry Radius of planet in stellar radii
a/Ry Semimajor axis in stellar radii
Depth TESS flux decrement at mid-transit
T Ingress/egress transit duration (days)
T4 Total transit duration (days)

b Transit impact parameter

pp Density (cgs)

loggp Surface gravity

S} Safronov number

Ts Time of eclipse (BJDtpg)
Ts.14 Total eclipse duration (days)

€ CoS Wy

e sin wy

Mp/M, Mass ratio

d/R, Separation at mid-transit

1186755 138419048
1,953 %5504 1.86815,077
3. 5+0 is 3. 49+0 15

0.2237063]
3.92810047

0.299t8_8§§
403679933

5650.0 & 150 5770.0 + 130
0.17+92} 0.37+511
0187038 0.37620:5°
625746 3.48+0:3
457.5%37 405.3785

0.09470:041 0.109%563
743.7+82 743.8153

9.657846+0.00003¢
0.926+3.9%
99.0734

2459226.0099 + 0.0035

2459370.877615.0033

9.65784570.000036
0.86770.033
109.413¢
2459226.0089*0.9933

2459370.8766 + 0.0034

0.0964 00051 0.1013*553013
86.97+938 87.9870%
02411709024 02413700034
—192+15 —19.1+15

1226.073 1194.0 + 14
5400.0+2400 9200.073399
8247.0 + 44 8247.074

0.0487 + 0.0019
10.59%93
0.00263 + 0.00019
0.0183+0:9933
0.2698 0005
0.573"558

0.0477 4 0.0018
11661548
0.0026179909,
0.014674317
0.267+0:508¢
042107

154.013] 208.0142
5.45510:064 5.557 + 0.053
17.4%13 18.5%12

2459222573014
0.2433539%8,
0.2277+0:9%%4

—0.0791+59061
0.0797+3:5%2
10.83+537

2459222573014
0.2339*00063
0. 2279+0 0025
—0.0791 + 0.0062
0.0755 + 0.001
11.92*93¢

133470932
22610912
5677554
0.1635* 50924
3.85679018
5920.0 & 210
0.1891¢
0197313
4.1159%
4554743
0.33%013
413.0%3,

7.148972 & 0.000014
1.023756%
2201798

2459818.90459.0013

2459768.862110:0013

0.0804250015
88.56077
0.0339 £ 0.0041
1047442
1515.0+52
369.0174
1895.9 & 7
0.0465 =+ 0.0013
7.66+04%
0.00251 + 0.00014
0.01376000061
0.2969 =+ 0.0029
0.197913
254739
47162003
259751,
2459822.44 + 0.012
0.3158 =+ 0.004
—0.0086 + 0.0026
0032740004
0.01574+50027
74403

154979033
2.334% 0541
6.65°0%
0.17222550%
3.89250012
6060.0 + 180
0.25 + 0.15
0.287013
2447533
405.5%32
0.53°313
413.843,

7.148973 + 0.000015
105670034
24. 29+0 58
2459818.9044t8_88}§
2459768.862170:9013
0.08445 050008
89.25+932
0033275004
105.03¢
1537.074
385.01%
1895.9172
0.04650:0013
7.78610%7
0.0025 =+ 0.00014
0.01337+:99022
0.2951 = 0.0029
0.098+0:597
25.6125
47327505
2.505+0088
245982244 + 0.012
0.31417300%
—0. 0085+0 0025
0-032t8_882‘é
001497550615
7.534013

companion mass increases up until m sin i~ 42 Mj, right in the
middle of the driest part of the BD desert. On the other hand,
companions more massive than 42 Mj cover a much larger
range in eccentricity and have little to no correlation with the
companion mass. The authors attributed this trend as evidence
of a ~42 M; transition point between the planet and star
formation mechanisms. As the transiting BD population has
developed, several studies have drawn comparisons to these
results, some finding evidence for the same trends (N. Grieves
et al. 2021; B. A. Henderson et al. 2024a), while others have

13

noted low-mass BDs with higher than expected eccentricities
(E. Page et al. 2024). Howeyver, such claims have historically been
subject to the small sample size and selection effects that
accompany the transiting BD population. Now that this population
exceeds 50 systems, we can at least start to alleviate the risks of
small number statistics. Figure 14 (left) shows the eccentricity
versus companion mass distribution for the transiting brown
dwarfs, and it is clear that there are more systems above 42 M
with high eccentricity than there are below. About 30% of systems

below 42 M; have eccentricities >0.1 compared to about 45% for
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Flux [erg s~ cm™?]

Figure 2. TESS, follow-up, and archival observations of TOI-2844 compared to the the EXOFASTv2 results. Upper left: unbinned TESS and follow-up ground-
based transits, phase-folded and shown in comparison to the best-fit EXOFASTv2 model with an arbitrary normalized flux offset. Multiple TESS sectors in the same
cadence are stacked on top of each other. Bottom left: the SED of the target star compared to the best-fit EXOFASTv2 model. Residuals are shown on a linear scale,
using the same units as the primary y-axis. Upper right: RV observations vs. time, including any significant long-term trend. The residuals are shown in the subpanel
below in the same units. Middle right: RV observations phase-folded using the best-fit ephemeris from the EXOFASTv2 global fit. The phase is shifted so that the
transit occurs at phase + offset = 0. The residuals are shown in the subpanel below in the same units. Bottom right: the evolutionary track and current evolutionary
stage of the primary star according to the best-fit MIST model. The blue line indicates the best-fit MIST track, while the gray shaded contours show the 1o and 20
constraints on the star’s current T,¢ and log g from the MIST isochrone alone. The green contours represent the 1o and 2o constraints on the star’s 7o and log g from
the EXOFASTv2 global fit, combining constraints from observations of the star and planet. The red cross indicates the median and 68% confidence interval.
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Figure 3. Same as Figure 2 except for TOI-3122.
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Figure 4. Same as Figure 2 except for TOI-3577. TOI-3577’s fit resulted in a bimodal solution. We characterized both solutions independently as described in
Section 3, and they are both are shown in the bottom-right plot.
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Figure 6. Same as Figure 4 except for TOI-4462. Both TOI-4462 A and B are shown in the bottom left. The EXOFASTv2 models for TOI-4462 A and B are 5970 K
and 4660 K, respectively.
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Figure 7. Same as Figure 2 except for TOI-4635.
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Figure 8. Same as Figure 2 except for TOI-4737.
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Figure 9. Same as Figure 4 except for TOI-4759.
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22

0.5 Gyr
1

8000

7500
Teff (K)

7000 6500



THE ASTRONOMICAL JOURNAL, 170:68 (29pp), 2025 August

Normalized Flux + Constant

TOI-5467

P=2.657d|Rp=1.096R; | Mp =917 M, | e = 0.0137

Vowell et al.

10000 :

5000+

RV [m/s]
o

—-5000T

—10000¢

0-C

CE— w&

2700

2750

Time [BJDTDB - 2457000]

2800 2850 2900

I I I
t

=
o
o
o
o
t

t

t t

— EXOFASTV2 |
® TRES

0.0 02 0.4

50001
0
£ 0
z
—-5000
)
© TESS 600s —10000 } 1
© TESS 120s
0 KeplerCam (i) L 200
@® Acton-Sky-Portal (r') o  fFF---T-- i ——————— *
@ LCO-McD (i')
0.90 t 1 } } } ' '
-2 -1 0 1 2 -0.4 -0.2
Time Since Conjunction [Hours]
+ + 4.10 +
H———tt—e—
—_ 10—10 4 e 41
P a 4.151
g toi
w 107114 re + ~4.20+
o o &
o <
I + 4,25+
=] 10—12 1 4 ()] >
™ e 6820 K EXOFASTvV2 model o)) -
! s}
] H+ Observations — = 4.30+ 2
e-12 N
o 22 4.35
o 0.0 ’
—2.51
4.40

Wavelength [um]

Figure 11. Same as Figure 2 except for TOI-5467.

23

7500 7250 7000 6750 6500 6250 6000

Terr (K)



THE ASTRONOMICAL JOURNAL, 170:68 (29pp), 2025 August Vowell et al.

TOI-5882
P=7.149d|Rp = 1.033R; | Mp = 22.32 M; | e = 0.0337
2000

pa—

—2000+ T
100 € t t t =

O P 7\ = -
5 0 -‘ﬁ s ®

_100-- } } } T

3000 3200 3400
Time [BJDrpg — 2457000]

—— EXOFASTV2 -
@® TRES

@ Sophie

1.005

“l

RV [m/s]

T

0.995+ + _1000-

t

Normalized Flux + Constant

TESS 1800s | o .
TESS 600s o & %o
TESS 120s o O‘?ﬁ';‘ ‘? "'%4; ——————— s§-- t}"{"’

LCO-McD (z) —100+ * 1

I I
T t

4 -04 -0.2 0.0 0.2 0.4

0.965 t t t

N+ @ O © 0

I I I I I I
t t . t t t t

Flux [erg s~ cm™2]

e 5960 K EXOFASTv2 model

10-12 _;eg}; Observations .
R - ,

4.3+ 1.0 Gyr

O 0+-+ pedmmm e 2 SR et 37T 0.5 Gyr A Lower M. solution T

Higher M. solution

+ + 4.4 + —+ + +
100 10! 6600 6400 6200 6000 5800 5600
Wavelength [um] Terr (K)

Figure 12. Same as Figure 4 except for TOI-5882.

24



THE ASTRONOMICAL JOURNAL, 170:68 (29pp), 2025 August

Vowell et al.

20 | } I
10—+

2.00r

© ' Transiting companions 7-150 M
‘ This work

1.75+ b | -
_ % : O
gl.SO“ . :I _ 1o & T
§ | r,}.r\ F g
= 1.25—+ A L i} -+
a7 y § -
1.00+ - F T T

0.75—

0 75

100 10

Mass (M)

Figure 13. Radius vs. mass for all transiting companions from 7 to 150 M,. The black dashed lines depict the canonical 13 and 80 M; BD boundaries. The solid
purple line at 42 My shows the proposed B. Ma & J. Ge (2014) boundary between planet- and star-like BDs. Note, systems where the primary object is a white dwarf
or brown dwarf are not shown. References: B. A. Henderson et al. (2024b) and references therein as well as G. A. Bakos et al. (2010), L. A. Buchhave et al. (2011),
B. Tingley et al. (2011), H. Parviainen et al. (2014), A. S. Bonomo et al. (2015), L. J. Esteves et al. (2015), K. G. Stassun et al. (2017), J. Bento et al. (2018),
C. L. Caiias et al. (2018), B. F. Cooke et al. (2020), P. Cortés-Zuleta et al. (2020), K. El-Badry et al. (2023), M. Lambert et al. (2023), S. P. Schmidt et al. (2023),
P. A. Dalba et al. (2024), Y. T. Davis et al. (2024), J. Eberhardt et al. (2023), B. A. Henderson et al. (2024a), M. I. Swayne et al. (2024), and J.-Q. Wang et al. (2024).

their higher-mass counterparts. However, we argue that this trend
alone is not necessarily supportive of a 42 M transition between
the planet and stellar formation mechanisms. If the low-mass
transiting BDs are indeed dominated by the planet formation
mechanism, then they should be subject to the same evolutionary
pathways as the hot Jupiters. The hot Jupiter eccentricity
distribution has been shown to be most consistent with high-
eccentricity migration mechanisms, and thus are ultimately
sculpted by tidal recircularization (J. E. Rodriguez et al. 2023;
J. Schulte et al. 2024). We know that this process depends
more fundamentally on the mass ratio of the system rather than just
the companion mass as evidenced by the tidal recircularization
timescale (Equation (2) of F. C. Adams & G. Laughlin 2006). So,
if the trend in eccentricity versus companion mass were indeed
indicative of a separation between planet-like and star-like
formation processes, then we should expect to see the same
trends emerge in eccentricity versus mass ratio. Namely, low-
mass-ratio systems should exhibit a much smaller range of
eccentricities than their high-mass-ratio counterparts. However, as
shown in Figure 14 (right), we see the opposite. The eccentricity
dichotomy between low- and high-mass companions seems to
disappear when plotted against mass ratio. We therefore argue that
the eccentricity versus companion mass distribution of transiting
companions does not support a 42 Mj transition point.
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4.2. Transiting Brown Dwarf Metallicities

Eccentricity is likely not the only parameter that could offer
insight into at which critical companion mass the dominant
formation mechanism turns over from planet-like to star-like. For
nearly three decades we have known of the giant planet—
metallicity correlation, in which hot-Jupiter-hosting stars tend to
be more metal-rich than their counterparts with no discovered
planets (G. Gonzalez 1997; N. C. Santos et al. 2003; D. A. Fisc-
her & J. Valenti 2005). If the low-mass transiting BDs are
predominantly forming in the same way as the hot Jupiters, then
we should expect their host stars to exhibit the same metallicity
enhancement when compared to the high-mass BD hosts.
K. C. Schlaufman (2018) tested this hypothesis using the
metallicities of transiting companions in the range 0.1-300 M; to
show that transition between core accretion and fragmentation may
be as low as 4-10 M;. However, at the time of this study there
were only 27 transiting companions known between 13 and
300 M;, limiting the ability to probe potential higher-mass
transition points. Now that we have access to significantly more
systems in this mass regime, we can better probe the same ~42 M
transition. In Figure 15, we show a preliminary look at testing
this hypothesis. Qualitatively, it appears that the lower-mass
companions (7-42 Mj) preferentially orbit more metal-rich host
stars. However, a two-sample Kolmogorov—Smirnov test yields a
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Figure 15. The solid-lined histogram depicts the metallicity distribution of
transiting companions ranging from 7 to 42 M;, while the dotted-lined
histogram depicts the metallicity distribution of transiting companions from 42
to 150 M;. Both histograms are normalized such that their areas are equal to 1.
There appears to be a slight trend toward higher metallicities for host stars
with lower-mass companions. Note, the metallicities shown here are the values
cited by their original discovery papers, and hence represent a heterogeneous
sample with a variety of different measurement techniques.

p-value of 0.35, too high to reject the null hypothesis that the high-
mass and low-mass samples are drawn from the same underlying
distribution.

We note also a few important caveats for interpreting the
metallicity distribution. First, we chose a 42 My cutoff for
historical reasons in order to compare to the original
hypothesis presented by B. Ma & J. Ge (2014) as well as
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the eccentricity distribution presented in Section 4.1. It may
be that a more appropriate boundary separating the popula-
tion will be found after a more comprehensive analysis
which may be in better agreement with the lower-mass
K. C. Schlaufman (2018) transition. With just 26 compa-
nions below 42 Mj in our 7-150 My sample, we chose not to
investigate possible lower-mass transitions. A more in-depth
analysis including the population of giant planets will need
to be done to more precisely probe a lower-mass transition.
An unbiased sample of the population of companions across
the substellar limit will also be required to better understand
the selection effects currently affecting this population. We
note also that the metallicities presented here are the reported
values from each system’s discovery, which have been
measured using a variety of different techniques, and
therefore the underlying biases affecting each measurement
are not explored here.

4.3. Lithium Detected in TOI-5882

During our analysis of TOI-5882°s_spectra, we found a
significant absorption feature at 6708 A, which we attribute
to the Li doublet. We measured the equivalent width of
this feature using the specutils (N. Earl et al. 2022)
package in Python (see Figure 16). To perform this
measurement, we first coadded all of the observed TRES
spectra, after correcting each for the RV shift, to increase the
S/N of the Li feature. The resulting coadded echelle order
contammg Li has an S/N of 56.8. Then, we defined a 1. 4A
region centered on the rest wavelength of the Li doublet at
6707.844 A to measure the equivalent width. The resulting
equivalent width is 71.2 + 6.89 mA, where the uncertainty was
estimated using Equation (6) in R. Cayrel (1988).

The presence of Li in stars is typically interpreted as an
indicator of youth. This is due to the temperatures and
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pressures in the core being sufficiently high to destroy Li,
which results in Li being visible on the stellar surface slowly
depleting as transport occurs between the core and the surface
of the star (D. R. Soderblom et al. 2014). Despite this, we
claim that TOI-5882 is likely not a young star, since we found
no other signs of youth. To verify this, we performed a period
search on each sector of TOI-5882’s TESS light curves to
characterize the rotation of the host star. Since young stars are
typically born rapidly rotating and gradually spin down over
time, an age can often be inferred from a star’s rotation period
if it is below the Kraft break (L. G. Bouma et al. 2023). We
found a significant peak in the periodogram at 9.6 days;
however, we are hesitant to adopt this as the true rotation
period since periodicity beyond one-third of a TESS observing
sector (~9 days) can be unreliable due to aliases induced by
the TESS observing strategy and processing of light curves.
Even if we were to believe that the 9.6 days periodicity is truly
due to stellar rotation, it is still anomalous when compared to
the observed rotation periods of young stars. T Tauri stars, for
example, rarely exhibit rotation periods longer than 8 days
(J. Serna et al. 2021), and gyrochronology shows that a
9.6 days period would be indicative of an age of approximately
1 Gyr given this star’s effective temperature (L. G. Bouma
et al. 2023). While a young age for TOI-5882 cannot be
conclusively ruled out by its rotation, it is unlikely, especially
combined with the lack of other youth indicators.

For example, we also searched for nearby comoving stars
using FriendFinder (B. M. Tofflemire et al. 2021),* since
their presence would indicate that TOI-5882 and its hypothe-
tical nearby comovers have not yet dispersed from their birth
location and hence would be young. FriendFinder
identifies all nearby sources that fall within a selected search
radius, and calculates the predicted tangential velocity vy, for
each source, assuming that they have Galactic velocity
components (U,V,W) identical to TOI-5882. This predicted
Vian 18 then compared to the true vg,, which is derived from
Gaia proper motions. Using a physical search radius of 30 pc

“*3 hitps://github.com /adamkraus /comove
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around TOI-5882 and a difference between the predicted and
measured vy, of <5km s7!, we find no evidence that
TOI-5882 is part of a comoving group. Furthermore, the
nearest star-forming regions in Cygnus, where TOI-5882 is
located, are much further away (>1kpc; B. Reipurth &
N. Schneider 2008).

Finally, we looked for an infrared excess as well as Ha
emission. Young stellar objects that retain a circumstellar disk
show increased emission at infrared wavelengths (T. H. Cotten
& 1. Song 2016). We ruled out an infrared excess for TOI-5882
via our SED fitting in the global analysis, where we see no
significant infrared emission above the blackbody model in any of
the WISE W1, W2, and W3 bandpasses. The presence of Ho lines
in emission is also characteristic of active young stars (C. Bricefio
et al. 2019), and we found no evidence of such emission. While the
lack of these additional youth indicators does not completely rule
out the possibility of a young host star, we believe it is more likely
that TOI-5882 is a late subgiant star, as indicated by our most
probable EXOFASTv2 solution. This older age could then imply
that the presence of Li is due to the infall of planetary material onto
the host star. For a deeper dive into the origin of Li in TOI-5882,
including its potential as a system that has undergone a planetary
engulfment, we alert the reader to B. Kotten et al. (2025, in
preparation).

5. Conclusions

In this paper, we present the discovery of 11 new transiting
companions from the TESS mission. We collected photometric
time-series, spectroscopic, and high-resolution imaging follow-up
as a part of the TFOP to rule our false positives and further
characterize each system. Using EXOFASTv2 , we performed a
global fit on each system using the space- and ground-based
transits, spectroscopic RVs, and archival photometry to character-
ize both the host stars and their transiting companions. We found
that five of these systems are brown dwarfs (13 < M, < 80 M)
and six of them are very-low-mass stars from 80 < M, < 130 M;.
This contribution to the transiting brown dwarf population
increases it to 54 systems, a milestone that represents the
population outgrowing the burdens of small sample statistics.

Using this population that TESS has rapidly developed to a
significant size, we offered some initial insight into the
features that have started to appear. We revisit the idea of the
“brown dwarf desert” for the short orbital periods probed by
the transit method. We revisited the eccentricity—mass
distribution that has been claimed as evidence of a 42 Mj
transition between planet and star formation, and showed that
this trend does not seem to hold in eccentricity versus mass
ratio, calling into question whether eccentricity truly does offer
insight into the formation mechanisms behind these rare
objects. We also examined the metallicity distribution of
transiting BD host stars for the first time, and find that a 42 M,
transition does not divide the population into two distinct
populations with any statistical significance.

Finally, we noted the presence of Li in the spectrum of TOI-
5882, the host star of our lowest-mass BD. We measured the
equivalent width of the Li line and search for other signs of
youth. Seeing no evidence of youth from any of the other
indicators that we examined, we adopt the age provided by our
global EXOFASTv2 fit and do not interpret the presence of Li as
a sign of youth. Instead, we noted that the Li may actually be a
signature of engulfed planetary material, and that more work will
be required to explore this hypothesis reported in Table 6.
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