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A B S T R A C T 

We report the disco v ery of TOI-2119b, a transiting brown dwarf (BD) that orbits and is completely eclipsed by an active M - 
dwarf star. Using light-curve data from the Transiting Exoplanet Surv e y Satellite mission and follow-up high-resolution Doppler 
spectroscopic observations, we find the BD has a radius of R b = 1.08 ± 0.03 R J , a mass of M b = 64.4 ± 2.3 M J , an orbital period 

of P = 7.200865 ± 0.00002 d, and an eccentricity of e = 0.337 ± 0.002. The host star has a mass of M � = 0.53 ± 0.02M �, a 
radius of R � = 0.50 ± 0.01R �, an ef fecti ve temperature of T eff = 3621 ± 48K, and a metallicity of [Fe / H] = + 0 . 06 ± 0 . 08. 
TOI-2119b joins an emerging population of transiting BDs around M-dwarf host stars, with TOI-2119 being the ninth such 

system. These M-dw arf–brown dw arf systems typically occup y mass ratios near q = M b / M � ≈ 0.1 −0.2, which separates them 

from the typical mass ratios for systems with transiting substellar objects and giant exoplanets that orbit more massive stars. The 
nature of the secondary eclipse of the BD by the star enables us to estimate the ef fecti ve temperature of the substellar object to 

be 2030 ± 84K, which is consistent with predictions by substellar evolutionary models. 

Key words: techniques: photometric – techniques: radial velocities – techniques: spectroscopic – (stars:) brown dwarfs – stars: 
low-mass. 
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 I N T RO D U C T I O N  

stronomers traditionally define brown dwarfs (BDs) as the objects
etween giant planets and stars, occupying the mass range of 13–
0 Jupiter masses ( M J ) based on deuterium fusion (at 13 M J )
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nd hydrogen fusion (at 80 M J ) thresholds. Ho we ver, metallicity 
nd other factors may change these boundaries in the range of
1 –16 M J (Spiegel, Burrows & Milsom 2011 ) and 75 –80 M J (Baraffe
t al. 2002 ), respectively. From this, a simple mass-based definition 
oes not tell us whether BDs can form like giant planets, low-
ass stars, or a mixture of both populations’ formation pathways. 
e are now poised to more thoroughly explore this question of

ormation mechanism by examining the emerging transiting BD 

opulation with the Transiting Exoplanet Surv e y Satellite ( TESS )
ission (Ricker et al. 2015 ). Transiting BDs are key as they enable

s to measure the BD’s mass and radius, which typically ranges from
.7–1.4 Jupiter radii ( R J ) around main-sequence host stars (Deleuil 
t al. 2008 ; Subjak et al. 2020 ; Carmichael et al. 2020 ). Though
ransit detections typically restrict us to exploring a parameter space 
or short-period BDs (usually P orb < 30 d to efficiently detect and
haracterize multiple transits), they play a critical role in filling out 
he population of BDs with measured masses and surface gravity 
log g ) estimates. The mass and radius are key parameters involved
n the construction of BD evolutionary models (Chabrier & Baraffe 
997 ; Baraffe et al. 2003 ; Saumon & Marley 2008 ; Phillips et al.
020 ; Marley et al. 2021 ), to which we compare the observed
opulation of transiting BDs. This impro v es our understanding of
he evolution of these objects and with a large enough sample size of
Ds with known masses, radii, and ages (from age dating techniques 
f the host stars), we stand to learn more about how the dominant
ormation mechanism changes for objects from giant planets to low- 
ass stars as a function of mass. 
The TESS mission has been an invaluable resource in this en- 

ea v or. After deli vering se veral ne w transiting BD disco v eries during
ts 2-yr primary mission (e.g. Jackman et al. 2019 ; Benni et al. 2020 ;
armichael et al. 2020 , 2021 ; Subjak et al. 2020 ), TESS continues

o serve as our primary detection tool for new transiting BDs in its
xtended missions (e.g. Artigau et al. 2021 ; Grieves et al. 2021 ).
he key parameters from the TESS light curve data are the radius,
rbital period, and orbital inclination of transiting BDs. The radius, 
hich cannot be known to a precision greater than that of the host

tar, establishes which transit events are candidate transiting BDs. 
s mentioned, the range of radii we consider for such BD candidates

ypically falls between 0.7 and 1.4R J unless the candidate orbits a 
re-main sequence host star or a star that is otherwise known to be
articularly young ( < 100 Myr). In such cases, larger BD candidate
adii up to 3 –5 R J are considered. These larger radii are considered
ecause the largest known transiting BD is RIK 72b with a radius
f 3 . 1 R J around a 5 Myr old star in Upper Scorpius (David et al.
019 ). Once an estimate for the radius of a BD candidate is obtained
o fall in this range, we then pursue radial velocity (RV) follow up
or a mass determination. 

The orbital period establishes the appropriate timing for follow 

p RV observations, which come in the form of spectra of the host
tar, and are most useful for determining an initial estimate for the
ass of the candidate transiting BD as possible. As we use these

pectra to construct an orbital solution for the star, we also derive
he spectroscopic ef fecti ve temperature, metallicity ([Fe/H]), and 
otational broadening of the star (specifically, vsin I � ). The orbital 
olution alone gives an estimate of the minimum mass ( m sin i ), which
s not al w ays close to the true mass M b of the companion, especially
or systems observed at a low orbital inclination. By making use of
he orbital inclination i obtained from the transit data, we break the
e generac y between the companion mass and orbital inclination. 
The precision of these mass and radius measurements is also an 

mportant consideration. The RV amplitude signal for a short-period 
D orbiting a typical FGK main-sequence star is on the order of
everal kilometres per second. This is based on the constraints that
Ds are defined to be 13 –80 M J , FGK stars are roughly 0 . 6 –1 . 5 M �,
nd the orbital periods are � 30 d; see Fischer et al. ( 2014 ) for the
quation used to quickly estimate this. Modern echelle spectrographs 
ith resolving power on the order of R ≈ 10 4 are well within

heir capabilities for precisely measuring RVs in this range. This 
s especially true given the selection of relatively bright ( V <

2) stars that the TESS mission observes. The precision of radius
easurements is limited by several factors: the signal-to-noise per 

ransit, the number of transits observed, the precision of the orbital
mpact parameter, and the precision of stellar radius measurement. 
he signal-to-noise per transit criterion is met by the sensitivity of

he TESS mission when it observes bright enough stars. 
The second limiting factor is the orbital impact parameter b , which

s degenerate with the radius of the BD when the signal-to-noise ratio
s low or when b approaches a value of 1. We do not have control
f this, as it is based on the orbital geometry of the transiting BD
elative to its host star. The third bottleneck is the precision to which
e determine the radius of the host star. This is addressed with the
se of the parallax measurements released in the Gaia mission’s 
arly data release 3 ( Gaia EDR3; Gaia Collaboration et al. 2021 ).
hese parallax measurements typically play the most important role 

n reducing the radius uncertainty for stars. These measurements are 
irectly related to stellar distances, which we use to determine stellar
uminosities that are used to better constrain the evolutionary state 
f the star. 
This brings us to the most important parameter when characteriz- 

ng the host star: stellar age. We assume any star hosting a transiting
D shares its age with the BD, meaning that the system’s age is
aluable in testing substellar evolutionary models for the BD. One 
ay to do this testing is in mass–radius space for BDs and principally

nvolves testing how well theoretical and simulation-driven works 
e.g. Baraffe et al. 2003 ; Saumon & Marley 2008 ; Phillips et al.
020 ; Marley et al. 2021 ) predict the rate at which the radius of BDs
ecreases with age. We generally expect BDs to contract with age as
hey cool over time as they lack a mechanism to initiate any increase
n radius like stars do. The rate of this contraction is predicted to be
reater at younger ages and thought to decelerate at BD ages beyond
 few billion years, so it is essential that we determine a precise
ge to conduct meaningful tests of this prediction. Though a precise
etermination of both the BD’s radius and the star’s age are crucial
n this regard, we more often find ourselves challenged to reliably
stimate the age of the host star. 

Recently, M-dwarf stars have begun to emerge as common hosts 
o transiting BDs (David et al. 2019 ; Jackman et al. 2019 ; Palle et al.
021 ; Acton et al. 2021 ). That is to say, of the roughly 30 known
ransiting BDs, M-dwarfs are hosts to nine of them. The numbers
or A, F, G, and K-dwarf host stars are 2, 9, 9, and 1, respectively.

-dwarf stars are relatively difficult to characterize compared to 
heir FGK main-sequence counterparts, especially when estimating 
he stellar age. This is because M-dwarfs change very little once
he y hav e entered the main sequence and they remain this way for
uch longer than their typical FGK stellar counterparts. Ho we ver, 

ecent works by Mann et al. ( 2015 ) and Engle & Guinan ( 2018 ) have
ade this art of characterizing some of the fundamental properties of
-dwarfs (mass, radius, ef fecti ve temperature, and even age) more

eliable. The empirical M-dwarf relationships explored in w orks lik e
hese facilitate a more reliable determination of M-dwarf properties 
uch that we may use them for a better understanding of the properties
f transiting BDs that we may find orbiting them. 
In this work, we present results, analysis, and discussion on the

OI-2119 (TIC 236387002) system. This system contains a transiting 
MNRAS 514, 4944–4957 (2022) 
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M

Figure 1. PDCSAP TESS light curve of TOI-2119. This star appears to be relatively active given the number and strength of the flares observed in the TESS 
data o v er two sectors. 
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D, TOI-2119b, in a short-period orbit ( P = 7.2 d) around an early-
ype M-dwarf star. This transiting BD is completely eclipsed by
he M-dwarf. Section 2 presents the TESS light curves and other
ollow-up data used to derive the physical properties of the star
nd BD. Section 3 discusses the analysis tools used to derive these
arameters and an y cav eats giv en the difficult nature of determining
he mass, radius, and age of low-mass stars. Section 4 focuses on the
ubstellar mass–radius diagram and the usefulness of TOI-2119b in
esting substellar evolutionary models. 

 OBSERVATIONS  

.1 TESS light cur v es 

he TESS mission produced the light curves for TOI-2119 (TIC
36387002) with a 2-min cadence in sector 24 from 16 April 2020
o 12 May 2020 and in sector 25 from 14 May 2020 to June 2020.
 transit signature with a 7.2-d period was identified in the Science
rocessing Operations Centre (SPOC; Jenkins et al. 2016 ) transiting
lanet search (Jenkins 2002 ; Jenkins et al. 2010 , 2020 ) of the
ight curves in both sectors. This SPOC detection was subsequently
romoted by the TESS Science Office to TESS Object of Interest
TOI; Guerrero et al. 2021 ) status as TOI 2119.01 based on the
lean transit model fit and diagnostic test results in the SPOC data
alidation report (Twicken et al. 2018 ; Li et al. 2019 ). 

These data are from the Presearch Data Conditioning Simple
perture Photometry flux (PDCSAP; Stumpe et al. 2014 ; Smith et al.
012 ) available through the Mikulski Archive for Space Telescopes
MAST). The PDCSAP light curve removes some systematic stellar
ffects but aims to retain native stellar features such as brightness
odulation, transits, eclipses, and flares (see Fig. 1 ), so we use the
DCSAP data for the transit analysis. We then use the lightkurve
Lightkurve Collaboration et al. 2018 ) package in Python to normal-
ze the light curve. We manually remo v e the flares from the light-
urve data and note here that roughly two dozen flares brighten more
han 0 . 5 per cent abo v e baseline. At this step, the light-curv e data are
eady for transit and secondary eclipse analysis. 

.1.1 Photometric modulation from the TESS data 

he SPOC Simple Aperture Photometry (SAP; Twicken et al. 2010 ;
orris et al. 2020 ) flux data reveal photometric modulation on the
NRAS 514, 4944–4957 (2022) 
rder of a few per cent from TOI-2119. We use the SAP data o v er
he PDCSAP when examining photometric modulation as the PDC
lgorithm is sometimes prone to suppressing the amplitude of the
ariability in the light-curve data. To characterize the periodicity of
his modulation, we first mask the transits of TOI-2119b and the
ares before applying a Lomb–Scargle periodogram analysis of this
ata to estimate a 13.11-d period (Fig. 2 ). We attribute this to a stellar
otation rate of P rot = 13.11 ± 1.41 d caused by star spots moving in
nd out of our line of sight on the stellar surface. The uncertainty on
he rotation period is estimated from the width of a simple Gaussian
unction that we fit to the peak in the periodogram. There also appears
o be a slight downward trend in the star’s brightness o v er a much
onger period than we find here, but the TESS data do not span a
ufficient baseline to explore this further. 

.1.2 Flares in the M-dwarf light curve 

e follow Medina et al. ( 2020 ) in our definition of a flare event as
hree consecutive > 3 σ flux data points in the PDCSAP light curve
ith transits, eclipses, and the photometric modulation remo v ed.
e also adopt the flare rate R 31.5 from Medina et al. ( 2020 ) where

ares abo v e an energy of E = 3.16 × 10 31 erg (log 10 E = 31.5) are
onsidered. Unlike in Medina et al. ( 2020 ) and other works, we do
ot invoke a sophisticated Gaussian process (GP) model to remo v e
ystematic effects from the light curve while preserving the flare
vents. Since we do not use a GP, we are certainly not accounting
or a number of flares, so our estimate of the flare rate R 31.5 of
OI-2119 will be a lower limit of log R 31.5 ≥ −0.70 ± 0.32 flares
er day. The strength and frequency of the flares indicate that this
tar is relatively active. In Fig. 2 , we show another Lomb–Scargle
eriodogram analysis of the normalized TESS light curve with the
ares retained, but the transits and eclipses of the BD remo v ed. We
ee no strong evidence of any periodicity that would correlate the
iming of the flares with the photometric modulation, transits, or
clipses. 

.2 Ground-based follow-up photometry 

e have additional seeing-limited transit photometry of TOI-2119
rom three ground-based facilities: the Las Cumbres Observatory
lobal Telescope (LCOGT; Brown et al. 2013 ) 1.0-m network node

art/stac1666_f1.eps
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Figure 2. Top: TESS SAP light curve of TOI-2119 with flares and transits 
remo v ed. Middle: Lomb–Scargle periodogram of the data shown in the 
top panel. The value of and uncertainty on the rotation period ( P rot = 

13.11 ± 1.41 d at 1 σ ) are estimated by fitting a simple Gaussian function to 
the peak in the periodogram (ignoring the power at 10 2 d due to the long-term 

downward trend in the light-curve data). The peaks at approximately 6.9 d 
( P rot /2) and 26.9 d ( P rot × 2) appear to be harmonics of the stellar rotation 
period and are not caused by the transit events (as they have been removed). 
Bottom: Periodogram analysis of normalized TESS data with transits and 
eclipses remo v ed, but with the stellar flares retained. There is no evidence of 
strong periodicity or quasi-periodicity from the flares alone. 
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Figure 3. Transit data from LCO-McD and the MSU 0.6-m telescope. These 
data are not used to model the transit (shown in red), but we present them 

here to show the extent to which the transit depth changes during star-spot 
crossings. The star-spot crossing has a greater effect on the transit depth in 
the LCO-McD g p bandpass than the z s bandpass. Since the MSU data are 
taken at a different time than the LCO-McD (11 months apart), we have some 
sense of the spot evolution and can see how the effect from the spots almost 
vanish in the MSU data. Also note that the transit timing for the MSU data 
appears to be slightly earlier than the LCO data taken a year before. This 
difference is only on the order of minutes. 

Figure 4. The 5 σ sensitivity limits and autocorrelation functions of the 
SOAR speckle observations of TOI-2119. The black circles are measured 
data points and the lines are fits in different separation regimes. No nearby 
contaminating sources are detected within 3 arcsec. 
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t McDonald Observatory (LCO-McD), the Multicolor Simulta- 
eous Camera for studying Atmospheres of Transiting exoplanets 
nstrument (MuSCAT2) (Narita et al. 2019 ) on the 1.52-m Carlos
anchez Telescope, and the Michigan State University (MSU) 0.6-m 

elescope. 
The MSU 0.6-m telescope is equipped with 1024 × 1024 Apogee 

LTA U47 CCD camera providing 9.4 arcmin × 9.4 arcmin field 
f view at a scale of 0.55 arcsec per pixel. The unfiltered images
f TOI-2119 were obtained on 2022 March 4. We used the VaST
ode (Sokolo vsk y & Lebedev 2018 ) for dark frame subtraction and
at-fielding and AstroImageJ for photometry and detrending. The 
COGT observations were taken during the night of 2021 April 
1 and co v er one full transit of TOI-2119b. The 1-m telescope is
quipped with 4096 × 4096 SINISTRO cameras having an image 
cale of 0.389 arcsec per pixel, resulting in a 26 arcmin × 26 arcmin
eld of view. The images were calibrated by the standard LCOGT
ANZAI pipeline (McCully et al. 2018 ), and photometric data 
ere extracted using AstroImageJ (Collins et al. 2017 ). We see 
oticeable asymmetry during the LCO-McD transit that we attribute 
o star-spot crossings (Fig. 3 ) and much smaller spot crossings in
he MSU 0.6-m data taken nearly 1 yr later on 8 March 2022. We
se these follow up observations to confirm that the transit is on the
arget star, but we do not include this in our transit analysis. 

The MuSCAT2 observations were taken during the night of 
021 May 12 in 4 simultaneous bandpasses: Sloan g ′ , r ′ , i ′ , and
 s . Exposure times were 25, 9, 15, and 15 s for g ′ , r ′ , i ′ , and
 s , respectively. There was some in-transit asymmetry in these 
bservations that we correct for in order to use these data in the
ransit analysis. The data from the different bandpasses was reduced 
sing the procedure and pipeline described in Parviainen et al. ( 2020 ).

.3 SOAR speckle imaging 

n 2021 April 25, we took SOAR speckle observations of TOI-
119 in the Cousin- I -band, which is a similar bandpass to that
f TESS . Further details of ho w SOAR observ ations are carried
ut are available in Ziegler et al. ( 2020 ). A 5 σ detection speckle
utocorrelation functions from the observations are shown in Fig. 4 .
o nearby stars were detected within 3 arcsec of TOI-2119 in the
MNRAS 514, 4944–4957 (2022) 
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Figure 5. H α feature from each of the TRES spectra for TOI-2119. The red 
vertical line serves as a visual aid for the relative shift in the self-absorbed 
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an arbitrary offset near the H α feature. The characteristic ‘double-peaked’ 
shape is a result of optically thick chromospheric scattering of H α. We do 
not find any significant correlation with the strength of the H α feature or the 
symmetry of the peaks on either side of the centroid with the orbital phase of 
the BD’s orbit. 
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OAR observations. We performed a search using data from Gaia
DR3 and find no stars brighter than G = 15.2 within 65 arcsec of
OI-2119, but given the renormalized unit weight error (RUWE;
elokuro v et al. 2020 ; Linde gren et al. 2021 ) value is 1.9, an
nresolved stellar companion cannot be ruled out, even with speckle
maging with SOAR. The RUWE is a measure of how confident an
bject is known to be a single source, where values that deviate from
 are less likely to be single sources. 

.4 TRES spectra 

e used the TRES instrument on Mt. Hopkins in Arizona, USA, to
btain 8 follow-up spectra for TOI-2119. TRES has a resolving
ower of R ≈ 44 000 and co v ers a wav elength range of 3900 –
100 Å. We use 14 echelle orders between this wavelength range
or each spectrum to measure a relative RV for each. We visually
e vie w each order to omit those with low signal-to-noise ratio per
esolution element (S/N) and to remo v e cosmic rays. In the case
f this M-dwarf, we omitted the orders at bluer wavelengths shorter
han 4800 Å. Each order is cross-correlated with the highest observed
/N spectrum of the target star and then the average RV of all the
rders per spectrum is taken as the RV of the star for that observation.
he exposure times for these follow-up spectra range from 1200s to
800s to give an S/N range of 9.1–20.7. 
We use the stellar parameter classification (SPC) software package

y Buchhave et al. ( 2012 ) to derive the projected stellar equatorial
elocity vsin I � from co-added TRES spectra of TOI-2119. SPC
ses a library of calculated spectra in the 5030 –5320 Å wavelength
ange, centred near the Mg b triplet. We report an upper limit on
he projected rotational velocity for the star of vsin I � ≤ 3.04 ± 0.5
m s −1 . This vsin I � measurement is relatively low and potentially
ecomes degenerate with other spectroscopic broadening features
f the stellar photosphere that do not indicate the true projected
otational velocity of the star. 

As SPC is not suited to accurate spectral analysis of low-mass stars
ike TOI-2119, we instead use empirical relations for early-type M-
warf metallicities (Mann et al. 2013 ) and T eff (Mann et al. 2015 )
o estimate these values for TOI-2119. These relations rely on J −
 magnitude values that we obtain from the TESS Input Catalogue
8.2 (Stassun et al. 2019 ) and they yield an [Fe / H] = −0 . 10 ± 0 . 09
nd T eff = 3512 ± 100K. We use these values as priors in our analysis
f the stellar parameters. 

.4.1 Double-peaked H α feature 

ne curious characteristic of these TRES spectra is seen in the H α

ine profile as a ‘double-peaked’ or ‘horned’ feature. Fig. 5 shows the
 α line for TOI-2119 and this ‘horned’ shape is typically attributed

o the presence of a circumstellar disc. Ho we ver, gi ven the relati vely
mall width of the profile, we attribute this to self-absorption (or self-
eversal) of H α instead of the presence of a disc. This self-absorption
ccurs due to optically thick scattering in the chromosphere of the
tar (see Youngblood et al. 2022 , for more details). The symmetry
relative height difference between each peak) of the horned H α does
ot correlate with the orbital period ( P orb = 7.2 d) of the transiting
D or the rotation period ( P rot = 13.11 d) of the star. We do not have

imultaneous photometry with these TRES spectra to check whether
r not the horned feature is linked to a flare event, so we cannot
onfidently connect the two. Although the presence of emission of
 α does indicate some activity from TOI-2119, the relatively smaller

qui v alent width (EW) of H α of roughly ∼1 Å is a sign that this star
s only moderately active. 
NRAS 514, 4944–4957 (2022) 
We also consider the possibility that this peaked feature, which is
lso present in the sodium doublet, may instead be from an unresolved
tellar companion. The TRES pixel scale at the H α feature is 1 pixel
er 0.0557 Å, or 45.5km s −1 per Å. The separation between the peaks
een in the H α profile ranges from roughly 0 . 9 to 1 . 1 Å and this
ranslates to a range of plausible orbital separations, eccentricities,
nd masses for an unseen stellar companion such that this spectral
ouble-peaked feature is produced but also that the companion e v ades
etection by SOAR. The ranges of possible orbital separations,
ccentricities, and stellar companion masses are roughly 1 −2 au, e
 0.5, and 100 –400 M J , respecti vely. Ho we ver, this does not enable

s to confirm that such a companion exists given the self-absorption
ehaviour M-dwarfs exhibit not only for H α, but for other features
hat may show a similar separation. Long-term RV observations of
he primary star are necessary to narrow the range of plausible values
nd to see a change in the wavelength differences between the peaks
n H α. 
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Figure 6. Ca II H and Ca II K line profile of TOI-2119. The strength of this 
line indicates that this star is relatively active. Here, we show these profiles 
from a coadded spectrum of all the TRES observations of TOI-2119. We 
do not detect enough continuum flux (in arbitrary units here) to perform a 
reliable S-index measurement. 
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We also find Ca II H and Ca II K emission from the spectra of
OI-2119 (Fig. 6 ), and although this provides some qualitative 
vidence for the star’s activity, we do not have enough continuum 

ux around the Ca II H/K features to perform a proper S-index
eri v ation using the techniques described in Mayo et al. ( 2018 )
pecifically for TRES. There are also no known published values 
or the S-index for this system that we can refer to here. Lastly, we
o not detect an appreciable ‘double-peaked’ behaviour to the Ca II 
/K features, which may be due to the fact that the self-absorption
henomenon lessens in intensity at lower stellar masses for certain 
eatures, including Mg II and Ca II (Wood et al. 2005 ). 

 ANALYSIS  

.1 Global analysis with EXOFASTv2 

ere, we give details on our global analysis of the stellar and BD
arameters for TOI-2119 using EXOFASTv2 (Eastman et al. 2019 ). 
XOFASTv2 uses the Monte Carlo Markov Chain (MCMC) method 
nd for each MCMC fit, we use N = 36 ( N = 2 × n parameters ) w alk ers,
r chains, and run until the fit passes the default convergence criteria
or EXOFASTv2 (described in Eastman et al. 2019 ). 

Here, we will describe our inputs into EXOFASTv2 and what 
arameters we obtain from each one. First, we input the stellar
agnitudes referenced in Table 1 and use the T eff empirical relations 

rom Mann et al. ( 2015 ) as a prior on the SED model for the star
Fig. 7 ). Note the UV excess in the SED for TOI-2119. We attribute
his to stellar activity, likely related to the strength of flares that
e see in the TESS light curve for the star. The broad-band UV
ata points from GALEX (Bianchi, Shiao & Thilker 2017 ) cannot 
e used to directly estimate log R 

′ 
HK 

following the technique used 
n Findeisen, Hillenbrand & Soderblom ( 2011 ) due to the B − V
agnitude colour of TOI-2119 falling outside of the valid range 

etermined in that study. 
We also input parallax measurements from Gaia EDR3 ( � = 

1.77 ± 0.03 mas), which are used with the SED model and an
pper limit on V -band extinction ( A V ≤ 0.05, Schlafly & Finkbeiner
011 ) to determine the stellar luminosity and radius. We use this
tellar radius with the radius ratios obtained from our input TESS
ransit photometry to constrain the radius of the transiting BD. The 
nclination from the transit data are combined with our input RV 

ollow-up from TRES to constrain the mass and orbital properties 
f TOI-2119b. The relative RVs are done with respect to the target
tar, so the zero-point is arbitrary (T able 2 ). W e let the RV offset

be a free parameter and we include an RV jitter term, σ j , to
ccount for the surface activity of the star. The RV jitter term derives
rom a white noise model implemented in EXOFASTv2 . Our input
Fe / H] = −0 . 10 ± 0 . 09 and T eff = 3512 ± 100K empirical estimates
rom Mann et al. ( 2013 , 2015 ), respectively, are used as priors on
he build-in MIST stellar isochrone models (Dotter 2016 ; Choi et al.
016 ; Paxton et al. 2015 ) in EXOFASTv2 . These models are detailed
n these three studies, but we note here that the MIST models are less
ccurate in determining the ages of low-mass stars like TOI-2119, so
ur priors on the stellar mass, radius, and age are especially rele v ant
ere. 
We set uniform U[ a, b] or Gaussian G[ a, b] priors on our input

arameters. We use parallax measurements from Gaia EDR3 and the 
-dwarf empirical relations for mass, radius, age, T eff , and [Fe/H]

rom Mann et al. ( 2015 ) and Engle & Guinan ( 2018 ) (both described
n the next section) to define our Gaussian priors, which have width
 and mean a of the each parameter. Eastman et al. ( 2019 ) gives a
etailed description of how priors are implemented in EXOFASTv2 .
he full set of derived parameters and input priors for the system

s shown in Tables 3 and 4 . The SED derived by EXOFASTv2 for
he star are shown in Fig. 7 . The orbital solution, eclipse, and transit

odels for TOI-2119 are shown in Figs. 8 and 9 with the additional
ight curves from MuSCAT2 shown in Fig. 10 . We find marginal
ifferences in the transit depths between the different bandpasses for 
he light-curve data. 

.1.1 Determining the properties of the M-dwarf 

e rely on the Mann et al. ( 2015 ) relations and the Engle &
uinan ( 2018 ) relations as aids in our analysis of the stellar mass,

adius, and age for TOI-2119. The Mann et al. ( 2015 ) relations are
onstructed from empirical data of M-dwarf absolute magnitude–
ass correlations and absolute magnitude–radius correlations from 

 sample of 183 stars ranging from M7 to K7 type stars. For TOI-
119, we use the following absolute K -band relations from Mann
t al. ( 2015 ) to estimate a stellar mass and radius: 

 � = a 1 + b 1 K + c 1 K 

2 + d 1 K 

3 + e 1 K 

4 , (1) 

here a 1 = 0.5858, b 1 = 0.3872, c 1 = −0.1217, d 1 = 0.0106, e 1 =
2.7262 × 10 −4 , and K is the absolute K S magnitude, which uses
 S from Table 1 in the equation K = K S + 5log d + 1 where d is the
istance to TOI-2119 in kiloparsecs. 

 � = a 2 + b 2 K + c 2 K 

2 , (2) 

here a 2 = 1.9515, b 2 = −0.3520, and c 2 = 0.01680. K is again the
bsolute K S band magnitude. Using equations ( 1 ) and ( 2 ), we find
 � = 0 . 522 ± 0 . 009 M � and R � = 0 . 499 ± 0 . 014 R �. The reported

ncertainties here are percentage values of M � and R � , following the
rocedure from Mann et al. ( 2015 ). We apply M � and R � as priors in
ur EXOFASTv2 analysis of the TOI-2119 system. 
To better estimate the age of TOI-2119, we use the relationship

etween the rotation period and stellar age for M-dwarfs explored 
n Engle & Guinan ( 2018 ). In that study, Engle & Guinan ( 2018 )
resent empirical relations between the rotation periods and ages of 
arly (M0–M1) and mid (M2.5–M6) M-dwarfs. In our case, we find
hat TOI-2119 is more likely an M0–M1 star based on the T eff =
512K and stellar mass M � = 0 . 53 M �. The rotation-age relation
or early-type M-dwarfs from Engle & Guinan ( 2018 ) is 

 � = y 0 + aP 

b 
rot , (3) 

here t � is in Gyr, y 0 = 0.365 ± 0.431, a = 0.019 ± 0.018, b =
.457 ± 0.214, and P rot = 13.11 ± 1.41 d from our periodogram
MNRAS 514, 4944–4957 (2022) 
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Table 1. Coordinates and magnitudes for TOI-2119 (TIC 236387002). The B T , V T , J , H , K , WISE 1, WISE 2, and WISE 3 
values here are used to model the spectral energy distributions and constrain T eff for the star. 

Description Values Source 

αJ2000 Equatorial 16 17 43.17 1 
δJ2000 coordinates 26 18 15.16 1 
d Distance (pc) 31.817 ± 0.026 1 
T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TESS T . . . . . . . . . . . . . . . . . . . . . . . . . . . 10.398 ± 0.007 2 
G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Gaia G . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.473 ± 0.001 1 
B T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Tycho B T . . . . . . . . . . . . . . . . . . . . . . . . . 13.864 ± 0.044 3 
V T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Tycho V T . . . . . . . . . . . . . . . . . . . . . . . . . 12.390 ± 0.057 3 
J . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2MASS J . . . . . . . . . . . . . . . . . . . . . . . . . 8.976 ± 0.019 4 
H . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2MASS H . . . . . . . . . . . . . . . . . . . . . . . . 8.393 ± 0.033 4 
K S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2MASS K S . . . . . . . . . . . . . . . . . . . . . . . 8.139 ± 0.021 4 
WISE 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . WISE 3.4 μm . . . . . . . . . . . . . . . . . . . . . . 8.045 ± 0.030 5 
WISE 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . WISE 4.6 μm . . . . . . . . . . . . . . . . . . . . . . 7.964 ± 0.030 5 
WISE 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . WISE 12 μm . . . . . . . . . . . . . . . . . . . . . . 7.876 ± 0.030 5 
WISE 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . WISE 22 μm . . . . . . . . . . . . . . . . . . . . . . 7.777 ± 0.150 5 

Note. 1 – Gaia Collaboration et al. ( 2021 ), 2 – Stassun et al. ( 2018 ), 3 – Høg et al. ( 2000 ), 4 – Skrutskie et al. ( 2006 ), 5 –
Wright et al. ( 2010 ). 

Figure 7. EXOFASTv2 SED for TOI-2119. The best-fitting value of T eff 

derived here is T eff = 3624 ± 38K. The red symbols represent the observed 
photometric measurements, where the horizontal bars represent the ef fecti ve 
width of the bandpass. Blue symbols are the model fluxes from the best- 
fitting Kurucz atmosphere model (black). We do not fit the data in the UV 

bandpasses (around 0 . 2 –0 . 3 μm), given the significant UV excess from the 
star, which is likely linked to the flares (Fig. 1 ) and the star’s apparent activity. 

Figure 8. Normalized TESS light curve phased to show primary transit and 
secondary eclipse. 

Table 2. Relative radial velocities of TOI-2119 from TRES. The signal-to- 
noise ratio per resolution element (S/N) is listed in the fourth column. The 
spectrum with the highest S/N is chosen as the zero-point. 

BJD TDB − 2450000 RV (m s −1 ) σRV (m s −1 ) S/N Exp. time (s) 

9097.645269 0.0 70.0 20.7 2800 
9129.623800 12 655.3 65.5 17.9 2800 
9130.604995 20 381.2 106.0 9.1 1200 
9131.599229 9252.9 50.98 13.6 1300 
9132.607167 2770.6 51.0 14.3 1200 
9133.591252 519.05 122.0 10.9 1200 
9134.593961 590.6 99.5 10.2 1200 
9135.599268 3242.9 70.0 15.8 2700 

a  

a
 

2  

o  

a  

G  

p  

m

3

G  

s  

p

 

w  

r  

a  

a  

s  

f
 

a  

t  

G  

e

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/514/4/4944/6609499 by M
IT Libraries user on 07 M

arch 2023
NRAS 514, 4944–4957 (2022) 
nalysis of the TESS light curve. By using equation ( 3 ), we find an
pproximate age estimate of TOI-2119 to be t � = 1.17 ± 1.15 Gyr. 

We also search for TOI-2119 with the BANYAN � (Gagn ́e et al.
018 ) tool to check for association with moving groups and clusters
f stars with known ages. We use the 6D kinematic information
vailable for TOI-2119 ( αJ2000 , δJ2000 , � , proper motion, and the
aia DR2 radial velocity) and find that TOI-2119 has a > 99 per cent
robability of belonging to the field, not a part of a stellar cluster or
oving group. 

.1.2 Different scenarios for the stellar a g e 

iven the importance of a relatively precise determination of the
tellar age to testing substellar evolutionary models in this work, we
resent three different scenarios for the age of TOI-2119: 

(i) Scenario 1, age prior, early M-dwarf: This is the scenario
e adopt for this star. This assumes that we reliably know the

otation period of the star ( P rot = 13.11 d) from the TESS data
nd that TOI-2119 is an early-type (M0–M1) M-dwarf. Under these
ssumptions, we use equation ( 3 ) from Engle & Guinan ( 2018 ) to
et a prior G[1 . 17 , 1 . 15] which yields an age estimate of 2 . 1 + 1 . 1 

−0 . 9 Gyr
rom EXOFASTv2 . 

(ii) Scenario 2, age prior, mid M-dwarf: We run a separate
nalysis assuming that the host star is a mid-type M-dwarf. Under
hese assumptions, we use the corresponding equation from Engle &
uinan ( 2018 ) to set a prior G[0 . 85 , 0 . 25] which yields an age

stimate of 0.93 ± 0.24 Gyr from EXOFASTv2 . 
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Table 3. Limb-darkening coefficients and individual filter transit depths for MuSCAT2 and TESS observations 
(Fig. 10 ). 

Sloan g ′ Sloan r ′ Sloan i ′ Sloan z s TESS 

u 1 0.485 ± 0.041 0.510 ± 0.045 0.318 ± 0.042 0.143 ± 0.044 0.288 ± 0.046 
u 2 0.277 ± 0.047 0.251 ± 0.053 0.306 ± 0.046 0.376 ± 0.046 0.355 ± 0.052 
δ 0.048 ± 0.001 0.048 ± 0.001 0.048 ± 0.001 0.049 ± 0.001 0.049 ± 0.006 
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(iii) Scenario 3, P rot from spectroscopic vsin I � : If we take 
he spectroscopic vsin I � = 3.04 kms −1 and use R � = 0 . 5 R �, we
an estimate a stellar rotation period of 8.3 d (this hold under the
ssumption sin i ≈ sin I � ), which places the age estimate for the star
etween 0.5 and 0.8 Gyr, depending on whether it is assumed to be
n early- or mid-type M-dwarf. 

We run another scenario without any priors on the age of TOI-
119 and we see that EXOFASTv2 is uninformative on the age of
he star in this case (meaning that the age ranges from 1 to 10 Gyr at
he 1 σ level). This means that the ages seen in our above scenarios
re more reflective of the priors than an accurate position on the
tellar isochrone tracks (from MIST) that EXOFASTv2 uses. With 
his in mind, we proceed by adopting the stellar ages directly from
quation ( 3 ) ( t � = 1.17 ± 1.15 Gyr). 

We fa v our and adopt Scenario 1 because we ha ve the necessary
ata from the light curve to estimate the rotation period of TOI-
119 and to determine that it is an early-type M-dwarf. Ho we ver, we
mphasize that if the spectroscopic classification of TOI-2119 has 
he star straddle the line between early- and mid-type M-dwarfs, then 
he M-dwarf may be much younger (Scenario 2). 

We also stress that using gyrochronology (age–rotation relation- 
hips) with M-dwarfs is challenging. This is due to a phenomenon 
nown as ‘stalling’, which is when a star does not slow in its rotation
ate o v er time. Curtis et al. ( 2020 ) find that this stalling of stellar
pin-down becomes more prominent in lower mass stars and that 
tars of M � = 0 . 55 M � may stall until they are 1.3 Gyr in age.
pecifically, Curtis et al. ( 2020 ) point out that slowly rotating low-
ass stars may be in a stalled state from 100 Myr to 1.3 Gyr (in

he case of M � ≈ 0 . 55 M �). With a mass of M � = 0 . 53 M � (see
able 4 ), TOI-2119 may be a star that has ‘stalled’ in its rotation
eriod and so its age may not yet be knowable to an precision better
han 0.1 −1.3 Gyr (this fact is reflected in its age and age uncertainty
re t � = 1.17 ± 1.15 Gyr). This has important implications for
sing these age dating techniques for the star to test the substellar
volutionary models for the companion BD. 

.2 Secondary eclipse and thermal emission from the brown 

warf 

he TOI-2119 system is a rare example of a detectable secondary 
clipse of a BD. The eclipse impact parameter is b S = 0.635, so
he BD is completely blocked by the M-dwarf along the observer’s
ine of sight during the eclipse. The thermal emission of the BD
ay be characterized by the eclipse depth δS , which is proportional 

o the radius ratio and the temperature ratio of the BD and star:
S ∝ ( R b / R � ) 2 × ( T b / T � ). The first detection of thermal emission
rom a hot Jupiter was published by Charbonneau et al. ( 2005 ), so
e follow their method in presenting the thermal emission from 

OI-2119b. 
Using the TESS data, we report a secondary eclipse depth of δS =

053 ± 88 parts per million (ppm) of units of relative flux in the TESS
and. The TESS bandpass window, or spectral response function, is 
entred at roughly 800 nm (0.8 microns) and spans 600–1000 nm
Sulli v an et al. 2015 ), so we are measuring the relative brightness
f the BD to the star at only these wavelengths. We use this relative
rightness to derive an ef fecti ve temperature for the BD. Adopting
he equation used for the secondary eclipse depth from Charbonneau 
t al. ( 2005 ), we have 

S ≈
(

R b 

R � 

)2 ∫ 
F b ( λ) S( λ) λd λ∫ 
F � ( λ) S( λ) λd λ

, (4) 

here S ( λ) is the TESS spectral response function, F b ( λ) is the flux
f the BD, F � ( λ) is the stellar flux, and the limits of the integrals are
he lower and upper limits of S ( λ) (600–1000 nm), since it falls to
ero outside of this bandpass wavelength range. In order to derive
he BD ef fecti ve temperature T b , eff , we simplify equation ( 4 ) by
ssuming a blackbody profile for both the star and BD. We note
hat the model atmospheres from Marley et al. ( 2021 ) show several
bsorption features within the TESS bandpass especially strongly at 
emperatures below T eff ≤ 1500K, so by choosing to implement a 
impler blackbody profile for the BD, we are potentially ignoring 
he effect that these features hav e, ev en at higher temperatures where
hey are shallo wer. Ho we ver, the Marley et al. ( 2021 ) models are
ot designed to include the effects of stellar irradiation, and so, this
urther complicates a direct use of these BD atmospheric models in
he case of the TOI-2119 system. Given this, we use a blackbody
rofile to represent the SED of the BD, acknowledging that despite
he actual SED potentially being more feature-rich and complex, we 
o not yet have the full model framework or relevant data in other
andpasses to address the stellar irradiation that is present. With that
side, our equation F ( λ) = πB ( λ, T ) where B ( λ, T ) is the Planck
unction, changes equation ( 4 ) to 

S ≈
(

R b 

R � 

)2 ∫ 
B b ( λ, T b, eff ) S( λ) λd λ∫ 
B � ( λ, T eff ) S( λ) λd λ

. (5) 

From this, we find the maximum likelihood L (via the minimum
2 ( T )) for T b , eff to find that the BD has an ef fecti ve blackbody

emperature of T b , eff = 2030 ± 84K. 

 DI SCUSSI ON  

ere, we will examine what this latest addition to the transiting BD
opulation contributes to our understanding of substellar evolution- 
ry models from Phillips et al. ( 2020 ) (ATMO 2020) and Marley
t al. ( 2021 ) (S21 for ‘Sonora 2021’). Ho we ver, before discussing
he significance of TOI-2119b to the transiting BD population, let us
rst recapitulate our understanding of the nature of the host star. 

.1 Host star activity 

e see evidence that TOI-2119 is a relatively active M-dwarf. This
vidence for the activity is seen in the TESS data, the TRES spectra
f the star, and the SED. 
The TESS data reveal numerous flares o v er the 60 d of observation

hat brighten to o v er 0.5 −1.0 per cent of the star’s baseline brightness.
MNRAS 514, 4944–4957 (2022) 
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Table 4. MIST median values and 68 per cent confidence interval for TOI-2119, created using EXOFASTv2 commit number f8f3437. Here, U [a, b] is the 
uniform prior bounded between a and b , and G[ a, b] is a Gaussian prior of mean a and width b . The parameter Age EG18 indicates the age calculated from 

equation ( 3 ). Entries in the priors column labelled ‘Not modelled’ are parameters that are not calculated by EXOFASTv2 specifically. 

Parameter Units Priors Values 

Stellar parameters 
M ∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Mass ( M �) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G[0 . 522 , 0 . 009] 0 . 525 + 0 . 020 

−0 . 021 

R ∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Radius ( R �) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G[0 . 499 , 0 . 014] 0.500 ± 0.015 

L ∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Luminosity ( L �) . . . . . . . . . . . . . . . . . . . . . . . . . . - 0 . 0397 + 0 . 0013 
−0 . 0012 

ρ∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Density (cgs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 5 . 97 + 0 . 36 
−0 . 33 

log g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Surface gravity (cgs) . . . . . . . . . . . . . . . . . . . . . . . - 4.763 ± 0.018 
T eff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ef fecti ve Temperature (K) . . . . . . . . . . . . . . . . . . G[3512 , 100] 3621 + 48 

−46 

[Fe/H] . . . . . . . . . . . . . . . . . . . . . . . . . . . . Metallicity (dex) . . . . . . . . . . . . . . . . . . . . . . . . . . . G[ −0 . 10 , 0 . 09] + 0 . 055 + 0 . 084 
−0 . 077 

Age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Age (Gyr) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G[1 . 17 , 1 . 15] 2 . 14 + 1 . 0 −0 . 90 

Age EG18 . . . . . . . . . . . . . . . . . . . . . . . . . . Age (Gyr) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Not modelled 1.17 ± 1.15 
A V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V -band extinction (mag) . . . . . . . . . . . . . . . . . . . . U [0 , 0 . 05116] 0 . 076 + 0 . 064 

−0 . 049 

σ SED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SED photometry error scaling . . . . . . . . . . . . . . - 1 . 67 + 0 . 78 
−0 . 45 

� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Parallax (mas) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G[31 . 765 , 0 . 026] 31.765 ± 0.026 

d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Distance (pc) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 31.481 ± 0.026 
P rot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Rotation period (d) . . . . . . . . . . . . . . . . . . . . . . . . . Not modelled 13.11 ± 1.41 
vsin I � . . . . . . . . . . . . . . . . . . . . . . . . . . . . Project equatorial velocity (km s −1 ) . . . . . . . . . . Not modelled ≤3.04 ± 0.5 

Brown dwarf parameters 
P orb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Period (d) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 7.2008652 ± 0.0000018 
M b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Mass ( M J ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 64 . 4 + 2 . 3 −2 . 2 

R b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Radius ( R J ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 1.08 ± 0.03 
T C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Time of conjunction ( BJD TDB ) . . . . . . . . . . . . . . - 2458958.678060 ± 0.00007 
a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Semimajor axis (au) . . . . . . . . . . . . . . . . . . . . . . . . - 0.0611 ± 0.0009 
i . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Orbital inclination (deg) . . . . . . . . . . . . . . . . . . . . - 88 . 416 + 0 . 055 

−0 . 057 

e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Eccentricity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 0 . 337 + 0 . 0019 
−0 . 00064 

e cos ω ∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 0.33641 ± 0.00045 
e sin ω ∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - −0 . 014 + 0 . 019 

−0 . 028 

τ circ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Tidal circularization time-scale (Gyr) . . . . . . . . Adams & Laughlin ( 2006 ) 152 + 21 
−15 

〈 F 〉 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Incident Flux (10 9 erg s −1 cm 

−2 ) . . . . . . . . . . . . - 0 . 01293 + 0 . 00052 
−0 . 00049 

T eq . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Equilibrium temperature (K) . . . . . . . . . . . . . . . . - 502 . 4 + 5 . 0 −4 . 8 

K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . RV semi-amplitude (m s −1 ) . . . . . . . . . . . . . . . . . - 10270 + 230 
−190 

R b / R ∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Radius of planet in stellar radii . . . . . . . . . . . . . - 0 . 22284 + 0 . 00065 
−0 . 00067 

a / R ∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Semimajor axis in stellar radii . . . . . . . . . . . . . . - 26 . 26 + 0 . 71 
−0 . 51 

δ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Transit depth (fraction) . . . . . . . . . . . . . . . . . . . . . - 0.04966 ± 0.00030 
τ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ingress/egress transit duration (d) . . . . . . . . . . . . - 0 . 02559 + 0 . 00045 

−0 . 00043 

b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Transit Impact parameter . . . . . . . . . . . . . . . . . . . - 0.6538 ± 0.067 
log g b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Surface gravity . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 5 . 132 + 0 . 028 

−0 . 020 

M b sin i . . . . . . . . . . . . . . . . . . . . . . . . . . . . Minimum mass ( M J ) . . . . . . . . . . . . . . . . . . . . . . . - 64 . 4 + 2 . 3 −2 . 2 

M b / M ∗ . . . . . . . . . . . . . . . . . . . . . . . . . . . . Mass ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 0 . 1171 + 0 . 0034 
−0 . 0030 

Secondary eclipse parameters 
T S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Time of eclipse ( BJD TDB ) . . . . . . . . . . . . . . . . . . - 2458956 . 5908 + 0 . 0018 

−0 . 0017 

δS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Measured eclipse depth (ppm). . . . . . . . . . . . . . . - 1053 ± 88 
τ S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ingress/egress eclipse duration (d) . . . . . . . . . . . - 0 . 0242 + 0 . 0019 

−0 . 0022 

b S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Eclipse impact parameter . . . . . . . . . . . . . . . . . . - 0 . 635 + 0 . 025 
−0 . 033 

T eff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Brown dwarf effective temperature (K) . . . . . . . Not modelled 2030 ± 84 
Wavelength parameters TESS 

u 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Linear limb-darkening coeff . . . . . . . . . . . . . . . . - 0.203 ± 0.034 
u 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Quadratic limb-darkening coeff . . . . . . . . . . . . . - 0.372 ± 0.036 

Telescope parameters TRES 
γ rel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Relative RV offset (m s −1 ) . . . . . . . . . . . . . . . . . . - 6940 ± 110 
σ J . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . RV Jitter (m s −1 ) . . . . . . . . . . . . . . . . . . . . . . . . . . - 290 + 190 

−110 

Transit parameters TESS 
σ 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Added variance . . . . . . . . . . . . . . . . . . . . . . . . . . . - 

0.000001398 ± 0.000000033 
F 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Baseline flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 1.000150 ± 0.000028 
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Figure 9. Top: TESS eclipse light curve of TOI-2119 with EXOFASTv2 
eclipse model in red. Binned data are in blue. The eclipse of the BD is roughly 
0.1 per cent (1000 ppm) deep. Middle: TESS transit light curve of TOI-2119 
with EXOFASTv2 transit model in red. Bottom: TRES multiorder relative 
radial velocities of TOI-2119 with EXOFASTv2 orbital solution plotted in 
red. 
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Figure 10. TESS and MuSCAT2 light curves for TOI-2119. There was a 
cloud passage event during the transit in the MuSCAT2 data and this appeared 
as a large spike in all four bandpasses. The detrending algorithm was able to 
suppress the spike in all bandpasses except the z s one, so this required the 
removal of some in-transit data in that bandpass. 
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lares are known to be an indicator of magnetic activity for M-
warfs (e.g. Skumanich 1972 ; Noyes et al. 1984 ) and are likely
he cause of the UV excess seen in the SED (Fig. 7 ) for this
tar. Studies like Newton et al. ( 2017 ) and Medina et al. ( 2020 )
and references therein) hav e e xplored how the strength of H α

nd Ca II H/K emission are also indicators of stellar activity and
o, we find it appropriate here to consider the strength of these
eatures as a sign that TOI-2119 is at least somewhat magnetically 
cti ve e ven though we cannot cite or derive an S-index value.
egarding this, although we have a nominal detection of the Ca II
 and K lines, we are not able to directly measure log R 

′ 
HK 

to
eriv e an S-inde x due to the relativ ely low continuum flux. This
ow continuum signal-to-noise ratio around the line cores of the 
a II H/K feature means that we will o v erestimate an S-inde x
hen using the technique described in Mayo et al. ( 2018 ) for
RES. 
We note that TOI-2119 is not representative of the most active
-dwarfs known to host BDs; a better example of such a star would

e LP 261-75 (Irwin et al. 2018 ), which has an H α EW several times
arger than that of TOI-2119. The shape of the H α profile is the
esult of self-absorption (Youngblood et al. 2022 ) and we do not see
vidence that this is tied to the presence of the BD. 

.2 Testing substellar isochrones 

ur determinations for the mass, radius, and age for TOI-2119b are
 b = 64 . 4 ± 2 . 3 M J , R b = 1 . 08 ± 0 . 03 R J , and 1.17 ± 1.15 Gyr,

espectively. We note here that a study by Ca ̃ nas et al. ( 2022 )
ndependently verifies these mass and radius values. What we expect 
o see if the ATMO 2020 models accurately predict the evolution
f a BD in a close orbit around an M-dwarf is that the models are
onsistent within roughly 1 σ of the mass and radius measurements 
f the BD at its age of 1.17 Gyr. What we see from Fig. 11 is that
his is the case, but primarily because of the large uncertainty with
he age–rotation relationships used for TOI-2119. 
MNRAS 514, 4944–4957 (2022) 
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Figure 11. Mass–radius diagram for transiting brown dwarfs featuring 
substellar ATMO 2020 and S21 evolutionary models. Not pictured (at R b = 

3.1R J ) is RIK 72b, which is a brown dwarf that transits an M-dwarf in Upper 
Scorpius (5-10 Myr old). There are a total of 9 transiting brown dwarf systems 
that involve an M-dwarf primary. Given our age estimate for the host star, we 
expect the TOI-2119 system to be 1.17 ± 1.15 Gyr old, which is consistent 
with the 300 −400 Myr solution for the companion BD, but not very precise 
given the relatively wide range of allowable ages. The best-fitting S21 models 
are shown in purple and light blue at different metallicities for the BD. Given 
the large uncertainty in the stellar age, this age range from 300 to 400 Myr 
predicted by the S21 models is welcome. 
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Figure 12. Substellar evolutionary tracks featuring the ATMO 2020, SM08, 
and S21 models. The ATMO 2020 models are only valid for T b , eff < 2000K 

because these models neglect some important sources of opacity at higher 
temperatures. The SM08 and S21 models are consistent with our log g b and 
T b , eff measurements of the BD, but given the intersection of these models at 
2000K, it is not clear which (cloudy at solar metallicity versus cloud-free and 
metal-rich) is fa v oured. The ATMO 2020 models do not reproduce the data 
well, but this is e xpected giv en that the ATMO 2020 models are not valid at 
temperatures abo v e 2000K. 
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.2.1 Sources of errors in the substellar radius determination 

ere, we examine possible sources of error in our determination of
he radius of the BD and host star as the radius is a critical part of
ur interpretation of the age–radius evolution of the BD as predicted
y these models. 
The ATMO 2020 and S21 models yield age estimates of 300 Myr

t Z = 0 or 400 Myr at Z = + 0.5 for this BD (Fig. 11 ). These
ges are certainly within the range of plausible ages for the host star
t 1.17 ± 1.15 Gyr. If we assume the host star is instead a mid-
ype M-dwarf (M2.5–M6), then we find an age (0.93 ± 0.24 Gyr,
ection 3.1.2 ) that results in the BD and ATMO 2020 models
eing more consistent with each other. Ho we ver, the mass of the
-dwarf is not consistent with a mid-type classification (generally

 . 15 –0 . 3 M �). 
We also consider the possibility of excess contribution in the K S 

and from the BD for our estimate of the host star’s radius using
quation ( 2 ). For the BD to have a radius that is consistent with
he 1 Gyr ATMO 2020 evolutionary track (the track closest to the
ost star’s age of 1.17 Gyr) in Fig. 11 , the BD would have to be
0–15 per cent smaller depending on the metallicity (0 ≤ Z ≤ 0.5).
his would mean that the BD is contributing an amount of light

o the stellar SED such that the star appears larger than in reality
making the BD appear larger since its size is relative to that of the
tar). To correct for this hypothetical offset, the BD would need to
ontribute an additional � K = 0.5 in equation ( 2 ). This means the
D would hypothetically have an apparent magnitude K S = 9.417

hat is blended with the star’s light in this bandpass. 
Based on the BD’s mass ( M b = 64 M J ) and temperature ( T b , eff =

030 K), a plausible range of bolometric luminosities for this BD
an be extrapolated from the mass–luminosity measurements in the
NRAS 514, 4944–4957 (2022) 
D sample explored in Dupuy & Liu ( 2017 ) and the S21 models.
his range of luminosities is −4.0 ≤ log L BD /L � ≤ −3.5 and it can
e approximated to a range of absolute K S magnitudes 10 ≤ K ≤ 12
following the same use of K in equation 1 and equation 2 ), using the
ample presented in Filippazzo et al. ( 2015 ). This means that the BD
an realistically contribute only an apparent magnitude 12.5 ≤ K S ≤
4.5, which does not account for the hypothetical � K = 0.5 in the
tellar SED that would impact our measurement of the stellar radius.

Ultimately, the uncertainty on the host star’s age (not its radius) is
he limiting factor on how well TOI-2119b serves as a test point to
he substellar mass–radius models we examine here. 

.2.2 Temperature and atmosphere of the brown dwarf 

he TOI-2119 system provides a rare opportunity to determine the
emperature of the BD via the secondary eclipse events observed
n the TESS data. This ef fecti ve temperature for the BD is T b , eff =
030 ± 84K and with it, we can examine the BD in a parameter space
hat utilizes mass, radius, and T eff together. In Fig. 12 , we compare
he BD’s log g b and T b , eff to the ATMO 2020, S21, and Saumon &

arley ( 2008 ) (SM08) models. 
Based on the best-fitting models in Fig. 12 , we believe that the

D is either metal-rich ( Z = + 0.5) with no clouds or cloudy with
 relatively lower metallicity ( Z = 0). The latter scenario may be
a v oured, if only slightly, if we assume that the BD formed out of
he same disc material that the host formed out of and so, the two
bjects must have a very similar metallicity value ([Fe / H] = + 0 . 06
or the host star). If instead we adhere more strictly to the best-
tting log g b –T eff model from S21, then the cloud-free scenario is
ore fa v oured. The significant o v erlap between the cloudy v ersus

loud-free S21 models with the uncertainties in the log g b , T eff , and
ass of the brown dwarf exclude us from ruling either scenario out.

art/stac1666_f11.eps
art/stac1666_f12.eps


A transiting brown dwarf–M-dwarf system 4955 

M  

t

4

A  

h  

H  

a
q
p

4

A  

o
c  

e  

t  

s
(
M  

S
a
p  

B
m
s
T  

r
8  

n  

o  

a  

s
 

i  

p  

r  

v  

s  

t  

o  

M  

e
B

t
c  

r
t
s  

a
t  

a  

i  

c  

t
m  

A  

h

Figure 13. Mass ratio plotted against companion mass for transiting brown 
dwarf systems. There is an apparent distinction in q between brown dwarfs 
hosted by M-dwarfs and those hosted by non-M-dwarf stars. CWW 89Ab is 
shown for reference as a brown dwarf system with evidence of formation via 
core accretion and this system falls in the group of BDs with mass ratios q ≤
0.1. 
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oreo v er, our inability to constrain the metallicity of the BD means
hat we cannot quantitatively invoke it here. 

.3 Mass ratio and formation scenarios 

s a consequence of their low mass, are M-dwarfs more prone to
osting BDs than more massive (0 . 7 –2 . 0 M �) main sequence stars?
ow does the mass of the companion BD play a role in the formation

nd long-term stability of the BD? We cannot fully answer these 
uestions here, but we can contextualise what we know about the 
opulation of M-dwarf–brown dwarf systems. 

.3.1 M-dwarfs as host stars 

pproximately, 27 per cent (9 of 33) of all known transiting BDs
rbit an M-dwarf, with some systems involving an additional stellar 
ompanion (e.g. Irwin et al. 2010 ; Johnson et al. 2011 ; Jackman
t al. 2019 ). Though we remain in the small-number regime for the
ransiting BD population, this fraction of M-dwarf hosts to BDs is
triking, especially when contrasted with the much smaller fraction 
 ∼ 1 –3 per cent ) of known transiting gas giant planets (1 M J ≤
 b ≤ 13 M J ) around M-dwarfs (Hatzes & Rauer 2015 ; Mercer &

tamatellos 2020 , and references therein). This discrepancy is likely 
 result of the different formation mechanisms at play between giant 
lanets and BDs. It is expected that the majority of known transiting
Ds formed via disc fragmentation or other similar star formation 
echanisms given that disc fragmentation for the formation of a 

ubstellar companion is viable down to 4 –10 M J (Schlaufman 2018 ; 
okovinin & Moe 2020 ). Ho we ver, some BDs well above this mass
ange show evidence of formation via core accretion, like CWW 

9Ab at M b = 39 M J showing evidence via a superstellar C/O ratio
ear unity (Beatty et al. 2018 ), so the picture is not as clear when
nly considering the mass of the companion. This is why we must
lso consider other properties like the mass ratio q = M b / M � of the
ystem. 

It is not immediately obvious what range of mass ratios that is
mportant to consider, but given that a quarter of the transiting BD
opulation occupies a system with q ≥ 0.1, we may start there. For
eference, CWW 89Ab serves as an example of a BD that formed
ia core accretion and it has a mass ratio of q = 0.03 with its host
tar. So, the remaining work to be done is to, where possible, follow
he methods in Beatty et al. ( 2018 ) by examining the reflected light
r thermal emission from BDs in systems with q ≥ 0.1 (usually only
-dwarfs or late K-dwarfs) in order to determine what link, if any,

xists between the formation mechanisms and mass ratio in transiting 
D systems. 
To work towards an understanding of this, we show how the 

ransiting BD population behaves at different mass ratios versus 
ompanion mass in Fig. 13 . With transiting BDs, we are limited to
elatively short orbital periods given the nature of transit surveys and 
he decrease in transit probability with increasing orbital periods, 
o any apparent trend seen now is subject to change with the
ddition of objects at wider separations. With the current population, 
here is a clear separation between those BDs hosted by M-dwarfs
nd those hosted by AFGK dwarf stars. From this trend we see
n Fig. 13 , one might infer that transiting brown dwarfs below a
ertain q and mass form via core accretion while those abo v e this
hreshold form via disc fragmentation or similar pathways. This 
ay explain systems similar to TOI-1278b ( q ≈ 0.03, M b = 19 M J ,
rtigau et al. 2021 ) that seem to follow the trend of non-M-dwarf
ost systems despite being hosted by an M-dwarf. The NLTT 41135 
ystem ( q ≈ 0.17, M b = 34 M J , Irwin et al. 2010 ) is more difficult
o interpret given that it is less massive than CWW 89Ab, which
ends itself to an argument in fa v our of core accretion, but has a

ass ratio six times larger (as well as one of the highest mass
atios among known transiting brown dwarfs). Again, given the 
elatively small number of BDs with M-dwarf hosts, we can do
ittle more than qualitatively infer, but it is clear that a consideration
f the mass ratio in addition to the BD mass is important in
istinguishing the different formation scenarios at play in this 
opulation. 
In the case of TOI-2119, we will rely on studies like Tokovinin &
oe ( 2020 ) to argue that this BD at a mass of M b = 64 M J , which is
ell abo v e the range of efficient core accretion formation (4 –10 M J )

nd abo v e the mass of CWW 89Ab (39 M J ), must hav e formed via
isc fragmentation. 

.3.2 Tidal evolutionary time-scales 

e find a calculation of the circularization time-scale τ circ for TOI- 
119b to be largely uninformative of the formation and dynamical 
istory of the system. TOI-2119b is in an eccentric orbit ( e = 0.337),
o we know that it has not circularized, which is an observation
onsistent with the shortest possible circularization time-scale τ circ 

15 Gyr that we find using the relations in Adams & Laughlin
 2006 ). Table 4 quotes a τ circ = 154 Gyr using a tidal quality factor
 = 10 6 , but values as low as 10 4.5 −10 5 are permitted for BDs

Beatty et al. 2018 ). Based on this range of τ circ , the BD in this
ystem may have formed in an eccentric, close-in orbit, or it may
urrently be undergoing a quick inward migration from a farther out
ormation distance that will take billions of years to complete. Both
cenarios may be equally plausible given the large uncertainties in 
circ and the fact that the BD’s orbit is eccentric. So, all that we can
onfirm is that the observed orbital eccentricity of TOI-2119b at its
urrent age (1.17 ± 1.15 Gyr) is consistent with tidal evolutionary 
heory. 
MNRAS 514, 4944–4957 (2022) 
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.4 Summary 

OI-2119 is an early-type M-dwarf that hosts a transiting brown
warf in an eccentric ( e = 0.34) orbital period of P orb = 7.2 days.
he brown dwarf is completely eclipsed by the M-dwarf, allowing
s to estimate the ef fecti ve temperature of the brown dwarf to be
 b , eff = 2030K. Using the scaling relations for M-dwarfs presented

n Mann et al. ( 2015 ) and Engle & Guinan ( 2018 ), we set priors
n our global analysis for the star and BD, finding that the star has
 mass M � = 0 . 53 ± 0 . 02 M �, a radius R � = 0 . 50 ± 0 . 01 R �, and
n age (based on rotation-age relations for early-type M-dwarfs)
f 1.17 ± 1.15 Gyr. The BD’s mass and radius are M b = 64 . 4 ±
 . 3 M J and R b = 1 . 08 ± 0 . 03 R J , respectively. The age predicted by
he substellar evolutionary models (300 −400 Myr) for the brown
warf is not inconsistent with the age estimate of the host star, though
his stellar age estimate carries a large uncertainty with it. With
mpro v ements to the stellar age dating techniques, TOI-2119 may yet
ro v e to be an important system in testing substellar evolutionary and
tmospheric models at ages < 1 Gyr. Until then, TOI-2119b serves
s the newest brown dwarf amongst a rapidly growing population of
ubstellar objects orbiting M-dwarf host stars. 
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