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A B S T R A C T 

We present the disco v ery of TOI-2136 b, a sub-Neptune planet transiting a nearby M4.5V-type star every 7.85 d, identified 

through photometric measurements from the Transiting Exoplanet Survey Satellite ( TESS ) mission. The host star is located 

33 pc away with a radius of R ∗ = 0.34 ± 0.02 R �, a mass of 0 . 34 ± 0 . 02 M �, and an ef fecti ve temperature of 3342 ± 100 K. 
We estimate its stellar rotation period to be 75 ± 5 d based on archi v al long-term photometry. We confirm and characterize 
the planet based on a series of ground-based multiwavelength photometry, high-angular-resolution imaging observations, and 

precise radial velocities from Canada–France–Hawaii Telescope (CFHT)/SpectroPolarim ̀etre InfraROUge (SPIRou). Our joint 
analysis reveals that the planet has a radius of 2.20 ± 0.17 R ⊕ and a mass of 6.4 ± 2.4 M ⊕. The mass and radius of TOI-2136 b 

are consistent with a broad range of compositions, from water-ice to gas-dominated worlds. TOI-2136 b falls close to the radius 
valley for M dwarfs predicted by thermally driven atmospheric mass-loss models, making it an interesting target for future 
studies of its interior structure and atmospheric properties. 

Key words: planets and satellites: detection – stars: individual: TIC 336128819 – TOI-2136 – planetary systems. 
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 I N T RO D U C T I O N  

he Kepler mission enabled the disco v ery of thousands of transiting
xoplanets (Borucki et al. 2010 ), which began a new chapter in
xoplanet research. One of the most important findings of Kepler is
hat super-Earths and sub-Neptunes (1 < R p < 4 R ⊕) are abundant
n close-in orbits around other stars (Howard et al. 2012 ; Fressin
t al. 2013 ; Petigura, Howard & Marcy 2013 ), whereas our Solar
ystem has no such planets. Later demographic studies based on a
 E-mail: gtj18@mails.tsinghua.edu.cn 
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ell-characterized sample with refined stellar properties, as part of
he California- Kepler Surv e y (CKS; Johnson et al. 2017 ; Petigura
t al. 2017 ), revealed that the radius distribution of small planets has
 bimodal profile with a valley centred at around 1.8 R ⊕ (Fulton
t al. 2017 ; Fulton & Petigura 2018 ). In particular, Van Eylen et al.
 2018 ) and Martinez et al. ( 2019 ) looked into the radius distribution
f small planets around stars with spectral types F, G, or K in a
ultidimensional parameter space. Both concluded that the location

f the radius gap depends on the planet orbital period, and modelled
t as a power-law function. This relation is consistent with the
redictions from theoretical models of photoe v aporation (Owen &
u 2013 , 2017 ; Jin et al. 2014 ; Lopez & F ortne y 2014 ; Chen &
ogers 2016 ), which proposed that the H / He gaseous envelopes of

mall planets would be stripped away by high-energy stellar radiation
uch as X-rays during the first few Myr of the evolution when the
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Figure 1. Left-hand panel: the POSSI blue image of TOI-2136 taken in 1950. The central red dot marks the position of TOI-2136 in this image, while the red 
cross represents its current location. Red arrow indicates the direction of proper motion. Middle and right-hand panels: TPFs of TOI-2136 in TESS Sectors 26 
and 40, created with TPFPLOTTER . The orange shaded region represents the aperture used to extract the photometry. The red circles are the Gaia Data Release 2 
(DR2) sources. Different sizes represent different magnitudes in contrast with TOI-2136. 
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ost stars are still active (Lopez & Rice 2018 ). A similar trend
rises according to the core-powered mass-loss theory (Ginzburg, 
chlichting & Sari 2018 ; Lopez & Rice 2018 ; Gupta & Schlichting
019 , 2020 , 2021 ). Under this hypothesis, the luminosity of cooling
lanetary cores offers the energy for atmosphere escape, and causes 
he planetary radius to shrink. 

The transition radius between super-Earths and sub-Neptunes 
round M dwarfs tends to behave differently compared with Sun- 
ike hosts. Cloutier & Menou ( 2020 ) investigated the radius valley
f small planets around M dwarfs with a composite sample from
epler and K2 (Howell et al. 2014 ), and they found the slope of the
 alley likely follo ws a po wer-law relation with planet orbital period,
ut with an index of the opposite sign compared to the trend for
un-like stars. Though this feature is in possible disagreement with 

he aforementioned thermally driven mass-loss models, it conforms 
o the gas-poor formation scenario (Lee, Chiang & Ormel 2014 ; 
ee & Chiang 2016 ), implying that the radius gap is a result
f the superposition of two distinct populations with the rocky 
roup forming at late times when the protoplanetary disc had 
ostly dissipated. A straightforward way to pinpoint the dominant 
echanism that results in the transition radius at the low stellar mass

nd is to examine the bulk compositions of small planets around M
warfs (Cloutier & Menou 2020 ). Only a few (about 60) small planets
round M dwarfs have been confirmed with both precise radius and 
ass determination so far (e.g. Charbonneau et al. 2009 ; Ment et al.

019 ; Agol et al. 2021 ). 
The Transiting Exoplanet Survey Satellite ( TESS ; Ricker et al. 

015 ) is performing an all-sky survey and targets bright nearby 
tars, pro viding an e xciting opportunity to disco v er small transiting
lanets around M dwarfs. The TESS primary mission has already 
ielded the detections of several such systems (e.g. Vanderspek 
t al. 2019 ; Gan et al. 2020 ; Fukui et al. 2021 ; Wells et al. 2021 ).
ome of those planets also have precise mass constraints through 
pectroscopic measurements since their hosts are relatively bright 
e.g. Luque et al. 2019 ; Cloutier et al. 2020 ; Shporer et al. 2020 ;
oto et al. 2021 ). Ho we ver, it is challenging to achieve a high enough
ignal-to-noise ratio (SNR) and obtain precise radial velocities 
RVs) for mid-to-late M dwarfs as they are, in general, faint at
ptical wavelengths. The new-generation near-infrared (NIR) Spec- 
roPolarim ̀etre InfraROUge (SPIRou) spectrograph on the Canada–
rance–Hawaii Telescope (CFHT) opens a window to characterize 
lanets around faint stars via high-precision velocimetry and spec- 
ropolarimetry (Donati et al. 2020 ; Klein et al. 2021 ; Gan et al. 
022 ). 
Here we report the disco v ery and follow-up observations of
 transiting sub-Neptune around the nearby M4.5V dwarf, TOI- 
136. W e present R V measurements from SPIRou along with a
eries of additional time series observations including ground-based 
hotometry and high-resolution images that allow us to confirm 

hat the TESS signal is due to a transiting planet. The rest of the
aper is organized as follows. In Section 2 , we detail all space-
nd ground-based observational data used in this work. Section 3 
rovides the stellar characterization. We present our analysis of light 
urves and the RVs in Section 4 before we discuss the properties and
he prospects for future atmospheric characterization of TOI-2136 b 
n Section 5 . A summary of our findings is given in Section 6 . 

 OBSERVATI ONS  

.1 TESS photometry 

he Transiting Exoplanet Survey Satellite ( TESS ) observed TOI- 
136 (TIC 336128819) on its Camera 1 with the 2-min cadence 
ode in Sector 26 from 2020 June 9 to 2020 July 4 and reobserved

his target in Sector 40 between 2021 June 24 and 2021 July 23 during
he extended mission. The left-hand panel of Fig. 1 shows the First
alomar Observatory Sky Survey (POSSI) image of TOI-2136 taken 

n 1950 (Abell 1955 ). Based on the relatively large stellar proper
otion ( ∼180 mas yr −1 ), we rule out the possibility that light from

n unassociated distant eclipsing binary system with V � 21 mag
aused the TESS detection. The other panels of Fig. 1 show the
arget pixel files (TPFs) and the simple aperture photometry (SAP) 
pertures used in each sector, plotted with TPFPLOTTER (Aller et al.
020 ). A nearby star ( Gaia DR2 2096535788163295744, T mag =
3.23) 33 arcsec away is located at the edge of the TESS photometric
perture, and is expected to have a small light contamination. We take
his into consideration in the joint fit (see Section 4.3 ). We summarize
he host star properties in Table 1 . 

The raw TESS images were initially processed by the Science 
rocessing Operations Center ( SPOC ; Jenkins et al. 2016 ) pipeline.
he Presearch Data Conditioning ( PDC ; Smith et al. 2012 ; Stumpe
t al. 2012 , 2014 ) module was then applied to remo v e the instrumental
ystematic effects and generate a dilution-corrected light curve. 
inally, a transit signal search was performed [Transiting Planet 
earch ( TPS ); Jenkins 2002 ; Jenkins et al. 2020 ], which leads to the
etection of a 7.85-d periodic signal. Before the alert of this planet
andidate, a suite of validation tests was carried out to rule out false
MNRAS 514, 4120–4139 (2022) 
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Table 1. Basic information of TOI-2136. 

Parameter Value 

Main identifiers 
TOI 2136 
TIC 336128819 
Gaia ID 2096535783864546944 
Equatorial coordinates 
RA (J2015 . 5) 18:44:42.32 
Dec . (J2015 . 5) 36:33:47.27 
Photometric properties 
TESS (mag) 11.737 ± 0.007 TIC V8 a 

Gaia (mag) 12.946 ± 0.011 Gaia EDR3 b 

Gaia BP (mag) 14.367 ± 0.010 Gaia EDR3 
Gaia RP (mag) 11.780 ± 0.012 Gaia EDR3 
J (mag) 10.184 ± 0.024 2MASS c 

H (mag) 9.604 ± 0.028 2MASS 
K (mag) 9.343 ± 0.022 2MASS 
WISE 1 (mag) 9.194 ± 0.022 WISE 

d 

WISE 2 (mag) 9.050 ± 0.021 WISE 

WISE 3 (mag) 8.924 ± 0.027 WISE 

WISE 4 (mag) 8.763 ± 0.328 WISE 

Astrometric properties 
� (mas) 29.976 ± 0.017 Gaia EDR3 
μα (mas yr −1 ) −33.81 ± 0.02 Gaia EDR3 
μδ (mas yr −1 ) 177.05 ± 0.02 Gaia EDR3 
RV (km s −1 ) −28.8 ± 6.0 This work 
Derived parameters 
Distance (pc) 33.36 ± 0.02 This work 
U LSR (km s −1 ) −25.15 ± 2.26 This work 
V LSR (km s −1 ) −9.42 ± 5.27 This work 
W LSR (km s −1 ) 13.16 ± 1.75 This work 
M ∗ (M �) 0.34 ± 0.02 This work 
R ∗ (R �) 0.34 ± 0.02 This work 
ρ∗ (g cm 

−3 ) 12.20 ± 2.53 This work 
log g ∗ (cgs) 4.91 ± 0.03 This work 
L ∗ (L �) 0.013 ± 0.003 This work 
T eff (K) 3342 ± 100 This work 
[Fe / H] 0.03 ± 0.07 This work 
[M / H] −0.01 ± 0.08 This work 
P rot (d) 75 ± 5 This work 
Age (Gyr) 4.6 ± 1.0 This work 

a Stassun et al. ( 2018 , 2019 ); b Gaia Collaboration et al. ( 2021 ); c Cutri et al. 
( 2003 ); d Wright et al. ( 2010 ). 
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ositive scenarios and to perform an initial limb-darkened transit
odel fit (Twicken et al. 2018 ; Li et al. 2019 ). 
We retrieved the Presearch Data Conditioning Simple Aperture

hotometry (PDCSAP) light curve from the Mikulski Archive for
pace Telescopes 1 (Twicken et al. 2010 ; Morris et al. 2020 ). We
ound a total of 16 941 and 15 319 measurements within the data from
ector 26 and Sector 40, respectively. In order to search for possible
issing transit planets, we carried out an independent transit search

sing the transit least-squares (Hippke & Heller 2019 ) algorithm. We
onfirmed the 7.85 d signal with a signal detection efficiency of 34
ut we did not find additional significant signals existing in the light
urve. Generally, a signal with signal detection efficienc y abo v e 8 will
e regarded as a significant detection. We thus treat this 7.85 d signal
s a real transit event. To detrend the TESS light curve and remove
he remaining systematic trends, we fit a Gaussian process (GP)
odel (Mat ́ern-3/2 kernel) using the CELERITE package (Foreman-
ackey et al. 2017 ), after masking out all in-transit data. We
NRAS 514, 4120–4139 (2022) 

 ht tp://archive.st sci.edu/tess/

2

3

4

how the SAP, raw PDCSAP, and detrended PDCSAP light curves 
n Fig. 2 . 

.2 Ground-based photometry 

ecause of the large pixel scale of TESS (21 arcsec pixel −1 ; Ricker
t al. 2015 ), the host star is likely blended with nearby stars in a single
ESS pixel. Consequently, the transit signal of TOI-2136 detected in

he TESS data could be caused by nearby eclipsing binaries. Even if
he transit signal is on target, the depth might be biased to a smaller
alue because of light contamination. With all of the abo v e in mind,
e collected a series of ground-based observations of TOI-2136, as
art of the TESS Follow-up Observing Program (TFOP), 2 to validate
he planetary nature and refine both the transit ephemeris and the
adius measurement. We scheduled these photometric time series
y using the TESS Transit Finder ( TTF ) tool, which is a customized
ersion of the TAPIR software package (Jensen 2013 ). We summarize
he details in Table 2 and describe individual observations below. We
how the raw and detrended ground-based light curves in Fig. 3 (see
ection 4.1.2 ). 

.2.1 TRAPPIST-North 

 total of three full transits of TOI-2136 b were acquired by the 60-
m robotic TRAnsiting Planets and PlanetesImals Small Telescope-
orth (TRAPPIST-North) on 2021 May 12, 2021 June 28, and 2021

uly 6. TRAPPIST-North is located at Oukaimeden Observatory
n Morocco (Gillon et al. 2011 ; Jehin et al. 2011 ; Barkaoui et al.
019 ), which has an f/8 Ritchey–Chr ́etien optical design. It is
quipped with a thermoelectrically cooled 2k × 2k Andor iKon-
 BEX2-DD CCD camera with a pixel scale of 0.60 arcsec pixel −1 ,

esulting in a field of view of 20 × 20 arcmin 2 . Because of the
aintness of the host star, all of the three observations were carried
ut in the Sloan- z ′ filter with an exposure time of 20 s. We took
 total of 441, 548, and 334 raw images during the three visits.
ata calibration and photometric measurements were performed
sing a custom pipeline, PROSE , 3 which is detailed in Garcia
t al. ( 2022 ). In all observations, the transit signal is detected on 
arget. 

.2.2 LCOGT 

e obtained two ground-based follow-up observations using the 1.0-
 telescopes at Cerro Tololo Inter-American Observatory (CTIO),

ne of the Southern hemisphere sites of the Las Cumbres Observatory
lobal Telescope (LCOGT) 4 network (Brown et al. 2013 ). The
hotometric observations were acquired in the Panoramic Survey
elescope and Rapid Response System (Pan-STARRS) z-short band
 z s ) with an exposure time of 80 s on 2021 June 21 and 2021 August
2, and both were done with the Sinistro cameras, which have a 26 ×
6 arcmin 2 field of view and a plate scale of 0 . 389 arcsec pixel −1 .
he images were focused and have stellar point spread functions

PSFs) with a full width at half-maximum (FWHM) of ∼2.0 and
3.1 arcsec, respectively. The raw images were first calibrated by the
COGT standard automatic BANZAI pipeline (McCully et al. 2018 ).
e then carried out photometric analysis using the ASTR OIMA GEJ

 AIJ ) package (Collins et al. 2017 ) to extract the target light curve with
 ht tps://tess.mit .edu/followup 
 https:// github.com/lgrcia/ prose 
 https:// lco.global/ 

http://archive.stsci.edu/tess/
https://tess.mit.edu/followup
https://github.com/lgrcia/prose
https://lco.global/
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Figure 2. TESS light curves of TOI-2136 from Sectors 26 and 40. Top panels: the TESS SAP light curves. Middle panels: the TESS raw PDCSAP light curves 
after correcting the systematic and instrumental errors. The blue curves represent the best-fitting GP models used to remo v e the correlated noise existing in the 
PDCSAP light curves (Section 2.1 ). Bottom panels: the final detrended TESS PDCSAP light curves. The red dots highlight each transit of TOI-2136 b. 

Table 2. Ground-based photometric follow-up observations for TOI-2136. The mid-wavelengths of z ′ and z s are 966 and 870 nm, respectively. 

Telescope Pixel scale (arcsec) Date ( UT ) Filters Aperture size (pixel) PSF FWHM (arcsec) No. of exposures SNR 

a 

Trappist-North-0.6 m 0.60 2021 May 12 z ′ 7.4 1.5 441 250 
2021 June 28 z ′ 9.2 1.5 548 330 
2021 July 6 z ′ 10.1 1.4 334 232 

LCO-CTIO-1 m 0.39 2021 June 21 z s 11.0 2.1 95 909 
2021 Aug 22 z s 15.0 3.1 93 833 

SPECULOOS-North-1 m 0.35 2021 Oct 24 z ′ 8.0 1.3 514 769 

a We note that the values reported here are the signal-to-noise ratio (SNR) per point. The uncertainties of Las Cumbres Observatory (LCO) photometry might 
be underestimated. 
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ncontaminated apertures of 11 and 15 pixels (4.3 and 5.8 arcsec), 
nd examine all nearby stars within 2.5 arcmin to look for the sources
hat may cause the TESS signal at the periods of the planet candidate
see Fig. 1 ). We confirmed the transit signal on target and ruled out
he nearby eclipsing binary scenario. 

.2.3 SPECULOOS-North 

e observed a full transit of TOI-2136 b with the 1.0-m 

PECULOOS-North/Artemis telescope, located at Teide Observa- 
ory, Spain, on 2021 October 24. Artemis telescope is a Ritchey–
hr ́etien telescope equipped with a thermoelectrically cooled 2k ×
k Andor iKon-L BEX2-DD CCD camera with a pixel scale of
.35 arcsec pixel −1 and a field of view of 12 × 12 arcmin 2 . It is a twin
f the four SPECULOOS-South telescopes located at the Paranal 
bservatory (Delrez et al. 2018 ; Sebastian et al. 2021 ), optimized

or detecting planetary transits around cool stars (e.g. Niraula et al. 
020 ). The observations were done in the Sloan- z ′ filter in order
o impro v e the transit SNR. The observation consisted of 514 raw
mages with an exposure time of 16 s, covering 137 min total. Data
eduction and photometric measurements were performed using the 
ROSE pipeline (Garcia et al. 2022 ) with an uncontaminated aperture
f 8 pixels (2.8 arcsec). 

.3 Spectroscopic obser v ations 

.3.1 IRTF/SpeX 

nfrared (IR) spectroscopy of TOI-2136 was obtained with the SpeX 

pectrograph (Rayner et al. 2003 ) on the 3.2-m NASA Infrared
elescope Facility (IRTF) on Maunak ea, Haw aii, on 2021 September
5 ( UT ). Conditions were mostly clear with thin clouds and 0.7 arcsec
eeing. The short-wavelength cross-dispersed (SXD) mode was used 
ith the 0.5-arcsec-wide slit to obtain a 0.7–2.5 μm spectrum in seven
rders at a spectral resolving power of ≈2000. A total of two ABBA
od sequences (eight exposures) were obtained with an integration 
ime of 240 s per exposure with the slit aligned with the parallactic
ngle. The A0 V star HD 174567 ( V = 6.63) was observed afterwards
t an equi v alent airmass for flux and telluric calibration, followed by
rc lamp and flat-field lamp exposures. Data were reduced using 
PEXTOOL v4.1 (Cushing, Vacca & Rayner 2004 ) using standard 
ettings. The resulting spectrum of TOI-2136 had a median SNR of
00, with JHK peaks of around 250–300 (see Fig. 4 ). 
MNRAS 514, 4120–4139 (2022) 
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Figure 3. Ground-based light curves of TOI-2136. The blue dots are raw data. The black solid curve represents our best-fitting GP + transit model used to remo v e 
the systematic trends. The black dots are the final detrended light curves along with a best-fitting transit model, shown as a red solid curve (see Section 4.1.2 ). 
The facility and the observation date are listed at upper left in each panel. 

Figure 4. Normalized SpeX near-infrared (NIR) spectrum of TOI-2136 
(black line) and the comparison spectrum (magenta line) taken from the 
IRTF library (Rayner, Cushing & Vacca 2009 ). Strong atomic and molecular 
features are marked. The difference between these two spectra is shown below 

(blue line). The NIR spectrum of TOI-2136 is consistent with a spectral type 
of M4.5V. 
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.3.2 CFHT/SPIRou 

OI-2136 was monitored by SPIRou between 2021 April 24 and
021 June 28. SPIRou has a spectral resolution of R ≈ 75 000,
o v ering a bandwidth from 0.98 to 2.5 μm (Moutou et al. 2020 ).
 total of 69 spectra were obtained. The observations were mainly

onducted consecutively in two separate weeks, spanning roughly
0 d, with airmass below 1.3 and seeing at about 0.6 arcsec. We
dopted an exposure time of 900 s, and we repeated the observations
–4 times every night. The final spectra we obtained have a median
NR of 85 pixel −1 at Order 34 ( H band). Since the H -band magnitude
f TOI-2136 (9.6 mag) is brighter than the suggested limit 11 mag, we
pted to use the Farby–P ́erot (FP) mode to perform a simultaneous
rift calibration during each observation, aiming for a RV precision
etter than 10 m s −1 (Cersullo et al. 2017 ). 
NRAS 514, 4120–4139 (2022) 
The SPIRou data reduction was performed using the 0.7.194
ersion of the APERO pipeline (Cook et al., in preparation). Basic
PERO steps have been described in a number of contributions
Artigau et al. 2021 ; Cristofari et al. 2022 ; Martioli et al. 2022 ).
n brief, the major APERO modules are as follows. 

(i) For all frames (science and calibrations), remove spatially
orrelated noise in the 4096 × 4096 images produced by the detector
ontrol software. 

(ii) Locate orders in nightly calibrations. 
(iii) Extract science and calibration frames into per order spectra.
(iv) Derive a nightly wavelength solution using the method de-

cribed in Hobson et al. ( 2021 ). 
(v) Measure the instantaneous drift in individual science frame

elative to the nightly wavelength solution using the simultaneous
P measurements. 
(vi) Apply a telluric correction to science data mainly based on a

rincipal component analysis (PCA)-based approach (Artigau et al.
014 ). 
(vii) Using the line-by-line method (see below), and derive a RV. 

Velocity measurements were obtained with the line-by-line (LBL)
ethod (Artigau et al., submitted), which is discussed in Martioli

t al. ( 2022 ). Overall the approach of the LBL is to subdivide
he spectral domain in a large number of ‘lines’, typically 16 000
or SPIRou, that corresponds to domain between consecutive local
axima in spectrum. Within each line, one applies the Bouchy,
epe & Queloz ( 2001 ) framework to the difference between a high
NR template and the spectrum to derive a velocity by projecting the
esiduals on to the first deri v ati ve of the template. The template is con-
tructed from all observations of the target that are median-combined
fter registration to a common line-of-sight velocity, accounting for
arycentric Earth motion. As SPIRou has slight large-scale chromatic
ransmission changes between visits due to effects such as changes
n the seeing and injection efficiency, the large-scale structures of the
nput spectra are matched prior to median combination. This method
rovides a per line velocity and the corresponding uncertainty. One
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Figure 5. 5 σ contrast curves for TOI-2136 from independent observations. 
The inset figure shows the reconstructed Gemini 832 nm image. TOI-2136 
was found to be an isolated single star within the detection limits. 
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hen constructs a mixture model, where the mean velocity is derived 
imultaneously with the likelihood that a given line is valid (i.e. 
onsistent with the mean velocity considering uncertainties) or that 
t belongs to a population of ‘outliers’ that should be disregarded. 
he LBL framework fully utilizes the RV content of the spectrum 

nd significantly outperforms the cross-correlation function (CCF) 
n the NIR where numerous residuals (e.g. sky emission, telluric 
bsorption, and detector defects) plague precise RV observations. 
ne limit of the LBL framework is that it gives a very accurate

elativ e v elocity compared to a template, but does not directly provide
n absolute velocity. To obtain an absolute velocity for our templates, 
e cross-correlate the mask obtained in defining ‘lines’ against a 

pectral model at the temperature of the star to derive a CCF . W e use
HOENIX models (Husser et al. 2013 ) at log g = 5.0 and the resulting
CF has a centre that is the ne gativ e of the systemic velocity of the

tar considered ( −29.1 km s −1 ). This systemic velocity is added on
o the template-to-spectrum velocity measured. 

All RVs we extracted are listed in Table A1 . We dropped three
utliers abo v e the 3 σ limit, and a total of 66 measurements were
sed in the following analysis. 

.4 High angular resolution imaging 

igh-resolution imaging is one of the standard follow-up observa- 
ions made for exoplanet host stars. Spatially close companions, 
ound or close to the line of sight, can create a false-positive transit
ignal and provide ‘third-light’ flux leading to an underestimated 
lanetary radius (Ciardi et al. 2015 ), incorrect planet and star
roperties (Furlan & Howell 2017 , 2020 ), and may miss small planets
n some exoplanetary systems (Lester et al. 2021 ). Additionally, 
lose companions might play a role in the formation and evolution of
lanetary systems (Howell et al. 2021 ). Generally, Gaia is not capable 
o reco v er binaries with separations smaller than 0.7 arcsec (Zie gler
t al. 2020 ). Therefore, we took high angular resolution imaging 
bservations of TOI-2136 to search for its stellar companions beyond 
he detection limit of Gaia . 

.4.1 Robo-AO 

s part of an M dwarf multiplicity surv e y (Lamman et al. 2020 ), sub-
rcsecond imaging of TOI-2136 was previously obtained from Robo- 
O, an autonomous laser-guided adaptive optics system (Baranec 
t al. 2014 ), on 2016 July 29 on the Kitt Peak 2.1-m telescope. The
bservation w as tak en with an Andor iXon DU-888 camera in the
 

′ -band with a 90 s exposure time. Median seeing at the telescope was
.44 arcsec that resulted in an i ′ -band Strehl ratio of 4.2 per cent for
his observation and a FWHM of around 0.12 arcsec. The image was
rocessed via an automatic pipeline, which shifts and adds data to op-
imize for both high and low SNR images (Jensen-Clem et al. 2018 ).
amman et al. ( 2020 ) identified that there is no stellar companion of
OI-2136 with a contrast abo v e the curve shown in Fig. 5 . 

.4.2 Shane 

e observed TOI-2136 on 2021 April 30 ( UT ) using the Shane
daptive optics infraRed Camera-Spectrograph (ShARCS) camera 
n the Shane 3-m telescope at Lick Observatory (Kupke et al. 2012 ;
avel et al. 2014 ; McGurk et al. 2014 ). Observations were taken
ith the Shane adaptive optics system in natural guide star mode. 
e refer the readers to Savel et al. ( 2020 ) for a detailed description

f the observing strategy and reduction procedure. We collected two 
equences of observations, one with a K s filter ( λ0 = 2.150 μm, 	λ =
.320 μm) and one with a J filter ( λ0 = 1.238 μm, 	λ = 0.271 μm).
ur contrast curves are shown in Fig. 5 . We find no nearby stellar

ompanions within our detection limits. 

.4.3 Gemini-North 

e took a speckle imaging observation of TOI-2136 on 2021 October 
7 ( UT ) using the ‘Alopeke speckle instrument on the Gemini-North
-m telescope (Scott et al. 2021 ). ‘Alopeke provides simultaneous 
peckle imaging in two bands (562 and 832 nm) with output data
roducts including a reconstructed image with robust contrast limits 
n companion detections (e.g. Howell et al. 2016 ). Five sets of
000 × 0.06 s exposures were collected and subjected to Fourier 
nalysis (see Howell et al. 2011 for details). We show the contrast
urves of both 562 and 832 nm images and a reconstructed speckle
mage in Fig. 5 . We find a result consistent with the abo v e findings
hat TOI-2136 is isolated, with no companion brighter than 4–7 mag
ut to 1.2 arcsec, which corresponds to spatial limits of 0.7–40 au. 

 STELLAR  PROPERTIES  

.1 Stellar characterization 

he Two Micron All-Sky Survey (2MASS) K s magnitude and the 
arallax from Gaia Early Data Release 3 (EDR3; Gaia Collaboration 
t al. 2021 ) yield M K = 6.73 ± 0.02 mag. Using the empirical relation
eported by Mann et al. ( 2015 ), we obtain a stellar radius of R ∗ =
.34 ± 0.01 R �, assuming a typical 3 per cent uncertainty. This
s consistent with the estimation R ∗ = 0.34 ± 0.02 R � within 1 σ
sing the angular diameter relation in Boyajian, van Belle & von
raun ( 2014 ). Based on the polynomial relation between bolometric
orrection BC K and stellar colour V − J found by Mann et al.
 2015 ), we obtain a BC K of 2.73 ± 0.21 mag, leading to a bolometric
agnitude M bol = 9.46 ± 0.22 mag and a bolometric luminosity L ∗ =

.013 ± 0.003 L �. We estimated the stellar ef fecti ve temperature of
OI-2136 using two different methods. Combining the stellar radius 
nd bolometric luminosity with the Stefan–Boltzmann law, we find 
 eff = 3324 ± 55 K. Additionally, we also obtain T eff following the
mpirical relation with stellar colour V − J and J − H reported by
MNRAS 514, 4120–4139 (2022) 
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Figure 6. SED model for TOI-2136. The red symbols are the broad-band 
photometric measurements used in the SED analysis (provided in Table 1 ) 
with the horizontal uncertainty bars representing the ef fecti ve width of the 
passband. The blue symbols are the model fluxes from the best-fitting Kurucz 
atmosphere model. 
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Table 3. Median values and 68 per cent confidence interval for TOI-2136 
from the spectral energy distribution (SED) fit alone. 

Parameter Units Value 

M ∗ Mass (M �) 0 . 350 + 0 . 024 
−0 . 028 

R ∗ Radius (R �) 0 . 342 + 0 . 011 
−0 . 011 

ρ∗ Density (cgs) 12 . 2 + 1 . 2 −1 . 1 

log g Surface gravity (cgs) 4 . 912 + 0 . 031 
−0 . 033 

L ∗ Luminosity (L �) 0 . 01381 + 0 . 00048 
−0 . 00043 

F bol Bolometric flux (cgs 10 −10 ) 3 . 98 + 0 . 14 
−0 . 12 

T eff Ef fecti ve temperature (K) 3383 + 52 
−54 

[Fe/H] Metallicity (dex) 0 . 15 + 0 . 10 
−0 . 10 

A V V -band extinction (mag) 0 . 070 + 0 . 090 
−0 . 052 

σ SED SED photometry error scaling 1 . 9 + 0 . 74 
−0 . 45 

� Parallax (mas) 29 . 997 + 0 . 057 
−0 . 057 

d Distance (pc) 33 . 337 + 0 . 064 
−0 . 063 
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ann et al. ( 2015 ) to find T eff = 3314 ± 104 K. We e v aluate the
ass of TOI-2136 to be M ∗ = 0.33 ± 0.02 M � using equation (2)

n Mann et al. ( 2019 ). This estimation agrees with the value M ∗ =
.35 ± 0.02 M � given by the M ∗–M K empirical relation of Benedict
t al. ( 2016 ). 

We then performed an analysis of the broad-band spectral energy
istribution (SED) of TOI-2136 using MIST stellar models (Choi
t al. 2016 ; Dotter 2016 ) along with the Gaia EDR3 parallax (Gaia
ollaboration et al. 2021 ) in order to derive the stellar parameters of
OI-2136. We make use of the EXOFASTV2 package (Eastman et al.
019 ) to conduct the SED fit. We use the MIST method (the fa v oured
ethod reported in Eastman et al. 2019 , MISTSEDFILE ) that interpo-

ates the 4D grid of log g , T eff , [Fe/H], and an extinction grid from
onroy et al. (in preparation) to determine the bolometric corrections

n each of the observed band. We include the JHK S magnitudes from
MASS (Cutri et al. 2003 ), the W1–W4 magnitudes from the Wide-
eld Infrared Survey Explorer ( WISE ; Wright et al. 2010 ), and three
aia magnitudes G , G BP , G RP (Gaia Collaboration et al. 2018 ) in

he analysis. The available photometry spans a wavelength range
rom 0.5 to 22 μm (see Fig. 6 ). We set an upper limit on the V -band
xtinction from the dust maps of Schlafly & Finkbeiner ( 2011 ) and a
aussian prior on the metallicity taken from the SpeX spectroscopic

nalysis. The EXOFASTV2 analysis ran until convergence when the
elman–Rubin (GR) statistic and the number of independent chain
raws ( T z ) were less than 1.01 and greater than 1000, respectively.
he full results of the SED fit are provided in Table 3 , which are

n excellent agreement with our previous estimation. Taking all the
esults abo v e into account, we adopt the weighted-mean values of
 eff , R ∗, and M ∗ with conserv ati ve uncertainties and list all of them

n Table 1 . Combining the derived stellar radius with mass, we find
 mean stellar density of ρ∗ = 12 . 2 ± 2 . 5 g cm 

−3 . 
Finally, we also estimate the systemic RV of TOI-2136 to be
28.8 ± 6.0 km s −1 by RV correcting our SpeX spectrum using

ELLRV (Newton et al. 2014 ). To determine the stellar type, we further
ompare our SpeX spectrum with the IRTF library (Rayner et al.
009 ) and find that TOI-2136 is consistent with a star of spectral type
4.5V (Fig. 4 ). Lastly, we obtain the metallicity of TOI-2136 based

n the relations defined in Mann et al. ( 2013 ) for cool dwarfs with
pectral types between K5 and M5. Our analysis yields metallicities
f [Fe/H] = 0.03 ± 0.07 and [M/H] = −0.01 ± 0.08, which are
onsistent with the SED result within 1 σ . 
NRAS 514, 4120–4139 (2022) 
.2 Galactic component 

ombined with the tangential velocity ( μα , μδ) and the stellar
arallax ( � ) from Gaia EDR3 and the spectroscopically determined
ystemic RV from the SpeX spectrum, we calculate the three-
imensional space motion with respect to the local standard of
est (LSR) based on the methodology described in Johnson &
oderblom ( 1987 ). We obtain three-dimensional space velocities
 LSR = −25.15 ± 2.26 km s −1 , V LSR = −9.42 ± 5.27 km s −1 ,
 LSR = 13.16 ± 1.75 km s −1 , respectively. We further identify the
alactic population membership of TOI-2136 following the criterion
rst used in Bensby, Feltzing & Lundstr ̈om ( 2003 ). We compute a
elative probability P thick / P thin = 0.01, indicating a thin-disc origin.
inally, we integrate the stellar orbit with the ‘MWPotential2014’
alactic potential using GALPY (Bovy 2015 ) following the procedure
escribed in Gan et al. ( 2020 ), and we estimate that the maximal
eight Z max of TOI-2136 abo v e the Galactic plane is about 206 pc.
herefore, we conclude that TOI-2136 belongs to the thin-disc
opulation, which is also consistent with its solar-like metallicity. 

.3 Stellar activity and rotation period 

tellar activity, often manifesting as stellar rotation signals, is
xpected to affect the RV measurements and makes it challenging to
ccurately determine the planet mass (Queloz et al. 2009 ; Howard
t al. 2013 ; Pepe et al. 2013 ), especially when its time-scale is close
o the planet orbital period (Gan et al. 2021 ). In order to e v aluate
he effect of the stellar activity on the RVs, we first search for the
eriodic signals in the TESS PDCSAP light curve after masking the
nown in-transit data using the generalized Lomb–Scargle (GLS)
eriodogram (Zechmeister & K ̈urster 2009 ), and we find no signs
f stellar v ariation. Ho we ver, we note that the PDCSAP photometry
rom TESS flattens variability on time-scales greater than about 15 d
nd TESS is insensitive to long-term stellar rotational features due to
ts sector-by-sector observational strategy. Thus, we further examine
he archi v al long-term photometric time series data from ground-
ased surv e ys. We look into the rotational modulation of TOI-2136
n the publicly available light curve taken by the Zwicky Transient
acility (ZTF; Masci et al. 2019 ). A total of 1054 measurements
ere acquired in r band spanning 1112 d. After removing the
bservations flagged as bad quality, we have 1011 measurements
eft with a standard deviation of 0.011 mag. We compute the GLS
eriodogram and find a clear peak at 75 ± 5 d (see Fig. 7 ), which is
onsistent with the estimation of P rot ∼ 82.97 d derived by Newton
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Figure 7. Top panel: the ground-based long-term light curve of TOI-2136 taken by ZTF. Bottom left-hand panel: the GLS periodogram of the ZTF photometry. 
The vertical red line represents the ∼75 d rotational signal of TOI-2136. The theoretical false alarm probability (FAP) levels of 10 per cent, 1 per cent, and 
0.1 per cent are marked as horizontal lines with different colours. Bottom right-hand panel: the phase-folded ZTF light curve at 75 d along with the best-fitting 
sinusoidal model, shown as a red solid curve. The blue dots are the binned data. 
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t al. ( 2016 ) using the data from MEarth (Nutzman & Charbonneau
008 ). To test the significance of this 75-d signal and search for
otential aliases in the window function, we adopted the bootstrap 
ethod, randomly reassigning flux values from the ZTF photometry 

o the observed epochs to generate an artificial (shuffled) light curve. 
e repeated the process 10 000 times and ran the same GLS analysis.
e find that only 1.5 per cent of the bootstrapped light curves have

 maximum peak located within 75 ± 5 d. Additionally, the lack of
ignificant flaring activity in the TESS light curves also suggests that 
he host star is quiet and inactive. We thus attribute this 75 ± 5 d
ignal to the stellar rotation. Adopting the empirical relations from 

ngle & Guinan ( 2018 ), we estimate that TOI-2136 has an age of
.6 ± 1.0 Gyr, consistent with our thin-disc population conclusion. 

 ANA LY SIS  A N D  RESULTS  

n this section, we outline our data analysis steps including modelling 
he space and ground light curves and the SPIRou RVs, which 

ainly follows Gan et al. ( 2022 ). In short, we begin with fitting
he TESS -only photometry and then take the posterior information as
 prior to detrend the ground-based light curves (see Section 4.1 ). We
ext perform a pre-analysis to the RVs and test the significance of
ccentricity (see Section 4.2 ), and we carry out a joint fit of all data
o obtain the best-fitting physical parameters of TOI-2136 b (see 
ection 4.3 ). Finally, we conduct a transit timing variation (TTV)
nalysis to look for potential evidence of another non-transiting 
lanet (see Section 4.4 ). 

.1 Photometric analysis 

.1.1 TESS only 

e first employ the JULIET package (Espinoza, Kossakowski & 

rahm 2019 ) to fit the detrended TESS light curve, which makes
se of BATMAN (Kreidberg 2015 ) to build the transit model and
YNESTY (Higson et al. 2019 ; Speagle 2020 ) to carry out dynamic
ested sampling and determine the Bayesian posteriors of system 

arameters. Instead of fitting the planet-to-star radius ratio ( p =
 p / R ∗) and the impact parameter b = a cos i / R ∗ directly, JULIET

tilizes the new parametrizations r 1 and r 2 to make the sampling
ore efficient as it focuses on physically meaningful values of a

ransiting system with 0 < b < 1 + p (Espinoza 2018 ). We carry
ut a circular-orbit fit with e = 0. Consequently, the left degrees of
reedom are r 1 , r 2 , mid-transit epoch T 0 , orbital period P b , and stellar
ensity ρ∗. We place uniform priors on both T 0 and P b according to
he outputs from our transit least-squares analysis, and allow r 1 and
 2 to vary uniformly between 0 and 1. Regarding the stellar density,
e impose a non-informative log-uniform prior. We fit two limb- 
arkening coefficients under the triangular sampling scheme (i.e. q 1 
nd q 2 ; Kipping 2013 ), and adopt uniform priors on both of them.
n addition, we also include an extra flux jitter term to account for
dditional systematics, on which we set a wide log-uniform prior. We
o not take light contamination into account here. The prior settings
nd the median along with 1 σ credible intervals of transit parameter’s
osteriors are given in Table B1 . 
In order to investigate the potential evidence of orbital eccentricity 

rom the photometric-only data, we rerun our fit with free e and w and
ompare the Bayesian model log-evidence (ln Z ) difference between 
he circular and eccentric models. Basically, JULIET considers that 
 model is significantly fa v oured if it has a ln Z impro v ement o v er
 and moderately supported if 	 ln Z > 2.5 based on the criteria
escribed in Trotta ( 2008 ). We find that the circular orbit model
s slightly preferred with a Bayesian evidence impro v ement of
 ln Z = ln Z Circular − ln Z Eccentric = 1.1. Therefore, we conclude

hat no significant orbital eccentricity preference is shown in the 
ESS data. 

.1.2 Ground-based photometry 

ince parts of ground light curves show obvious linear coherence 
etween flux and time, we perform a uniform detrending using GP
MNRAS 514, 4120–4139 (2022) 
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Figure 8. The TESS light curve folded in phase with the orbital period of 
TOI-2136 b. The red solid line represents the best-fitting transit model from 

the final joint fit (see Section 4.3 ). The blue dots are the binned data of every 
phase interval of 0.001. The residuals are plotted below. 
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Figure 9. All ground-based photometry phase folded on the best-fitting 
orbital period of TOI-2136 b with arbitrary offsets. The red solid lines are the 
median transit models from the final joint fit (see Section 4.3 ). The o v erplotted 
orange circles are the binned data every phase interval of 0.001. 

4

B  

fi  

d  

R  

p  

p  

l  

e  

(  

p  

P  

d  

S  

w  

t  

T  

t  

a  

p  

p  

k  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/514/3/4120/6595325 by C
N

R
S user on 06 July 2023
egressors with the CELERITE Mat ́ern-3/2 kernel to remove systematic
rends. Rather than mask out the in-transit data and interpolate to
enormalize the light curve as stated in Section 2.1 , here we perform
 simultaneous GP + transit fit to all ground data given their short
ut-of-transit span. We fit a single transit model but independent
P models for each ground data set. We take the posteriors from

he previous circular orbit fit, and put informative priors on P b , T 0 ,
 1 , r 2 , and ρ∗. Regarding the GP hyperparameters ρGP and σ GP ,
e place wide log-uniform priors on both of them. We show our
rior adoption and posteriors in Table B2 , and present our raw and
eprocessed ground light curves in Fig. 3 . 

.2 RV analysis 

e perform an RV-only fit using JULIET , which employs the RADVEL

ackage (Fulton et al. 2018 ) to model the Keplerian RV signals. Since
he expected RVs caused by the planet perturbation are expected to be
mall, we choose to fix the orbital period P b and mid-transit epoch
 0, b at the best-fitting transit ephemeris derived from the TESS -
nly fit to a v oid introducing additional uncertainties. As the TESS
hotometric data do not show evidence for eccentricity, we first
ssume a circular orbit and fix eccentricity e at 0, and the argument
f periastron ω at 90 ◦. Moreo v er, we do not take the RV slope γ̇
r the quadratic trend γ̈ into consideration and fix them at zero due
o the short time span of our R V data. W e include a simple jitter
erm σ RV that is added in quadrature to the error bars of each data
oint to account for an extra white noise. We set uniform priors on
oth the RV semi-amplitude K b and the systemic velocity μ but a
og-uniform prior on σ RV . We obtain K b = 4.1 ± 1.5 m s −1 , which
s consistent with the expected value ∼3.7 m s −1 supposing a planet

ass estimated using the mass–radius relation from Chen & Kipping
 2017 ). 

In order to test the significance of the RV detection, we rerun the
V fit but with a flat model. We find the planet model described
bo v e is fa v oured b ut not statistically significant with a Bayesian
vidence impro v ement of 	 ln Z = ln Z Planet − ln Z Flat = 2.0. Finally,
e construct a Keplerian model with free e and ω to look for

he significance of eccentricity in the R V data. W e find that the
ircular orbit model is slightly preferred with a Bayesian evidence
mpro v ement of 	 ln Z = ln Z Circular − ln Z Eccentric = 1.2, agreeing
ith our findings in the TESS photometric data (see Section 4.1.1 ). 
NRAS 514, 4120–4139 (2022) 
.3 Joint fit 

uilding on the results from the independent transit and RV fits, we
nally carry out a joint fit using JULIET to simultaneously model all
etrended space and ground light curves together with the SPIRou
Vs to infer the properties of the TOI-2136 b. We place the same
riors as we did in Section 4.1.1 except that: (1) we adopt Gaussian
riors for the linear limb-darkening coefficients of the ground-based
ight curves, centred at the estimates from the LDTK package (Husser
t al. 2013 ; Parviainen & Aigrain 2015 ) with a 1 σ value of 0.1;
2) we fit a dilution factor for the TESS photometry to account for
ossible light contamination that has not been fully corrected by
DC . As there is less contamination in the ground data, we fix all
ilution factors D i to 1. For the RV part, we use the same priors as in
ection 4.2 . The phase-folded TESS and ground light curves along
ith the best-fitting transit models are shown in Figs 8 and 9 . The RV

ime series and the best-fitting RV model are presented in Fig. 10 .
he fitted RV semi-amplitude is 4.2 ± 1.4 m s −1 , a detection close

o a 3 σ significance. Our joint-fit model reveals that the planet has
 radius of 2.20 ± 0.17 R ⊕ with a mass of 6.37 ± 2.45 M ⊕. All
riors and the median of the posterior distributions for each fitted
arameter are summarized in Table 4 . The posterior distributions of
ey parameters are presented in Fig. C1 . We also run a separate joint
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Figure 10. Left-hand panel: time series of the SPIRou RVs after subtracting the best-fitting systemic velocity. The blue circles are all original SPIRou data 
taken every night while the red dots are the nightly binned RVs. The black solid line is the median RV model from the final joint fit (see Section 4.3 ). The grey 
shaded areas denote the 1 σ and 2 σ credible intervals of the RV model. Right-hand panel: phase-folded SPIRou RVs. The presented RV error bars in both panels 
are the quadrature sum of the fitted instrument jitter and the measurement uncertainties. 
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t using EXOFASTV2 (Eastman et al. 2019 ), and we verify that similar
esults were obtained within 1 σ . 

.4 Transit timing variation 

e search for the transit timing variations (TTVs) with all the 
hotometric data sets ( TESS , LCOGT, TRAPPIST-North, and 
PECULOOS-North) using EXOF ASTV2 . EXOF ASTV2 uses the Dif- 
erential Evolution Markov chain Monte Carlo method to derive the 
alues and their uncertainties of the stellar and planetary parameters 
f the system. It fits a linear ephemeris to the transit times and
dds a penalty for the deviation of the step’s linear ephemeris 
rom the best-fitting linear ephemeris of the transit times. For the 
TV analysis of TOI-2136 b, we fix the stellar parameters to the
alues in Table 1 and orbital parameters to the results obtained 
rom the joint-fit performed. The results of the analysis showing 
he difference between the observed transit times and the calculated 
inear ephemeris from all the transits is presented in Fig. 11 . We find
o evidence of a significant TTV signal in the current photometric 
ata. 

.5 Statistical validation 

ince the mass constraint on the planet has a significance slightly
elow 3 σ , we make use of the TRICERATOPS package (Giacalone et al.
021 ) to vet and statistically validate the planetary nature of TOI-
136 b. TRICERATOPS is a Bayesian tool that takes host and nearby
tars into consideration and calculate the probabilities of different 
ransit-producing scenarios. The output false positive probability 
FPP) value quantifies the possibility that the transit signal is not 
ue to a planet around the host star. We first apply TRICERATOPS to
he TESS light curve along with the contrast curve obtained by the
Alopeke speckle imaging (832 nm). The resulting FPP value 0.014 is
lose to the normal FPP threshold of 0.015 (1.5 per cent) to classify a
alidated planet (Giacalone et al. 2021 ). Wells et al. ( 2021 ) found that
round light curves sometimes put a better photometric constraint 
han the TESS data. We thus rerun the pipeline using the same contrast 
urve but the SPECULOOS-North/Artemis time series, which yields 
 FPP value of 4 × 10 −3 . Therefore, we consider this TOI to be a
alidated planet. 
 DI SCUSSI ON  

.1 Composition of TOI-2136 b 

e use the radius constraint on TOI-2136 b derived from the transit
hotometry and the measured mass from the SPIRou RV data to
nvestigate the location of this planet in the mass–radius diagram. 
ig. 12 shows the mass and radius distribution of a sample of
ell-characterized planets with the precisions on both measurements 
etter than 30 per cent taken from the TEPcat data base (Southworth 
011 ). The composition curves are retrieved from Zeng, Sasselov &
acobsen ( 2016 ). The mass and radius of TOI-2136 b are compared to
he two-layer internal structure models of Zeng et al. ( 2016 ). As can
e seen from Fig. 12 , TOI-2136 b appears to have a composition
onsistent with a pure w ater-ice w orld or a rocky planet with
oderate atmosphere. 
We further investigate the composition of TOI-2136 b using 

he Exoplanet Composition Interpolator. 5 The algorithm takes the 
lanet evolution models proposed by Lopez & F ortne y ( 2014 ) and
nterpolates between the grid of these pre-computed models to 
xplore the interiors and compositions of the planets. Taking the 
lanet mass, radius, insolation flux, and stellar age as inputs, we
nd the rocky core and gaseous envelope of TOI-2136 b have mass
ractions of 98 . 7 + 1 . 0 

−1 . 5 per cent and 1 . 3 + 1 . 5 
−1 . 0 per cent , respectively. 

.2 TOI-2136 b and radius valley 

he bimodality of radius distribution shown in small planets around 
GK stars, which splits them into super-Earths and sub-Neptunes, 

s known as a transition between planets with and without extended
aseous envelopes (Fulton et al. 2017 ; Fulton & Petigura 2018 ).
artinez et al. ( 2019 ) found that this transition radius is orbital

eriod dependent, following a power law of r p, valley ∝ P 

−0.11 . This
nding approximately agrees with the prediction from the thermally 
riven atmospheric mass-loss scenarios including photoevaporation 
nd core-powered envelope escape ( r p, valley ∝ P 

−0.15 ; Lopez & Rice
018 ). Ho we ver, observ ational results from Cloutier & Menou ( 2020 )
uggested that the transition radius of small planets around M dwarfs
s likely in accordance with the gas-poor formation model (Lee et al.
MNRAS 514, 4120–4139 (2022) 
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Table 4. Parameter priors and the best-fitting values along with the 68 per cent credibility intervals in the final joint fit for TOI-2136. N ( μ , σ 2 ) means a 
normal prior with mean μ and standard deviation σ . U ( a , b ) stands for a uniform prior ranging from a to b . J ( a , b ) stands for a Jeffrey’s prior ranging from 

a to b . 

Parameter Prior Best fit Description 

Planetary parameters 
P b (d) U (7.6, 8.0) 7 . 85193 + 0 . 000019 

−0 . 000016 Orbital period of TOI-2136 b 

T 0, b (BJD – 245 7000) U (2014, 2020) 2017 . 7042 + 0 . 0009 
−0 . 0010 Mid-transit time of TOI-2136 b 

r 1, b U (0, 1) 0 . 55 + 0 . 07 
−0 . 08 Parametrization for p and b 

r 2, b U (0, 1) 0 . 0596 + 0 . 0010 
−0 . 0009 Parametrization for p and b 

e b 0 Fixed Orbital eccentricity of TOI-2136 b 
ω b ( ◦) 90 Fixed Argument of periapsis of TOI-2136 b 
Photometry parameters 
D TESS N (0.85 a , 0.1 2 ) 0 . 91 + 0 . 05 

−0 . 04 Dilution factor of TESS photometry 

M TESS N (0, 0.1 2 ) −0 . 000001 + 0 . 000019 
−0 . 000018 Mean out-of-transit flux of TESS photometry 

σTESS (ppm) J (10 −6 , 10 6 ) 0 . 01 + 1 . 94 
−0 . 01 TESS additive photometric jitter term 

q 1 U (0, 1) 0 . 32 + 0 . 27 
−0 . 17 Quadratic limb-darkening coefficient of TESS photometry 

q 2 U (0, 1) 0 . 31 + 0 . 31 
−0 . 20 Quadratic limb-darkening coefficient of TESS photometry 

D all Fixed 1 Dilution factors of ground photometry 
M TRAPPIST-North, A N (0, 0.1 2 ) −0 . 00011 + 0 . 00019 

−0 . 00017 Mean out-of-transit flux of TRAPPIST-North-A photometry 

σTRAPPIST-North, A (ppm) J (0.1, 10 5 ) 7 . 9 + 85 . 2 
−6 . 3 Additive photometric jitter term of TRAPPIST-North-A photometry 

q TRAPPIST-North, A N (0.31, 0.1 2 ) 0 . 31 + 0 . 08 
−0 . 08 Linear limb-darkening coefficient of TRAPPIST-North-A photometry 

M TRAPPIST-North, B N (0, 0.1 2 ) −0 . 00005 + 0 . 00011 
−0 . 00011 Mean out-of-transit flux of TRAPPIST-North-B photometry 

σTRAPPIST-North, B (ppm) J (0.1, 10 5 ) 8 . 6 + 120 . 9 
−8 . 1 Additive photometric jitter term of TRAPPIST-North-B photometry 

q TRAPPIST-North, B N (0.31, 0.1 2 ) 0 . 34 + 0 . 08 
−0 . 09 Linear limb-darkening coefficient of TRAPPIST-North-B photometry 

M TRAPPIST-North, C N (0, 0.1 2 ) −0 . 00008 + 0 . 00024 
−0 . 00022 Mean out-of-transit flux of TRAPPIST-North-C photometry 

σTRAPPIST-North, C (ppm) J (0.1, 10 5 ) 7 . 6 + 91 . 3 
−7 . 1 Additive photometric jitter term of TRAPPIST-North-C photometry 

q TRAPPIST-North, C N (0.31, 0.1 2 ) 0 . 32 + 0 . 08 
−0 . 09 Linear limb-darkening coefficient of TRAPPIST-North-C photometry 

M LCO-CTIO, A N (0, 0.1 2 ) −0 . 00007 + 0 . 00019 
−0 . 00018 Mean out-of-transit flux of LCO-CTIO-A photometry 

σLCO-CTIO, A (ppm) J (0.1, 10 5 ) 1534 . 7 + 158 . 5 
−143 . 1 Additive photometric jitter term of LCO-CTIO-A photometry 

q LCO-CTIO, A N (0.31, 0.1 2 ) 0 . 27 + 0 . 08 
−0 . 08 Linear limb-darkening coefficient of LCO-CTIO-A photometry 

M LCO-CTIO, B N (0, 0.1 2 ) −0 . 00009 + 0 . 00028 
−0 . 00029 Mean out-of-transit flux of LCO-CTIO-B photometry 

σLCO-CTIO, B (ppm) J (0.1, 10 5 ) 2729 . 3 + 227 . 6 
−228 . 5 Additive photometric jitter term of LCO-CTIO-B photometry 

q LCO-CTIO, B N (0.31, 0.1 2 ) 0 . 32 + 0 . 07 
−0 . 07 Linear limb-darkening coefficient of LCO-CTIO-B photometry 

M SPECULOOS-North N (0, 0.1 2 ) −0 . 00005 + 0 . 00009 
−0 . 00009 Mean out-of-transit flux of SPECULOOS-North photometry 

σ SPECULOOS-North (ppm) J (0.1, 10 5 ) 1534 . 4 + 82 . 9 
−77 . 8 Additive photometric jitter term of SPECULOOS-North photometry 

q SPECULOOS-North N (0.31, 0.1 2 ) 0 . 32 + 0 . 06 
−0 . 07 Linear limb-darkening coefficient of SPECULOOS-North photometry 

Stellar parameters 
ρ∗ (kg m 

−3 ) J (10 3 , 10 5 ) 14208 + 1717 
−2114 Stellar density 

RV parameters 
K b (m s −1 ) U (0, 30) 4 . 2 + 1 . 4 −1 . 4 RV semi-amplitude of TOI-2136 b 

μSPIRou (m s −1 ) U ( −29 100, 
−29 000) 

−29067 . 2 + 1 . 0 −1 . 1 Systemic velocity for SPIRou 

σSPIRou (m s −1 ) J (0.1, 100) 4 . 4 + 1 . 4 −1 . 5 Extra jitter term for SPIRou 

Derived parameters 
R p / R ∗ 0 . 0596 + 0 . 0010 

−0 . 0009 Planet radius in units of stellar radius 

R p (R ⊕) 2 . 20 + 0 . 17 
−0 . 17 Planet radius 

M p (M ⊕) 6 . 37 + 2 . 45 
−2 . 29 Planet mass 

ρp (g cm 

−3 ) 3 . 29 + 2 . 55 
−1 . 63 Planet density 

b 0 . 34 + 0 . 11 
−0 . 13 Impact parameter 

a / R ∗ 35 . 91 + 1 . 40 
−1 . 87 Semimajor axis in units of stellar radii 

a (au) 0 . 057 + 0 . 005 
−0 . 005 Semimajor axis 

i ( ◦) 89 . 4 + 0 . 2 −0 . 2 Inclination angle 

S p (S ⊕) 4 . 0 + 2 . 1 −1 . 5 Insolation flux relative to the Earth 

T eq 
b (K) 394 + 20 

−19 Equilibrium temperature 

a This initial guess is taken from the contamination ratio reported in TESS Input Catalog version 8 (TICv8; (Stassun et al. 2019 ). 
b We set an albedo A B = 0 here and assume there is no heat distribution between the dayside and nightside. 
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Figure 11. The transit timing variations (TTVs) of TOI-2136 as a function 
of epoch number. No significant TTV signal was detected. 

Figure 12. Mass–radius curves with planets colour coded by their surface 
temperatures, indicating the potential bulk compositions of TOI-2136 b. 
Data are taken from the TEPCat data base of well-characterized planets. 
Theoretical models for the planet’s internal composition are taken from Zeng 
et al. ( 2016 ). 
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Figure 13. The planet radius and orbital period diagram of all confirmed 
small planets hosted by M stars ( M ∗ � 0.65 M �). The green contours are the 
density distribution of planets without mass measurements. The 1 d radius 
distribution is shown on the right. The coloured points are the planets with 
mass constraint from TTV or RV. Especially, the blue dots are planets detected 
by the TESS mission. The solid and dashed lines depict the locations of 
radius valley for M stars predicted by the gas-poor and photoe v aporation 
models, taken from Cloutier & Menou ( 2020 ). TOI-2136 b is marked as a 
red dot. 
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014 ; Lee & Chiang 2016 ), following r p, valley ∝ P 

0.11 . For early-
ype M dwarfs with mass around 0.64 M �, Cloutier et al. ( 2020 )
ound that the thermally driven atmospheric mass-loss scenario 
emains efficient at sculpting their close-in planets. Recent work from 

uque et al. ( 2021 ) tentatively reached a different conclusion. They
roposed that the planetary radius valley for stars within a mass range
etween 0.54 and 0.64 M � probably results from gas-poor formation. 
he relative dominance of these competing physical processes at the 

ow stellar mass end remains unclear. Thus, populating the number 
f small planets with known bulk composition is crucial to solve the
uzzles. 
Fig. 13 shows the orbital period and radius of planets with mass

etermination around M dwarfs ( M ∗ � 0.65 M �). We can see that
ESS has doubled the number of small planets with known density, 
aking them important for further investigating the strength of the 

wo aforementioned envelope escape physical processes. With a 
eriod of P b = 7.85 d and a radius of R p = 2.20 ± 0.17 R ⊕, TOI-
136 b is located slightly abo v e the radius valle y for M dwarfs
redicted by the thermally driven atmospheric mass-loss model 
see Fig. 13 ). Theoretical studies infer that TOI-2136 b should be
redominantly gaseous. Indeed, our previous analysis shows that 
OI-2136 b likely retains a H/He envelope with a small mass fraction. 
iven an estimated stellar age of 4.6 ± 1.0 Gyr, TOI-2136 has, in
rinciple, finished the photoe v aporation stage, which has a time-
cale of hundreds of Myr (Owen & Wu 2013 , 2017 ). Ho we ver, it
s possible that TOI-2136 is still undergoing the mass-loss process 
ollo wing the core-po wered mechanism that has a Gyr time-scale
Ginzburg et al. 2018 ). 

Another interesting question is the behaviour of the radius valley 
s a function of stellar mass. Both competing physical processes 
redict a positive correlation between the centre of radius valley and
tellar mass, although different models show a difference in the slope
t each mass bin (Lopez & Rice 2018 ; Gupta & Schlichting 2019 ;
u 2019 ). Consequently, comparing the theoretical predictions with 

he observational findings may rule out certain models. Cloutier & 

enou ( 2020 ) obtained a similar positive trend using a subsample of
epler and K2 planets. Ho we ver, the sample size is small, especially

or planets around mid-to-late M dwarfs, leading to a relatively large
tatistical uncertainty. Nevertheless, TOI-2136 b joins the small but 
rowing sample of planets around mid-M dwarfs that may help 
nderstand evolution of the transition radius with stellar mass in 
he future. 

.3 Prospects for future obser v ations 

iven the proximity and small size, TOI-2136 is a promising star for
tmospheric studies. Following the criteria proposed in Kempton 
t al. ( 2018 ), we compute the transmission spectroscopy metric
TSM) of TOI-2136 b based on the stellar and planet radius, planet
ass, equilibrium temperature, and the apparent magnitude of the 

ost star in the J band to examine its potential opportunities for
tmospheric characterization with the James Webb Space Telescope 
 JWST ; Gardner et al. 2006 ). We derive a TSM of 65 + 20 

−32 for TOI-
136 b. We compare the TSM factor of TOI-2136 b with other small
lanets ( R p ≤ 4 R ⊕) harboured around M dwarfs ( M ∗ ≤ 0.65 M �)
MNRAS 514, 4120–4139 (2022) 
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M

Figure 14. The transmission spectroscopy metric as a function of orbital 
period for small planets around M dwarfs ( M ∗ � 0.65 M �), coloured by the 
planet equilibrium temperature. TOI-2136 b is shown as a dot surrounded by 
a red circle with error bars. The size of each point is proportional to the planet 
radius. 
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Figure 15. The results of injection-and-reco v ery test on the TESS light curve 
of TOI-2136. We search the P –R p space with 10 random generated mid- 
transit times for each grid and we explore a total of 1680 scenarios. Different 
colours represent different reco v ery rates. The yellow and green regions are 
the planetary parameter space with high reco v ery rate, while the planets 
located in the dark regions may be missed. The red star marks the position of 
TOI-2136 b. 
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ith mass measurements from RVs or TTVs in Fig. 14 . Kempton
t al. ( 2018 ) quantified TSM = 90 as a recommended threshold for
lanets with 1.5 < R p < 10 R ⊕ to be high-quality atmospheric
haracterization tar gets. Thus, T OI-2136 b is located close to the first
ank of targets with a relatively low equilibrium temperature T eq . In
ddition, we also estimate the signal amplitude of TOI-2136 b in the
ransit transmission spectroscopy following the approach described
n Gillon et al. ( 2016 ): 

 = 

2 R p h eff 

R 

2 ∗
, (1) 

here R p and R ∗ are the planet and its host star radius and h eff is the
f fecti ve atmospheric height. We calculate the signal amplitude under
he typical case that h eff / H = 7, where H = kT / μg is the atmospheric
cale height. We find an S of 382 ± 196 ppm, assuming a bond albedo
f 0 and a mean molecular mass μ of 2.3 amu for sub-Neptunes
Demory et al. 2020 ). The large uncertainty mainly comes from the
oose constraint on the planet mass. Schlawin et al. ( 2020 ) reported a
oise floor level 10 ppm for JWST for NIRSpec ( λ= 5.0–11 μm). Our
 measurement for TOI-2136 b is between 19 and 58 times this noise
oor. Taking these two aspects into consideration, we suggest that
OI-2136 b is an exciting target for further atmospheric researches.
 number of studies on the diversity of sub-Neptunian atmospheres
ave already been made (e.g. Lavvas et al. 2019 ; Chouqar et al. 2020 ).
As noted abo v e, the mean molecular mass μ is degenerated

ith the surface gravity of the planet (i.e. planet mass M p ). Thus,
 well-measured planet mass is required to fully understand the
ompositions of the planet atmosphere. Otherwise, the accuracy
nd precision of the retrieved atmospheric parameters will be
argely limited (Batalha et al. 2019 ). Since the current SPIRou
Vs only provide a 2 σ mass constraint and TOI-2136 is a quiet M
warf without strong stellar activity, future subsequent spectroscopy
bservations are encouraged to determine the planet mass at the
 σ confidence level and look for other potential non-transiting
lanets. Because of the faintness of TOI-2136 ( V mag = 14.3), it
hallenges most optical spectroscopy instruments on the ground.
o we ver, it is still accessible by NIR facilities like InfraRed Doppler

IRD) spectrograph (Kotani et al. 2018 ) and Habitable-zone Planet
inder (HPF; Mahade v an et al. 2014 ) or red-optical spectrographs
NRAS 514, 4120–4139 (2022) 
n large telescopes like MAROON-X (Seifahrt et al. 2018 ), which is
edicated to conducting RV measurements for mid-to-late M dwarfs.

.4 Detection limits 

ased on the results from the Kepler surv e y, Muirhead et al. ( 2015 )
ound that 21 + 7 

−5 per cent of mid-M dwarf stars like TOI-2136 host
ompact multiple planets with periods all shorter than 10 d. This
ate is not very different from that of early-type M dwarfs but much
igher than solar-like stars. Therefore, we perform an injection-and-
eco v ery test using MATRIX TOOLKIT 6 (Demory et al. 2020 ; Pozuelos
t al. 2020 ) to explore the detection limits of the current TESS data
nd determine the type of planets we perhaps miss. We make use of
ll available PDCSAP light curves of TOI-2136 after removing the
nown transits of TOI-2136 b. We explore a period–radius space of
–15 d and 0.5–3.0 R ⊕ with step sizes of 1 d and 0.25 R ⊕. During the
njection, we assume that the synthetic ‘planet’ has an inclination of
 = 90 ◦ on a circular orbit, and randomly generate 10 light curves with
ifferent T 0 for each grid. We thus examine a total of 1680 scenarios.
or each light curve, we use a biweight filter with a window size of
.5 d to remo v e the systematic trends. MATRIX TOOLKIT defines a
uccessful reco v ery if the detected period is within 5 per cent of the
njected period and the transit duration is within 1 h when compared
ith the set value. Fig. 15 depicts our test results. We find that:

1) most planets smaller than super-Earths ( R p � 1.5 R ⊕) across the
eriod range we searched are likely to be still buried in the light curve
nd remain undetectable (Brady & Bean 2021 ); (2) planets that have
 p � 2.0 R ⊕ with periods up to 15 d can be ruled out with a reco v ery

ate ≥80 per cent . Since the current TESS data set is insensitive to
lanets with period larger than 15 d, here we note that future TESS
bservations to be done in Sectors 53 and 54 between 2022 June 13
nd 2022 August 5 during the extended mission would help better
nderstand the architecture of this system. 

 C O N C L U S I O N  

e report the disco v ery and characterization of the TOI-2136 system,
 sub-Neptune around a faint M4.5 dwarf ( V = 14.1 mag), detected
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y the TESS mission. We confirm the planetary nature of TOI-2136 b
hrough a combination of 2-min cadence TESS observations, ground- 
ased photometry, high angular resolution imaging, and SPIRou 
pectroscopic observations. The transit and RV joint-fit model gives 
 planet radius of R p = 2 . 20 + 0 . 17 

−0 . 17 R ⊕, a mass of M p = 6 . 37 + 2 . 45 
−2 . 29 M ⊕,

nd an equilibrium temperature of T eq = 395 + 24 
−22 K. The bulk density

p = 3 . 29 + 2 . 55 
−1 . 63 g cm 

−3 of TOI-2136 b is consistent with a w ater w orld
r a rocky planet with moderate atmosphere. Planetary structure 
odels of TOI-2136 b suggest that it may contain a rocky core with
 H/He envelope with a mass fraction of 1 . 3 + 1 . 5 

−1 . 0 per cent . Given the
eriod and radius of TOI-2136 b, it falls close to the location of radius
alley predicted by the thermally driv en env elope escape model for M 

warfs, making it an excellent laboratory to investigate the formation 
nd evolution models of small planets around M dwarfs. The small
ize and quiet nature of the host star and its brightness in the NIR
ake TOI-2136 b amenable for observation by most JWST modes 

or studying atmospheric compositions. 
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Table A1. SPIRou RV measurements of TOI-2136. Each observation took 
an exposure time of 900 s. 

BJD TDB RV (m s −1 ) σRV (m s −1 ) 

245 9328.981 −29061.14 9.74 
245 9328.992 −29061.40 7.65 
245 9329.065 −29052.51 7.08 
245 9329.076 −29063.97 7.55 
245 9329.987 −29056.56 7.60 
245 9329.997 −29058.77 7.42 
245 9330.065 −29051.71 7.27 
245 9330.075 −29056.66 6.92 
245 9331.060 −29074.46 12.06 
245 9331.995 −29076.96 9.11 
245 9332.006 −29060.47 9.12 
245 9332.057 −29059.73 12.31 
245 9332.068 −29052.90 11.65 
245 9332.997 −29061.45 8.02 
245 9333.008 −29074.18 8.81 
245 9333.059 −29084.22 7.70 
245 9333.070 −29075.37 7.33 
245 9334.975 −29072.09 7.69 
245 9334.986 −29068.77 7.58 
245 9335.051 −29083.52 8.29 
245 9335.062 −29074.47 7.25 
245 9335.985 −29073.77 7.59 
245 9335.995 −29066.93 7.38 
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Table A1 – continued 

BJD TDB RV (m s −1 ) σRV (m s −1 ) 

245 9336.058 −29066.35 7.32 
245 9336.069 −29067.37 7.19 
245 9336.983 −29076.59 7.03 
245 9336.993 −29075.78 7.01 
245 9337.077 −29078.00 6.97 
245 9337.088 −29068.59 6.97 
245 9384.944 −29071.89 12.14 
245 9384.955 a −29028.67 12.07 
245 9385.032 −29054.93 10.89 
245 9385.042 −29054.76 11.79 
245 9385.956 −29082.54 7.20 
245 9385.967 −29086.46 7.04 
245 9386.035 −29079.50 8.03 
245 9386.046 −29077.88 8.04 
245 9386.947 −29070.58 7.05 
245 9386.958 −29068.43 7.02 
245 9387.028 −29063.71 7.36 
245 9387.039 −29070.33 7.40 
245 9387.961 −29066.21 8.62 
245 9387.971 −29056.82 11.73 
245 9388.026 −29062.60 8.94 
245 9388.037 −29062.24 10.48 
245 9388.935 −29077.83 7.29 
245 9388.946 −29080.74 7.34 
245 9389.029 −29073.15 7.51 
245 9389.040 −29077.78 7.51 
245 9389.933 a −29035.46 7.34 
245 9389.944 −29054.10 7.19 
245 9390.026 −29059.72 7.61 
245 9390.037 −29054.76 8.11 
245 9390.949 −29050.71 7.46 
245 9390.959 −29059.70 7.41 
245 9391.028 −29064.68 7.78 
245 9391.039 −29064.43 7.71 
245 9391.944 −29061.08 6.85 
245 9391.955 −29064.11 6.92 
245 9392.037 −29067.10 7.07 
245 9392.048 −29057.61 7.34 
245 9392.929 a −29037.53 7.37 
245 9392.940 −29051.17 7.23 
245 9393.009 −29063.23 7.58 
245 9393.020 −29064.21 7.82 
245 9393.943 −29057.52 7.87 
245 9393.954 −29051.67 7.65 
245 9394.016 −29065.51 10.25 
245 9394.027 −29067.68 10.18 

a The data points are outliers, which were remo v ed during the RV analysis. 

A
T
D

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/514/3/4120/6595325 by C
N

R
S user on 06 July 2023
NRAS 514, 4120–4139 (2022) 
PPENDI X  B:  PRI OR  SETTI NGS  F O R  

ESS - O N LY  FIT  A N D  G RO U N D  P H OTO M E T R I C  

ATA  D E T R E N D I N G  



TOI-2136 b 4137 

Table B1. Prior settings and posterior values for the fit to the TESS -only data. 

Parameter Best fit Prior Description 

Planetary parameters 
P b (d) 7 . 85192 + 0 . 0005 

−0 . 0005 U (7.6, 8.0) Orbital period of TOI-2136 b 

T 0, b (BJD – 245 7000) 2017 . 7039 + 0 . 0013 
−0 . 0015 U (2014, 2020) Mid-transit time of TOI-2136 b 

r 1, b 0 . 599 + 0 . 083 
−0 . 067 U (0, 1) Parametrization for p and b 

r 2, b 0 . 058 + 0 . 002 
−0 . 002 U (0, 1) Parametrization for p and b 

e b 0 Fixed Orbital eccentricity of TOI-2136 b 
ω b ( ◦) 90 Fixed Argument of periapsis of TOI-2136 b 
Stellar parameters 
ρ∗ (kg m 

−3 ) 12721 + 1573 
−1789 J (10 3 , 10 5 ) Stellar density 

TESS photometry parameters 
D TESS 1 Fixed TESS photometric dilution factor 
M TESS 0 . 00002 + 0 . 00001 

−0 . 00001 N (0, 0.1 2 ) Mean out-of-transit flux of TESS photometry 

σTESS (ppm) 0 . 03 + 4 . 62 
−0 . 02 J (10 −6 , 10 6 ) TESS additive photometric jitter term 

q 1 0 . 37 + 0 . 36 
−0 . 23 U (0, 1) Quadratic limb-darkening coefficient 

q 2 0 . 31 + 0 . 32 
−0 . 20 U (0, 1) Quadratic limb-darkening coefficient 
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Table B2. Prior settings and posterior values of the GP + transit fit to detrend all g

Parameter Best fit Prior Des

Planetary parameters 
P b (d) 7 . 85193 + 0 . 00002 

−0 . 00002 U (7.84, 7.86) Orb

T 0, b (BJD – 245 7000) 2017 . 7042 + 0 . 0012 
−0 . 0013 U (2017.699, 

2017.709) 
Mid

r 1, b 0 . 65 + 0 . 02 
−0 . 03 U (0.4, 0.8) Par

r 2, b 0 . 0598 + 0 . 0011 
−0 . 0012 U (0.05, 0.07) Par

e b 0 Fixed Orb
ω b ( ◦) 90 Fixed Arg
Stellar parameters 
ρ∗ (kg m 

−3 ) 11254 + 201 
−187 N (12 721, 1789 2 ) Stel

Photometry parameters 
D i 1 Fixed Pho
M TRAPPIST-North, A −0 . 001 + 0 . 016 

−0 . 013 N (0, 0.1 2 ) Me

σTRAPPIST-North, A (ppm) 6 . 6 + 79 . 1 
−6 . 1 J (10 −1 , 10 5 ) Add

q TRAPPIST-North, A 0 . 59 + 0 . 23 
−0 . 27 U (0, 1) Lin

M TRAPPIST-North, B −0 . 021 + 0 . 026 
−0 . 063 N (0, 0.1 2 ) Me

σTRAPPIST-North, B (ppm) 57 . 1 + 210 . 2 
−51 . 3 J (10 −1 , 10 5 ) Add

q TRAPPIST-North, B 0 . 55 + 0 . 17 
−0 . 21 U (0, 1) Lin

M TRAPPIST-North, C −0 . 001 + 0 . 015 
−0 . 005 N (0, 0.1 2 ) Me

σTRAPPIST-North, C (ppm) 5 . 2 + 55 . 4 
−4 . 7 J (10 −1 , 10 5 ) Add

q TRAPPIST-North, C 0 . 54 + 0 . 18 
−0 . 21 U (0, 1) Lin

M LCO-CTIO, A 0 . 004 + 0 . 029 
−0 . 017 N (0, 0.1 2 ) Me

σLCO-CTIO, A (ppm) 1539 . 3 + 145 . 2 
−122 . 7 J (10 −1 , 10 5 ) Add

q LCO-CTIO, A 0 . 22 + 0 . 17 
−0 . 13 U (0, 1) Lin

M LCO-CTIO, B 0 . 001 + 0 . 019 
−0 . 009 N (0, 0.1 2 ) Me

σLCO-CTIO, B (ppm) 2708 . 4 + 181 . 7 
−186 . 5 J (10 −1 , 10 5 ) Add

q LCO-CTIO, B 0 . 49 + 0 . 23 
−0 . 23 U (0, 1) Lin

M SPECULOOS-North −0 . 007 + 0 . 018 
−0 . 037 N (0, 0.1 2 ) Me

σ SPECULOOS-North (ppm) 1533 . 1 + 61 . 1 
−63 . 8 J (10 −1 , 10 5 ) Add

q SPECULOOS-North 0 . 40 + 0 . 15 
−0 . 15 U (0, 1) Lin

GP parameters 
ρTRAPPIST-North, A 46 . 9 + 53 . 7 

−44 . 9 J (10 −6 , 10 6 ) GP 

σTRAPPIST-North, A 0 . 017 + 0 . 073 
−0 . 014 J (10 −6 , 10 6 ) GP 
MNRAS 514, 4120–4139 (2022) 

round-based photometry. 

cription 

ital period of TOI-2136 b 

-transit time of TOI-2136 b 

ametrization for p and b 

ametrization for p and b 
ital eccentricity of TOI-2136 b 
ument of periapsis of TOI-2136 b 

lar density 

tometric dilution factors for all ground photometry 
an out-of-transit flux of TRAPPIST-North-A photometry 

itive photometric jitter term of TRAPPIST-North-A photometry 

ear limb-darkening coefficient of TRAPPIST-North-A photometry 
an out-of-transit flux of TRAPPIST-North-B photometry 

itive photometric jitter term of TRAPPIST-North-B photometry 

ear limb-darkening coefficient of TRAPPIST-North-B photometry 

an out-of-transit flux of TRAPPIST-North-C photometry 

itive photometric jitter term of TRAPPIST-North-C photometry 

ear limb-darkening coefficient of TRAPPIST-North-C photometry 

an out-of-transit flux of LCO-CTIO-A photometry 

itive photometric jitter term of LCO-CTIO-A photometry 

ear limb-darkening coefficient of LCO-CTIO-A photometry 

an out-of-transit flux of LCO-CTIO-B photometry 

itive photometric jitter term of LCO-CTIO-B photometry 

ear limb-darkening coefficient of LCO-CTIO-B photometry 

an out-of-transit flux of SPECULOOS-North photometry 

itive photometric jitter term of SPECULOOS-North photometry 

ear limb-darkening coefficient of SPECULOOS-North photometry 

time-scale of the TRAPPIST-North-A photometry 

amplitude of the TRAPPIST-North-A photometry 
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Table B2 – continued 

Parameter Best fit Prior Description 

ρTRAPPIST-North, B 6 . 8 + 43 . 8 
−5 . 4 J (10 −6 , 10 6 ) GP time-scale of the TRAPPIST-North-B photometry 

σTRAPPIST-North, B 0 . 063 + 0 . 355 
−0 . 047 J (10 −6 , 10 6 ) GP amplitude of the TRAPPIST-North-B photometry 

ρTRAPPIST-North, C 52 . 7 + 34 . 5 
−50 . 2 J (10 −6 , 10 6 ) GP time-scale of the TRAPPIST-North-C photometry 

σTRAPPIST-North, C 0 . 009 + 0 . 036 
−0 . 007 J (10 −6 , 10 6 ) GP amplitude of the TRAPPIST-North-C photometry 

ρLCO-CTIO, A 1317 . 4 + 1568 . 2 
−1299 . 4 J (10 −6 , 10 6 ) GP time-scale of the LCO-CTIO-A photometry 

σLCO-CTIO, A 0 . 039 + 0 . 115 
−0 . 029 J (10 −6 , 10 6 ) GP amplitude of the LCO-CTIO-A photometry 

ρLCO-CTIO, B 977 . 2 + 1193 . 7 
−959 . 5 J (10 −6 , 10 6 ) GP time-scale of the LCO-CTIO-B photometry 

σLCO-CTIO, B 0 . 014 + 0 . 045 
−0 . 011 J (10 −6 , 10 6 ) GP amplitude of the LCO-CTIO-B photometry 

ρSPECULOOS-North 5 . 1 + 4 . 6 −3 . 9 J (10 −6 , 10 6 ) GP time-scale of the SPECULOOS-North photometry 

σ SPECULOOS-North 0 . 046 + 0 . 165 
−0 . 035 J (10 −6 , 10 6 ) GP amplitude of the SPECULOOS-North photometry 
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PPENDIX  C :  POSTERIOR  DISTRIBU TIONS  O F
E Y  PA R A M E T E R S  IN  T H E  FINA L  J O I N T  FIT  
NRAS 514, 4120–4139 (2022) 

igure C1. Posterior distributions of key parameters in the final joint fit (see 
ection 4.3 ). The red lines mark the median values of posterior distributions. 
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