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Abstract

The orbital eccentricities of brown dwarfs encode valuable information on their formation and evolution history,
providing insights into whether they resemble giant planets or stellar binaries. Here, we report the discovery of
TOI-5575 b, a long-period, massive brown dwarf orbiting a low-mass M5V star (0.21 + 0.02 M.,)) delivered by
the TESS mission. The companion has a mass and radius of 72.4 + 4.1 M; and 0.84 £+ 0.07 Ry on a 32 day
moderately eccentric orbit (e = 0.187 £ 0.002), making it the third-highest mass ratio transiting brown dwarf
system known to date. Building on this discovery, we investigate the eccentricity distributions of a sample of
transiting long-period (10 days < P < 1000 days, ~0.1-1.5 au) giant planets, brown dwarfs, and low-mass stars.
We find that brown dwarfs exhibit an eccentricity behavior nearly identical to that of giant planets: a preference
for circular orbits with a long tail toward high eccentricities. Such a trend contrasts sharply with direct imaging
findings, where cold (5-100 au) brown dwarfs and giant planets display distinct eccentricity distributions. Our
results suggest that transiting long-period brown dwarfs and giant planets probably (1) form in different routes at
exterior orbits but undergo analogous dynamical evolution processes and migrate inward or (2) both contain two
subgroups, one with widely spread eccentricities while the other has circular orbits, that jointly sculpt the
eccentricity distributions. The low-mass star systems appear to be a distinctive population, showing a peak
eccentricity at about 0.3, akin to more massive stellar binaries.

Unified Astronomy Thesaurus concepts: Brown dwarfs (185); Eccentricity (441); Low mass stars (2050); Binary
stars (154); Extrasolar gaseous giant planets (509); Astrostatistics (1882); Transit photometry (1709); Radial
velocity (1332)

1. Introduction

24 NSF Graduate Research Fellow, MIT Presidential Fellow, MIT Collamore- As intermediate objects between giant planets and low-mass
Rogers Fellow, MIT Teaching Development Fellow. . .

25 §loan Fellow stars, brown dwarfs have masses above the deuterium-burning

’ limit (~13 M;. A. J. Burgasser et al. 2003; D. S. Spiegel et al.

2011) and below the threshold of hydrogen fusion (~80 Mj.
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companions, manifesting as a “brown dwarf desert”
(G. W. Marcy & R. P. Butler 2000). Such an occurrence rate
deficit suggests that brown dwarfs are probably more
challenging to form compared with the other two categories
or that subsequent dynamical processes are unlikely to push
brown dwarfs inward after formation (D. Grether &
C. H. Lineweaver 2006). Nevertheless, the number of
transiting brown dwarfs has been enlarging dramatically
during the past decade (e.g., E. Artigau et al. 2021;
T. W. Carmichael et al. 2022; A. Psaridi et al. 2022; Z. Lin
et al. 2023; B. A. Henderson et al. 2024; A. Larsen et al. 2025).
It remains under debate how such massive objects, in
particular those having orbital periods P > 10 days, ended up
at their current locations.

Regarding the origins of warm Jupiters, three hypotheses
have been postulated, including in situ formation, disk-driven
migration, and high-eccentricity migration (R. I. Dawson &
J. A. Johnson 2018). One route to probe the predominant scenario
of the evolution channel is investigating the orbital eccentricities
(e.g., R. 1. Dawson & J. A. Johnson 2012; J. Dong et al. 2021) on
which different mechanisms have different predictions. After
initially forming through either core accretion (J. B. Pollack et al.
1996) or gravitational instability (A. P. Boss 2000), giant planets
are expected to undergo dynamical interactions with other bodies
or the disk (R. I. Dawson & J. A. Johnson 2018) and migrate
inward (D. N. C. Lin et al. 1996). During their evolution, giant
planets could gather angular momentum and develop orbital
eccentricities through, for example, planet—planet scattering
(F. A. Rasio & E. B. Ford 1996; R. I. Dawson & R. A. Murray-
Clay 2013; C. Petrovich & S. Tremaine 2016), planet—disk
interactions (P. Goldreich & R. Sari 2003), and Kozai-Lidov
perturbations with outer massive companions (S. Naoz et al.
2011). Recent work from A. Alqasim et al. (2025) looked into
transiting long-period giant planet systems with P > 10 days and
identified a positive correlation between eccentricity and stellar
metallicity (see also R. I. Dawson & R. A. Murray-Clay 2013) but
found no correlation between eccentricity and the presence of a
second stellar companion (see also A. T. Stevenson et al. 2025),
suggesting that planet—planet scattering (S. Naoz et al. 2011;
C. Beaugé & D. Nesvorny 2012; D. Carrera et al. 2019) is more
likely to be the way to produce warm Jupiters instead of the
Kozai-Lidov effect (D. Fabrycky & S. Tremaine 2007). On the
other hand, stellar binaries are supposed to form through
protostellar core or disk fragmentation (K. Kratter &
G. Lodato 2016) instead and migrate inward driven by Kozai—
Lidov interactions (P. P. Eggleton & L. Kisseleva-Eggleton 2006;
S. Naoz & D. C. Fabrycky 2014) or accreting from the
circumbinary disk (A. Tokovinin & M. Moe 2020). All these
formation and dynamical processes are expected to conjointly
shape the final eccentricity distribution of the companion.

However, the evolution of brown dwarfs remains poorly
understood due to the limited number of detections, which
impedes statistical studies and leaves a fundamental question
unresolved: do brown dwarfs follow the routes of giant
planets, or are they more approximate to stellar binaries? Early
work from B. Ma & J. Ge (2014) reported that brown dwarfs
with masses above and below 42.5 M; exhibit different
eccentricity distributions: the massive population behaves like
stellar binaries, while the less massive group is more akin to
planets, implying two different formation channels. B. Ma &
J. Ge (2014) made use of brown dwarfs mostly detected by RV
surveys and thus only have minimum masses available.
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According to recent results from Gaia astrometry, it turns
out that several previously RV-detected brown dwarfs
probably require reclassification, as they are no longer located
in the substellar mass regime with true masses above 80 Mj
(N. Unger et al. 2023). More recently, N. Vowell et al. (2025)
questioned the existence of the mass transition point by
looking into the mass ratio and metallicity distributions of
brown dwarfs. Moving outward, B. P. Bowler et al. (2020)
found that directly imaged brown dwarfs and giant planets
between 5 and 100 au have significantly different eccentricity
preferences (see also C. R. Do O et al. 2023; V. Nagpal et al.
2023). Cold Jupiters tend to exhibit small eccentricities
peaking at around 0.05-0.25, while wide-orbit brown dwarfs
have a broad eccentricity distribution favoring higher values
(e ~ 0.6-0.9). It is yet unclear if inner Jupiter-like planets and
brown dwarfs follow the same trend. The increasing number of
transiting brown dwarfs now enables a glimpse into their
orbital eccentricity distribution and compares that with the
other two companion classes, which could in turn offer
insights into their origins.

In this Letter, we first report the discovery of TOI-5575 b, a
long-period massive brown dwarf around a low-mass star.
Afterward, we carry out population-level comparative studies
between transiting long-period gas giants, brown dwarfs, and
low-mass stars. The Letter is organized as follows. In
Section 2, we describe all observations we collected to
confirm TOI-5575 b. We perform the stellar characterization
and a joint analysis of photometric and RV data in Section 3.
Section 4 details how we select the samples and conduct the
eccentricity distribution comparison. We discuss our results in
Section 5 and conclude our findings in Section 6.

2. Observations
2.1. TESS and Ground-Based Photometry

TOI-5575 (TIC 160162137) was first observed by the
Transiting Exoplanets Survey Satellite (TESS; G. R. Ricker
et al. 2015) in six sectors every 30 minutes between 2019 and
2020. Subsequent monitoring during the First Extended
Mission covered five additional sectors at a 10 minute
cadence, followed by five more sectors at a 2 minute cadence
during the ongoing Second Extended Mission. Due to the
faintness of the host star (T, = 14.0), we note that the
photometry of TOI-5575 during the TESS Primary Mission is
not available, since the Quick Look Pipeline (QLP;
C. X. Huang et al. 2020a, 2020b) produces light curves of
objects down to Ty, = 13.5, and only those down to
Timag = 10.5 are searched for transits. The candidate was not
alerted until the initiation of the QLP faint-star search program
(M. Kunimoto et al. 2022).

To homogeneously extract the light curves from the TESS
Primary Mission, we performed uniform aperture photometry
using the lightkurve package (Lightkurve Collaboration
et al. 2018), following the procedures in T. Gan et al. (2023).
In short, we first obtain the photometry using a custom 3 x 3
box aperture centering at the target star and then subtract it
with the time series of the background. The light curves from
the TESS First and Second Extended Missions were extracted
using the QLP and by the Science Processing Operations
Center (SPOC; J. C. Smith et al. 2012; M. C. Stumpe et al.
2012, 2014; J. M. Jenkins et al. 2016), respectively. For the
SPOC data, we use the simple aperture photometry without
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Figure 1. Left panel: the TESS and ASP light curves folded in phase with the transit ephemeris from the joint analysis along with the best-fit transit models. Right
panel: the full SPIRou RV time series and the phase-folded RVs. The error bars presented here are the quadrature sum of the original RV uncertainties and the
instrument jitter. The black solid line is the best-fit Keplerian model. The residuals are shown below each subplot.

light dilution correction. We then employ the celerite
algorithm (D. Foreman-Mackey et al. 2017) to detrend the
light curve by fitting a Gaussian process (GP) model with a
Matérn 3/2 kernel to the out-of-transit data. The detrending
was carried out independently for TESS data obtained during
three missions, since the observational cadences and the
sources of photometry are different. Figure Al presents the
raw and detrended TESS light curves.

In addition to the TESS data, we collected a ground-based
light curve using the 0.36 m Acton Sky Portal (ASP) telescope
on 2023 December 14. The observation was conducted in a
blue-blocking clear filter and fully covered the transit event.
The ASP telescope is equipped with an SBIG Aluma CCD47-
10 camera with a plate scale of 1” pixel”', providing a
17’ x 17 field of view. We performed the photometric analysis
using the AstroImaged package (K. A. Collins et al. 2017)
with an uncontaminated 5” aperture.

2.2. Spectroscopic Follow-up Observations
2.2.1. CFHT/SPIRou RVs

We obtained a total of 27 SpectroPolarimetre InfraROUge
(SPIRou; J. F. Donati et al. 2020) spectra of TOI-
5575 between UT 2023 May 1 and UT 2023 June 30 to
determine the mass of the transiting companion. SPIRou is a
near-infrared spectropolarimeter installed on the 3.6m
Canada—France-Hawaii Telescope (CFHT), offering a spectral
resolution of R =~ 75,000 and covering the 0.95-2.35 um
wavelength range. The observations were carried out over 13
nights, usually with two consecutive 1200s exposures per
night, under an environment condition of air mass around 2.4

and seeing about 0.”6. The median signal-to-noise ratio (SNR)
of our spectra is 16pixel”’ in the center of the H
band (~1.7 pym).

The raw SPIRou data were reduced with the APERO
pipeline (N. J. Cook et al. 2022), which produced telluric-
corrected spectra. We then measured the RVs from these
telluric-corrected spectra through the line-by-line method of
E. Artigau et al. (2022), employing a high-SNR template of
Gliese 699 (M4V) observed with SPIRou instead of TOI-5575
to improve the precision. We discarded three epochs with
outlying RV due to a low SNR below 5, leaving a final set of
24 measurements taken over 12 independent nights (see
Figure 1). We measure a systemic velocity of about
—459kms ' for TOI-5575, which agrees with the result of
—38.8 + 42kms ! from Gaia (Gaia Collaboration et al.
2023). Table Bl lists the final SPIRou RV measurements that
reached a median precision of 18.5ms .

2.2.2. Keck/NIRES

TOI-5575 was observed with the Near-Infrared Echellette
Spectrometer (NIRES; J. C. Wilson et al. 2004) mounted on
the KeckIl 10m telescope on UT 2025 May 16 in clear
conditions with 1” seeing. NIRES provides 1.0-2.4 ym
spectroscopy in four cross-dispersed orders at an average
resolution of A/AX ~ 2700 for its fixed 0”55 wide slit
(Figure C1). The source was observed over two series of
ABBA sequences (eight exposures) nodding along 10” along
the slit with 120s exposures. Data were reduced using a
modified version of Spextool (M. C. Cushing et al. 2004)
following standard extraction procedures and the flux/telluric
correction algorithm of W. D. Vacca et al. (2003).
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2.3. High Angular Resolution Imaging

We performed high-resolution speckle imaging observations
to search for close-in unresolved stellar companions.

We observed TOI-5575 on UT 2023 May 6 with the speckle
polarimeter on the 2.5 m telescope at the Caucasian Observa-
tory of the Sternberg Astronomical Institute (SAI) of
Lomonosov Moscow State University. A low-noise CMOS
detector, Hamamatsu ORCA-quest (I. A. Strakhov et al. 2023),
was used. The atmospheric dispersion compensator was active,
which allowed using the I. band. The respective angular
resolution is 0.083. No companion was detected. The detection
limits at distances 0.25 and 1.0 from the star are Al. = 2.2 and
4.5 mag; see Figure DI.

TOI-5575 was also observed on UT 2025 April 14 using the
‘Alopeke speckle instrument on the Gemini North 8 m
telescope (N. J. Scott et al. 2021). ‘Alopeke provides
simultaneous speckle imaging in two filters with output data
products including reconstructed images and robust contrast
limits on companion detections (S. B. Howell et al. 2016). Ten
sets of 1000 x 0.06 s exposures were collected for TOI-5575 at
562 nm, 832nm, Sloan Digital Sky Survey (SDSS) r, and
SDSS z and were reduced following the standard reduction
pipeline (S. B. Howell et al. 2011). Figure D1 shows the final
50 magnitude contrast curves and the 832nm and SDSS
z-band reconstructed images. There are hints of a close-in
companion in the reconstructed z-band image, the signal of
which is likely caused by imaging smearing and significant
chromatic effects due to the high air mass (C. A. Clark et al.
2024). Furthermore, TOI-5575 has an RUWE value of 1.2,
which is consistent with a single star (C. Ziegler et al. 2020;
Gaia Collaboration et al. 2021). We also find no RV linear
trend in our SPIRou data (see Section 3.2). While we cannot
rule out the presence of a close-in (<1”) companion entirely,
we find it unlikely to be real for the reasons above. No other
companion brighter than 4-5mag was detected down to
the diffraction limit of the telescope (20 mas) out to 1.2
(1.1-68 au).

3. Analysis
3.1. Stellar Characterization

Figure C1 displays the reduced NIRES spectrum of TOI-
5575 with telluric absorption regions masked, compared to
similar data of the best-matching M5 standard Gliese 866AB
from M. C. Cushing et al. (2005). We use the relations of
A. W. Mann et al. (2014) to infer [Fe/H] = —0.21 4+ 0.07
based on a combination of H,O-K2 color and 2.20 ym NaTI and
2.26 ym Cal equivalent widths. We infer equivalent subsolar
metallicities based on near-infrared relations defined in
B. Rojas-Ayala et al. (2012), R. C. Terrien et al. (2012), and
E. R. Newton et al. (2014).

We next estimate the stellar properties based on empirical
relations. We compute the absolute magnitude My = 7.69 + 0.02
of TOI-5575 based on the mg from the Two Micron All Sky
Survey (2MASS) and parallax from Gaia DR3. By utilizing the
polynomial relation between R, and My derived in A. W. Mann
et al. (2015), we obtain a stellar radius of 0.24 £+ 0.02R.,. In
addition, we find a stellar mass of 0.21 4+ 0.02 M, according to
the M ,—M relation (A. W. Mann et al. 2019), which agrees well
with the result of 0.21 £ 0.02 M, from G. F. Benedict et al.
(2016). Finally, the stellar effective temperature 7. is estimated
to be 3115 £ 100K through a polynomial relation with stellar
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Table 1
Summary of Stellar Properties for TOI-5575

Parameter Value References

Main Identifiers

TIC 160162137 TIC V8.2 (K. G. Stassun
et al. 2019)

Gaia ID 1724291831608394624 Gaia DR3 (Gaia Collaboration
et al. 2023)

Equatorial Coordinates

20155 16:04:59.65 TIC V8.2

8120155 +85:12:17.01 TIC V8.2

Photometric Properties

TESS (mag) 14.013 + 0.007 TIC V8.2

V (mag) 17.010 + 0.200 TIC V8.2

G (mag) 15.352 + 0.001 Gaia DR3

Ggp (mag) 17.102 + 0.004 Gaia DR3

Grp (mag) 14.093 + 0.001 Gaia DR3

J (mag) 12.281 + 0.021 2MASS (R. M. Cutri et al. 2003)

H (mag) 11.723 + 0.017 2MASS

K (mag) 11.436 + 0.019 2MASS

W1 (mag) 11.266 + 0.023 WISE (E. L. Wright et al. 2010)

W2 (mag) 11.061 + 0.020 WISE

W3 (mag) 10.815 + 0.060 WISE

Astrometric Properties

w (mas) 17.784 + 0.027 Gaia DR3

Jio (mas yr~ 1) —19.181 + 0.032 Gaia DR3

s (mas yr— ") 131.205 + 0.034 Gaia DR3

RV (kms™") ~38.8 £ 4.2 Gaia DR3

Stellar Parameters

Spectral type M5.0 £ 0.5 This work

Distance (pc) 56.2 £ 0.1 This work

M, (M) 021 + 0.02 This work

Ry (Ro) 0.24 + 0.02 This work

log g, (cgs) 5.00 £ 0.04 This work

Terr (K) 3115 £+ 100 This work

[Fe/H] (dex) —-0.21 £ 0.07 This work

colors V— Jand J — H (A. W. Mann et al. 2015), in accord with
3029 £+ 120K from M. J. Pecaut & E. E. Mamajek (2013), which
is also based on an empirical equation but between T
and V — K.

We also independently determine the stellar radius and
effective temperature of TOI-5575 by carrying out a spectral
energy distribution (SED) analysis (K. G. Stassun &
G. Torres 2016, 2018; K. G. Stassun et al. 2017). We pull
the JHK magnitudes from 2MASS (R. M. Cutri et al. 2003);
the W1, W2, and W3 magnitudes from the Wide-field Infrared
Survey Explorer (WISE; E. L. Wright et al. 2010); and three
Gaia magnitudes, G, Ggp, and Ggrp, from Gaia DR3 (Gaia
Collaboration et al. 2023), all listed in Table 1. Together, the
available photometry spans the wavelength range 0.5-10 pym
(Figure Cl1). We perform a fit using PHOENIX stellar
atmosphere models (T.-O. Husser et al. 2013), with the free
parameters being the effective temperature (7.¢) and metalli-
city ([Fe/H]). Given the proximity of the host star, we fix the
extinction Ay to 0. The best fit has a reduced x? of 1.8 with
Terr = 3175 + 100K and [Fe/H] = —0.3 £ 0.5 dex, consistent
with the result we obtained from the NIRES spectrum.
The metallicity is further constrained by the Gaia spectrum
(see gray swathe in the inset of Figure C1). Integrating the
(unreddened) model SED gives the bolometric flux at Earth,
Fio = 5.32 4 0.19 x 107! erg s tem™2 Taking the Fy, and
T together with the Gaia DR3 parallax leads to the stellar
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radius R, = 0.24 £ 0.02 R., consistent with the estimation
above. The final stellar parameters adopted for further analysis
are listed in Table 1.

3.2. Joint Fit of Transit and RV Data

We utilize the juliet (N. Espinoza et al. 2019) package to
perform a joint fit to the space- and ground-based photometry
together with the SPIRou RV data in order to determine the
physical parameters of the companion. To summarize,
juliet makes use of batman (L. Kreidberg 2015) to fit
the light curves and radvel (B. J. Fulton et al. 2018) to build
the standard RV model. We apply the dynamic nested
sampling method with dynesty (J. S. Speagle 2020) to
obtain the posteriors of each parameter.

Since the TESS images taken during the Primary, First
Extended, and Second Extended Missions have different
cadences, we treat the data as if they were from three different
instruments in the joint fit. Due to the relatively large pixel
scale (21”7 x 21”) of TESS, we fit dilution factors®® for the
TESS photometry to account for the potential light contam-
ination from other stars. We fix it at 1 for the ground-based
ASP data because of its small pixel scale that deblends all
nearby stars. We adopt the quadratic limb-darkening law (g,
and ¢,; D. M. Kipping 2013) for both TESS and ASP data.
Moreover, we also model the relative out-of-transit target flux
for each photometric data set and incorporate a jitter term to
take additional white noise into account.

Regarding the RV modeling, the short time span and the
limited number of our SPIRou observations make it insuffi-
cient to search for Keplerian signals from additional outer
planets other than the one from TOI-5575 b; hence, we focus
exclusively on the Keplerian model of a single companion and
fix the linear and quadratic RV trends at 0.>” As the companion
has a long orbital period and tidal effects are weak (see
Section 3.3), we fit an eccentric orbit, leaving e sinw and
e cos w as free parameters. We also model a constant RV offset
and consider possible additional systematics by fitting an RV
jitter, which is added in quadrature to the original RV
uncertainties. We allow all parameters to vary uniformly or
log uniformly except for the orbital period and midtransit time,
on which we place narrow Gaussian normal priors, centering
on the results from transit searches with 1o values of 0.1 day.
All photometric and RV data along with the best-fit transit and
Keplerian models are illustrated in Figure 1. The priors we set
and the resulting best-fit key parameters are summarized in
Table 2.

We next perform a secondary eclipse analysis by masking
out the secondary eclipse data based on the joint fit and then
detrending the light curve with GP. We do not find any
secondary eclipse signal in the TESS light curve with a depth
larger than 1.3% (30 confidence level). Supposing that the
companion is a very low-mass M dwarf with M, = 0.08 M.,
the expected secondary eclipse depth in the TESS spectral
bandpass would be about 2.3%, assuming blackbody spectra
without reflected starlight (D. Charbonneau et al. 2005).
Consequently, we conclude that the companion is a massive
brown dwarf rather than a star at the bottom of the main

26 The dilution factor defined in the juliet package is given by 1/(14+Ap),
where Ap is the flux ratio between contaminating sources and the target.

> An independent fit including a linear RV trend leads to a best fit of
4= 1.1 £44m s7! day’l, consistent with O within 1o.
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sequence. We further carry out a transit timing variation (TTV)
analysis by modeling the midtransit time of individual transits
of TESS and ASP data and fit a linear ephemeris to the transit
times using juliet. The results show that all timing
variations are within 4 minutes with no significant TTV signal
detected in the data set.

3.3. TOI-5575 b: A Massive Eccentric Brown Dwarf around a
Low-mass M Star

The joint photometric and RV analysis reveals that the
companion is a brown dwarf with a radius of 0.84 + 0.07 R,
and a mass of 72.4 £ 4.1 M; on a 32 day eccentric (e = 0.187 £
0.002) orbit. The location of TOI-5575 b in the mass—radius
diagram (Figure 2) aligns with the evolution track of a brown
dwarf with an age of about 5-10 Gyr (I. Baraffe et al. 2003),
suggesting that the host star is not young, which agrees with the
nondetection of significant rotation signal in the light curve from
the Zwicky Transient Facility (ZTF; E. C. Bellm et al. 2019;
F. J. Masci et al. 2019).?® Following Equation (1) in B. Jackson
et al. (2008), we estimate the tidal circularization timescale
Teire Of TOI-5575 b. By adopting the typical modified quality
factor of the brown dwarf (Qgp) and the host star (Q,) both as
106, we obtain a 7, of about 5 x 103 yr, much longer than
any astrophysical timescale. Therefore, we conclude that TOI-
5575 b holds the primordial configuration memory of the
eccentricity without being erased by tidal effects. With a
period of about 32 days, TOI-5575 b joins the small group of
long-period substellar objects with P > 10 days (see the right
panel of Figure 2).

TOI-5575 b is so far the third-highest mass ratio transiting
brown dwarf system (¢ = 0.329 + 0.037), following ZTF J2020
45033 b (K. El-Badry et al. 2023) and TOI-6508 b (K. Barkaoui
et al. 2025). Its moderate eccentricity places it among the rare
sample of eccentric-orbit brown dwarfs. Figure 3 presents the
eccentricity—mass diagram of known transiting brown dwarfs and
low-mass stars with companion masses M, < 150 M;. Two key
features can be seen: (1) the majority of eccentric (e > 0.3)
companions occupy the mass range between 42.5 My and 110 Mj,
and (2) most of them have orbital periods longer than 10 days.
The outer mass threshold of 110Mj is simply from visual
inspection, while the inner mass limit of 42.5 M; was initially
reported by B. Ma & J. Ge (2014), who found that brown dwarfs
with masses above and below 42.5 M| have different eccentricity
distributions, indicating two different formation mechanisms. We
compute the number ratios of high-eccentricity objects with
e > 0.3 within three mass ranges: M. < 42.5M;, 425
My <M. < 110 My, and M. > 110 M;. We find that the fractions
are 14.3%, 24.6%, and 8.3%, showing a tentative increase of
high-eccentricity objects with 42.5 My < M. < 110 M;. However,
N. Vowell et al. (2025) argued against a transition point in the
eccentricity distribution when considering the systems’ mass ratio
(see the right panel of Figure 3), a more fundamental parameter of
the formation process, where the eccentricity dichotomy seems to
disappear.

4. Eccentricity Distribution

In this section, we compare the eccentricity distribution of
transiting long-period giant planets, brown dwarfs, and low-
mass stars. We first outline how we build the samples in

28 A total of two ZTF light curves in the g and r bands are available, and each
has 475 data points, spanning about 5.5 yr.
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Figure 2. Left panel: the mass and radius diagram of all confirmed transiting brown dwarfs and low-mass stars. The colored dashed lines are the theoretical
isochrones of cool brown dwarfs with different ages at solar metallicity from I. Baraffe et al. (2003). The vertical solid line marks the mass of 80 Mj. Right panel: the
eccentricity vs. orbital periods of known transiting brown dwarfs (orange) and low-mass stars (red). The vertical dashed line marks the 10 day period boundary that
we used to select long-period objects for statistics. The blue dots are the selected transiting warm Jupiters, while the transiting hot Jupiters are shown as gray dots for
reference. In both panels, TOI-5575 b is shown as a black star.

Table 2
Priors and Best-fit Values along with the 68% Credibility Intervals in the Final Joint Fit for TOI-5575
Parameter Prior Value Description
Orbit Parameters
P (days) N (32.1,0.1) 32.072306 + 0.000007 Orbital period
T. (BID-2457000) N (1689.2, 0.1) 1689.2666 + 0.0003 Midtransit time
r U ©,1) 0.6391 + 0.0015 Parameterization for p and b*
r U ©, 1) 0.3518 + 0.0065 Parameterization for p and b
esinw U -1,1 0.0338 + 0.0030 Parameterization for e and w
ecosw U (1,1 —0.1838 £ 0.0020 Parameterization for e and w
K@ms™h U (5000, 15,000) 11,041.6 + 235 RV semiamplitude

-1
HspPiRou (M8 )

1
OspIRou (M $™ )

U (—50,000, —30,000)
U (0, 100)

—45,931.7 £ 32. 2
498 £ 9.2

RV offset
RV jitter

Stellar Parameter

Py (kgm ™) LU (107, 10%) 21,500 + 121 Stellar density of the host star
Dilution Factors
DTESS,PMb u©,1 0.997 + 0.002
Drgss emi U, 1) 0.838 + 0.014
Drgss em2 U ©,1) 0.905 + 0.011
Dasp 1 (fixed)
Derived Parameters
R./Ry 0.3518 + 0.0065 Scaled companion radius
a/Ry 105.35 + 0.21 Scaled semimajor axis
b 0.459 £+ 0.022 Impact parameter
i (deg) 89.73 + 0.02 Orbital inclination
e 0.187 £+ 0.002 Orbital eccentricity
w (deg) 169.6 + 1.1 Argument of periapsis
Physical Parameters of the Brown Dwarf
R. (Ry) 0.84 + 0.07 Companion radius
M, (M) 724 + 4.1 Companion mass
a (au) 0.118 £+ 0.010 Semimajor axis
q 0.329 £+ 0.037 Mass ratio between the brown dwarf and the host star

Notes. A (11, 02) is a normal prior with mean y and standard deviation . U (a, b) represents a uniform prior between a and b. LU (a, b) stands for a log-uniform prior

between a and b.

# The parameters of p and b are the companion-to-star radius ratio and the impact parameter (N. Espinoza 2018).
® The subscripts PM, EM1, and EM2 represent Primary Mission, First Extended Mission, and Second Extended Mission. The light dilution factors are different
because of the different sources of TESS photometry based on different apertures.
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Figure 3. Left panel: the eccentricity and mass diagram of all confirmed transiting brown dwarfs and low-mass stars colored by the orbital period. Two vertical black
dashed lines mark the mass range (42.5 My < M. < 110 Mj) where the companions are more likely to have large eccentricities (see Section 3.3 for details). Right
panel: same as the left but for the companion-to-host mass ratio. In both panels, TOI-5575 b is shown as a red star.

Section 4.1 and then describe the way we model the
eccentricity distributions before summarizing the results in
Section 4.2.

4.1. Sample Selection

We construct our brown dwarf and low-mass star samples
based on a combination of two catalogs published in
K. Barkaoui et al. (2025) and N. Vowell et al. (2025),
supplemented with several recent detections (A. Larsen et al.
2025; E. Y. Zhang et al. 2025), as well as the newly discovered
TOI-5575 b system reported in this work. We emphasize that all
companions in the list are transiting systems and therefore have
true mass measurements. We limit our brown dwarf population
to companions with masses between 13.6 and 80 Mj and filter
out low-mass star systems that have companion masses 80
My < M. < 150 My. We exclude short-period systems and only
accept objects with 10 days < P < 1000 days (corresponding to
a semimajor axis range of about 0.1-1.5 au) to minimize the
impact of stellar tidal effects that could erase the orbital
eccentricity (see the eccentricity and period diagram in
Figure 2). The inner period boundary is selected based on the
tidal circularization timescale 7. Assuming that the modified
quality factors of a brown dwarf (Qgp) and its host star (Q..) are
both typical values of 10° (P. Goldreich & S. Soter 1966;
B. Jackson et al. 2008), a brown dwarf with mass between 13
and 80 Mj and a period of 10 days orbiting a Sun-like star has a
tidal circularization timescale 7;.. between 18 and 84 Gyr using
Equation (1) in B. Jackson et al. (2008), which we treat as
unaffected by tidal effects. Eventually, a total of 19 brown
dwarfs and 15 low-mass stars are left in our sample. We list all
their properties in Table 3.

Our warm Jupiter sample is retrieved from the NASA
Exoplanet Archive™ (R. L. Akeson et al. 2013). We preselect

2 hitps: / /exoplanetarchive.ipac.caltech.edu

planets that have radius (i.e., transiting) and eccentricity
measurements with mass over 0.3 My but smaller than 13.6 M;
and the same orbital period boundary as above, leading to 94
systems in total. We threw out 11 warm Jupiters that only have
mass upper limits, most of which are mainly due to small RV
amplitudes but large RV scatters. We also restrict the sample
to systems with determined eccentricities instead of upper
limits, and we further exclude five systems. In the end, our
warm Jupiter sample consists of 78 planets. While the
exclusion of objects with eccentricity upper limits could
potentially bias toward higher eccentricities, we note that the
number of excluded systems is small compared with the total
sample size and that they will not impact our conclusion
significantly.

4.2. Modeling the Eccentricity Distribution

We opt to characterize the eccentricity distribution of the
transiting long-period giant planet, brown dwarf, and low-mass
star categories using the beta distribution, which has been
widely used in many previous works (e.g., D. W. Hogg et al.
2010; D. M. Kipping 2013; V. Van Eylen et al. 2019;
A. T. Stevenson et al. 2025). The choice of the beta
distribution is motivated by the following two reasons: it is
intrinsically defined over the range 0-1, and it can produce
probability density functions with various shapes using only
two parameters. The standard beta distribution is formulated as

a—1 -1
fea, g = Lot De A —or M
L(a)T'(B)
where e is the orbital eccentricity, I' represents the gamma
function, and « and (3 are the two parameters that determine
the shape of the beta distribution (D. M. Kipping 2013), the so-
called shape parameters.

To properly account for measurement uncertainties, we
implement a Monte Carlo resampling approach. We resample
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Table 3
Properties of the Transiting Long-period Brown Dwarf and Low-mass Star Sample®
Object Period M, R, Eccentricity M, R, Tets [Fe/H]
(days) (My) (Ry) M) (Re) (X)
Brown Dwarfs (19 in Total)
TOI-1278 b 14.48 18.50+9:39 10993 0.013793%4 0.5415%3 0.57+99 379974 —0.0159%8
Kepler-39 b 21.09 20.10+139 1.2410% 0.11253937 1297996 1407518 63507100 0.105514
TOI-4776 b 10.41 32.00+180 1.024993 0.014799%3 1065007 1225938 601173 —0.0579%3
KOI-205 b* 11.72 39.90"199 0.819%2 0.024739% 0.93+3% 0.8470% 5237+8 0.145:12
TOI-1406 b 10.57 46.001%%9 0.86-0:3 0.026-9913 1185958 1.3550:93 6290199 —0.08"9%9
RIK 72 b 97.76 59201530 3.104931 0.1087952 0.4410:54 0.96919 33494132 0.00919
TOI-811 b 25.17 59.9013%%° 1.2629:9¢ 0.509-997 132406 1272998 6107777 0.40%097
KOI-415 b 166.79 62.14138 0.7910:43 0.698+3:9% 0.9419:%¢ 1255013 5810789 —0.24%01
LHS 6343 b 12.71 6270349 0.8310:02 0.0567993 0.371391 0.381901 3130439 0.0413.98
TOI-1982 b 17.17 65.851373 1.08595¢ 027279014 1411538 1515983 63254119 —0.1079%9
EPIC 201702477 b 40.74 66.90+179 0.76*097 0.22858%3 0.87+5% 0.90+5%¢ 551779 —0.16*3%2
HIP 33609 b 39.47 68.007710 1.58987 0.5604993 2384010 1.8605% 10, 400+5% —0.017940
TOI-5389A b 10.40 68.0023) 0.78+:04 0.096-9%03 0.4373% 0.4250%92 3569°3% —0.15591¢
NGTS-19 b 17.84 69.5037 1.03499 0.377+9.9% 0.817554 0.90+994 47163 0.11743
TOI-5575 b (this work) 32.07 72.407419 0.8450%7 0.187-99% 0.219% 0.2470% 31154 —0.2143%7
TOI-6508 b 18.99 72.53718 1035903 0.28070.030 0.17:5%3 0.20759! 3003774 —0.22+9%8
TOI-2490 b 60.33 73.601340 1.005952 0.77997 59503 1.0059%3 110593 5558180 0.32+092
KOI-189 b 30.36 78.6033) 1.00+5%3 0.275539%4 0.7670% 0.7350%2 4952+ —0.12+319
Kepler-807 b 117.93 79.803: 48 1.055933 0.686-0.9% 1075097 1.20003 5994778 0.0420:08
Low-mass Stars (15 in Total)
TOI-746B 10.98 82.2014% 0.9579%2 0.199753%3 0.9475% 0.97+5% 5690149 —0.02+333
TOI-4635B 12.28 84.007249 1.0279% 0.49179:992 0.7059% 0.681901 455575; - 0.09t8_8§
TOI-681B 15.78 88.70733 1.52+0% 0.093*4% 1.54+006 1474504 7440+ 139 —0.0873%
TOI-694B 48.05 89.00133) L1138 0.521+9:02 0.970% 1.00299! 5496§] 0.211908
TIC 320687387B 29.77 96.2023:09 114209 0.36620:0% 108093 11643353 5780780 0.302008
TOI-1213B 27.22 97.50439 1.667078 0.498+0:003 0.99+0:97 099054 55907139 0254013
K2-76B 11.99 98.70* 199 0.89-992 0.255+39%7 0.969% 1172992 5747463 0.01954
CoRoT 101186644B 20.68 100.5071139 1015998 0.402+3:9%¢ 1204339 1075587 6090733 0.201939
BD +29 4980B 16.95 102.70733 1247987 0.16173:992 0.86+019 0.8570% 51507 0.10101%
EBLM J2114-39B 44.92 103291398 1.24702 0.56770:0005 1.047006 1.28+4% 57631216 ~0.03014
KOI-686B 52.51 103.40%3'19 122453 0.556+:004 0.9875%7 1.0470%3 58347100 —0.06*313
TIC 220568520B 18.56 10720733 1.254003 0.096-0:0% 103500 101599} 55898 0.267597
EBLM J2343429B 16.95 125.92+482 1427903 0.16041 59003 1.195987 0917593 498478 0.1159%
TIC 2310055758 61.78 134.10*314 1504903 0.208+9.004 1.04+004 0.99+995 5500*8 —0.44+0%6
KIC 1571511B 14.02 148.10%933 174458 0.327553% 126405 1.34t8‘8} 6195739 0.37+588

Notes.

 This catalog is built by combining the lists published in K. Barkaoui et al. (2025) and N. Vowell et al. (2025) as well as a few recent discoveries (A. Larsen et al.

2025; E. Y. Zhang et al. 2025).

® The orbital eccentricity of KOI-205 b reported in R. F. Diaz et al. (2013) is an upper limit (<0.031). Here, the result e = 0.024 + 0.023 is derived based on our

independent fit using the same RV data set.

the eccentricity of each system by randomly drawing samples,
assuming truncated Gaussian distributions 7MN(e, ag, 0, 1).
Thanks to the large RV amplitudes, the eccentricities of most
objects in our sample are precisely determined, and the
majority of eccentricity uncertainties are at the level of <0.1,
with a median error of 0.023, 0.006, and 0.003 for giant
planets, brown dwarfs, and low-mass stars, respectively. For
those measurements that have different upper and lower errors,
we adopt the larger one as o, in order to be conservative. We
loop the procedure 2000 times for every system; hence, we
have 2000 synthetic data sets. We utilize the beta distribution
function embedded in the Scipy package (P. Virtanen et al.
2020) to perform the fit through the least x> method and record
all best-fit shape parameter pairs. We randomly select 30

synthetic data sets and the corresponding best beta distribution
fits, and we validate that these results match with observations.

Figure 4 shows the best-fit probability density functions of three
companion groups. Giant planets and brown dwarfs with periods
longer than 10 days have almost identical eccentricity distribu-
tions, preferring circular orbits with an extended tail toward high
eccentricities. In the right panel of Figure 4, we present the
resulting shape parameter distributions of all 2000 simulated data
sets of giant planets and brown dwarfs, which overlap with each
other within about 1o. The best-fitting shape parameters of the
giant planet sample are o = 0.647007 and 3 = 1.55713, while
the results of brown dwarfs are v = 0.7870-05 and 8 = 1.8070:33.
In contrast, low-mass stars within the same period range

have a remarkably different behavior (v = 2.427-12 and 8 =
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Figure 4. Left panel: the best-fit eccentricity distributions of 2000 randomly generated eccentricity data sets of transiting long-period (10 days < P < 1000 days)
giant planets (blue; M. < 13.6 Mj), brown dwarfs (orange; 13.6 M; < M. < 80 Mj), and low-mass stars (red; 80 My < M. < 150 Mj), assuming truncated Gaussian
distributions (see Section 4.2 for details). The best-fit shape parameters of the beta distribution (Equation (1)) are shown on the top right. Right panel: the distribution
of best-fit shape parameter pairs of 2000 simulated data sets of giant planets (blue) and brown dwarfs (orange), consistent with each other within about 1o. The
vertical dashed lines show the best-fit parameters. The eccentricity distributions of transiting long-period brown dwarfs are similar to giant planets but different from

low-mass stars.

5.1270:29), which tends to have moderate eccentricities peaking at
about 0.3. Finally, by visual inspection, we note that long-period
giant planets and brown dwarfs are more likely to have highly
eccentric orbits with ¢ > 0.6 compared with low-mass stars. In
fact, all 15 companions in our low-mass star sample have
eccentricities below 0.6, while there are 3 of 19 (15.8%) brown
dwarfs and 10 of 78 (12.8%) warm Jupiters above this limit.
Meanwhile, low-mass stars with circular orbits seem to be rare.
The fractions of objects in our sample with e < 0.1 are 29.5%,
31.6%, and 13.3% for giant planets, brown dwarfs, and low-mass
stars, respectively.

Since a more fundamental parameter related to the tidal
circularization timescale is the scaled semimajor axis, we repeat
our analysis by selecting transiting long-period companions with
a/R, instead. We investigate three different cuts, a/R, > 10,
a/Ry>15, and a/R,>20, and we perform the same beta
distribution fit as described above. The results are presented in
Figure 5. We find that transiting long-period giant planets and
brown dwarfs always prefer low eccentricities in all cases with
similar eccentricity distributions, agreeing with our conclusion
using the orbital period cut. The low-mass stars, however, only
show an eccentricity peak at about 0.3 when we use the a/R, > 15
and a/R, > 20 cuts. We suspect that tidal effects may play a role in
circularizing the orbits of some companions with 10 < a/R, < 15.

5. Discussions
5.1. Comparison to Wide-orbit Cold Worlds

Based on a sample of transiting long-period giant planets,
brown dwarfs, and low-mass stars with 10 days <P
< 1000 days, we find that (1) the eccentricity distribution of
giant planets resembles that of brown dwarfs and (2) the
eccentricity distribution of low-mass stars is distinct from the
other two populations with a peak at about 0.3. Using the
scaled semimajor axis (a/Ry > 10, 15, 20) instead to select the
transiting long-period samples, we find that the conclusions do

not change, except that the peak at about 0.3 in the eccentricity
distribution of low-mass stars disappears when we apply the
a/Ry > 10 cut (Figure 5), which we attribute to tidal
circularization. The semimajor axis range of our sample is
roughly 0.1-1.5au. Therefore, our results complement the
previous studies from B. P. Bowler et al. (2020), C. R. Do o}
et al. (2023), and V. Nagpal et al. (2023), who investigate the
eccentricities of cold giants and brown dwarf companions
detected by direct imaging. All works reported that the
underlying eccentricity distributions of imaged cold gas giants
and brown dwarfs within the semimajor axis range 5-100 au
are significantly different: cold brown dwarfs have a broad
eccentricity distribution with a peak located at 0.6-0.9, while
imaged gas giants prefer a lower eccentricity of around
0.05-0.25 (see Figures 19 and 20 in B. P. Bowler et al. 2020).
By performing a similar beta distribution analysis,
B. P. Bowler et al. (2020) found that the best-fit shape
parameters of cold giant planets and brown dwarfs are
[ ~ 30, 8 ~ 200] and [a ~ 2.3, 8 =~ 1.65], respectively.
Interestingly, the eccentricity distributions of the inner giant
planets and brown dwarfs studied in this work are notably
different from the outer cold ones. We put forward two
possible hypotheses to explain such a discrepancy.

The first scenario is straightforward: warm Jupiters and
brown dwarfs went through a similar evolution history. Under
this framework, both giant planets and brown dwarfs initially
form far away from the hosts in two different channels, as
suggested by B. P. Bowler et al. (2020), resulting in different
eccentricity distributions. Specifically, giant planets might
generate from core accretion, which tends to induce low orbital
eccentricities, while brown dwarfs predominantly form by
gravitational instability in massive disks that could inherit
higher eccentricities. Subsequently, cold giant planets and
brown dwarfs experience similar dynamic evolution, such as
companion—disk interaction and companion—companion
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scattering (A. Alqasim et al. 2025), leading to the analogous
eccentricity distributions we finally saw in Figure 4.

The second hypothesis is that the eccentricity distributions
of inner gas giants and brown dwarfs are jointly shaped by two
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different subgroups. Similar to the previous scenario, the giant
planets and brown dwarfs were born at exterior orbits with
different eccentricity distributions. During the migration to
inner orbits with 10 days < P < 1000 days, some giant planets
may remain dynamically stable all the time and preserve small
eccentricities (J. Teyssandier & D. Lai 2020) while a part of
them undergoes orbital instability through scattering, leaving
diverse eccentricities (S. Ida et al. 2013). The superposition of
these two subgroups yields the final eccentricity distribution
seen in Figure 4. Regarding the cold giant planets detected via
direct imaging, they seem to prefer low-eccentricity orbits
(B. P. Bowler et al. 2020) because they probably do not
encounter dynamically hot interactions after formation. In
terms of brown dwarfs, considering that they originally formed
through disk instability in the outer regions of massive disks,
they tend to have high eccentricities at the beginning with a
tentative peak at about 0.6-0.9, a feature seen in the direct
imaging results (B. P. Bowler et al. 2020). However, their
semimajor axes and eccentricities might be damped through
dynamical friction with the disk since the formed brown
dwarfs are sufficiently less massive than the disk (S. Ida et al.
2020). After migrating inward to orbits with 10 days < P
< 1000 days, some brown dwarfs may still keep the high
eccentricities inherited during formation, while the others have
damped low eccentricities. A combination of these two brown
dwarf subgroups ultimately produces the eccentricity distribu-
tion in Figure 4. Under this framework, the eccentricities of
long-period giant planets and brown dwarfs with 10 days < P
< 1000 days have similar distributions by coincidence since
they are actually shaped by different formation and evolution
mechanisms.

Finally, it should also be mentioned that the low-mass stars
in our sample have a peak eccentricity around 0.3. Such a
feature was also observed in RV surveys decades ago (e.g.,
A. Duquennoy & M. Mayor 1991) and recent astrometry
studies (e.g., Y. Wu et al. 2025) for more massive wide
binaries. The results hint that the evolution of low-mass stars is
probably similar to massive stellar binary systems. However,
the origin of the peak at about 0.3 in the eccentricity
distribution is still unclear. Theoretical works suggest that
the orbits of binary systems could be excited by circumbinary
disks (A. Tokovinin & M. Moe 2020; D. Lai & D. J. Mufioz
2023; M. Siwek et al. 2023) and reach a high eccentricity at
about 0.3, depending on the intrinsic properties of the system
such as mass ratio (R. Valli et al. 2024). In the meantime,
multiple components like an outer massive companion
(P. P. Eggleton & L. Kisseleva-Eggleton 2006; D. Fabrycky
& S. Tremaine 2007; S. Naoz & D. C. Fabrycky 2014) and
flyby encounters (D. C. Heggie & F. A. Rasio 1996) should not
be neglected, both of which could excite orbits. More recently,
Y. Wu et al. (2025) proposed that the eccentricity peak of close
stellar binaries at about 0.3 could also be due to the ejection of
brown dwarf objects.

5.2. Future Prospects

The number of transiting long-period brown dwarfs and
low-mass stars, particularly those that have periods
P > 100days with true mass measured (see Figure 2), are
still limited. Despite that, the Gaia DR4 and DRS shall remedy
the situation. Through the astrometry method, one could
determine the true companion mass and the orbital eccentricity
simultaneously (e.g., T. Gan 2023; G. Stefansson et al. 2025).
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In fact, numerous astrometric binary stars and substellar
objects have already been released (J.-L. Halbwachs et al.
2023; B. Holl et al. 2023). A larger sample will enable further
exploration of the eccentricity trends of different stellar types,
metallicities, periods, companion masses, etc., allowing for a
more comprehensive mapping of eccentricity distribution and
a more detailed comparison with predictions from different
theories.

Additionally, different dynamical origins of brown dwarfs
are supposed to leave specific signatures on the stellar
obliquities. Dynamically violent interactions such as high-
eccentricity migration may cause misalignment between the
orbital angular momentum axis of the companion and the spin
axis of the host star. Instead, we expect to observe well-aligned
systems with low obliquities if they move inward via quiescent
processes like disk migration. To date, only eight brown dwarf
systems have their obliquity measured (A. H. M. J. Triaud
et al. 2009, 2013; R. J. Siverd et al. 2012; G. Zhou et al. 2019;
T. Ferreira dos Santos et al. 2024; S. Giacalone et al. 2024;
M. Brady et al. 2025; L. Doyle et al. 2025), and all of them are
short-period (P < 10 days) systems and consistent with aligned
orbits within about 1o, hinting at a dynamically quiet history.
Consequently, it is crucial to enlarge this small sample and
extend it to long-period brown dwarfs to further understand the
evolution of such systems.

6. Conclusions

In this Letter, we report the discovery of TOI-5575 b, a
long-period brown dwarf transiting a low-mass M5V star
confirmed by space and ground photometric, spectroscopic,
and imaging observations. The brown dwarf companion
has a mass of 72.4 4+ 4.1 M; and a radius of 0.84 + 0.07 Ry
with a period of about 32 days on an eccentric orbit
(e = 0.187 £ 0.002). Putting TOI-5575 b into a broader
context, we find that the majority of eccentric brown dwarfs
and low-mass stars with e > 0.3 have masses between 42.5 and
110 Mjy with orbital periods greater than 10 days.

We further compare the eccentricities of transiting long-
period giant planets (0.3 My < M, < 13.6 My), brown dwarfs
(13.6 My <M. < 80Mj), and low-mass stars (80 M;<
M, < 150 Mj) with orbital periods of 10 days < P < 1000 days
(about 0.1-1.5 au). We summarize our findings below.

(i) The eccentricity distributions of transiting long-period
giant planets and brown dwarfs are almost identical
(a = 064700 and B = 1557012 for giant planets,
a = 0.7870% and 8 = 1.807)13 for brown dwarfs), both
favoring low-eccentricity orbits with a long tail toward
high eccentricities.

(i1) The inner giant planets and brown dwarfs we studied in
this work have eccentricity behaviors significantly
different from outer cold counterparts within 5-100 au
detected by the direct imaging method (o ~ 30 and
0 = 200 for imaged giant planets, o ~ 2.30 and 3 ~ 1.65
for imaged brown dwarfs), where brown dwarfs show a
broad eccentricity distribution with a peak located at
0.6-0.9 but giant planets display a preference for low
eccentricities between 0.05 and 0.25 (B. P. Bowler
et al. 2020).

(iii) Unlike the giant planet and brown dwarf population,
transiting low-mass stars show a peak eccentricity at
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about 0.3 (o = 2427312 and B = 5.12*02Y), similar to
more massive wide binary systems. Low-mass stars with
circular orbits or highly eccentric orbits (¢ > 0.6) are
rarer compared with the giant planets and brown dwarfs.

The similarity in the eccentricity distributions of transiting
long-period giant planets and brown dwarfs might be due to a
similar dynamical evolution history, or both of them may
contain two subgroups that jointly shape similar eccentricity
distributions. A larger sample size and follow-up obliquity
studies will enable more comprehensive insights.
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Appendix A
Normalized TESS Light Curves

Figure A1 shows the normalized and detrended TESS light
curves of TOI-5575.
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Figure Al. The normalized TESS light curves of TOI-5575. The left, middle, and right panels are data from the Primary, First Extended, and Second Extended
Missions. The light curve from the Primary Mission was extracted with a 3 x 3 pixel box aperture, while the light curves from the First and Second Extended
Missions came from QLP and SPOC pipelines. The different transit depths seen in the three panels are likely due to the different aperture sizes, resulting in different
light dilutions. The raw light curves are shown above in gray, while the detrended light curves are presented below in blue. The transits of TOI-5575 b are marked
with red triangles. The transit event in Sectors 25 and 26 happened during the data gaps, so it does not show up.
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Appendix B

SPIRou RVs
All SPIRou RVs we obtained for TOI-5575 are listed in
Table B1.
Table B1
RV Measurements for TOI-5575 from SPIRou
BID RV ORvV
(ms™ ) (ms™)

2460065.995 —42,867.1 16.8
2460066.009 —42,881.0 17.5
2460067.997 —46,980.4 25.2
2460068.012 —46,946.8 39.8
2460072.960 —58,244.1 16.7
2460072.974 —58,238.5 17.0
2460074.957 —58,835.2 16.8
2460074.972 —58,773.4 17.1
2460076.988 —56,064.7 21.6
2460077.002 —56,009.5 21.7
2460096.888 —40,897.2 26.0
2460096.902 —40,904.2 29.5
2460098.911 —44,622.0 22.2
2460098.926 —44,586.1 22.1
2460101.898 —51,580.8 22.8
2460101.912 —51,605.9 24.7
2460103.887 —56,373.3 15.2
2460103.901 —56,369.3 15.2
2460123.826 —36,998.1 17.7
2460123.840 —37,004.1 17.2
2460124.871 —37,266.9 16.9
2460124.885 —37,248.2 16.6
2460125.861 —37,773.0 19.4
2460125.875 —37,772.1 204

Appendix C
The Keck/NIRES Spectrum and SED of TOI-5575

Figure C1 shows the Keck/NIRES spectrum as well as the
broadband photometry of TOI-5575 along with the best-fit
model.
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Figure C1. Left panel: Keck/NIRES spectrum of TOI-5575 (black line) compared to the equivalent data for the M5 standard Gliese 866AB (magenta line;
M. C. Cushing et al. 2005). Both spectra are normalized at 1.3 pm. Locations of major HO and CO molecular absorption bands are labeled, as are regions of strong
telluric absorption (gray boxes, masked in the spectrum of TOI-5575). The insets show close-ups of the 1.12-1.33 ym and 2.18-2.34 um regions with primary
atomic and molecular features labeled. Right panel: the SED of TOI-5575. The red crosses are the observed photometric measurements, where the horizontal bars
represent the effective width of the passband. All blue dots represent the model fluxes from the best-fit PHOENIX atmosphere model (black solid lines). The Gaia
spectrum is shown as a gray swathe in the inset panel.
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Appendix D
Speckle Imaging Results

Figure D1 shows the speckle imaging results from the SAI
2.5m and Gemini.

Gan et al.
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Figure D1. Top panel: secondary component detection limits obtained using speckle imaging obtained with the speckle polarimeter on the SAI 2.5 m telescope.
Bottom panel: Gemini high-resolution speckle imaging 5o contrast limits as a function of angular separation. There are hints of a close companion in the
reconstructed images, but these observations were taken at high air mass, and the orientation is consistent with the star being “smeared” along the parallactic angle,

rather than being a close-in binary.
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